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Abstract
Gastroenteropancreatic neuroendocrine neoplasms comprise a heterogeneous 
group of tumors that differ in their pathogenesis, hormonal syndromes produced, 
biological behavior and consequently, in their requirement for and/or response to 
specific chemotherapeutic agents and molecular targeted therapies. Various 
imaging techniques are available for functional and morphological evaluation of 
these neoplasms and the selection of investigations performed in each patient 
should be customized to the clinical question. Also, with the increased availability 
of cross sectional imaging, these neoplasms are increasingly being detected 
incidentally in routine radiology practice. This article is a review of the various 
imaging modalities currently used in the evaluation of neuroendocrine 
neoplasms, along with a discussion of the role of advanced imaging techniques 
and a glimpse into the newer imaging horizons, mostly in the research stage.

Key Words: Neuroendocrine tumor; Gastroenteropancreatic; Intravoxel incoherent motion; 
Diffusion weighted imaging; Perfusion imaging; Dual energy computed tomography

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The prognosis of gastroenteropancreatic neuroendocrine neoplasms 
(GEPNENs) depends on the stage of the disease and tumor grade. Traditional imaging 
techniques like multiphase contrast-enhanced computed tomography perform well at 
disease staging. For tumor grading, histopathological examination, with determination 
of number of mitoses and Ki-67 index is considered optimal. Advances in imaging 
techniques have enabled detection of smaller neuroendocrine neoplasms (< 2 cm). By 
analysing functional information like diffusion, perfusion and tumor heterogeneity, 
quantitative imaging is currently focused on noninvasive prediction of the grade of 
GEPNENs preoperatively.
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INTRODUCTION
Gastroenteropancreatic neuroendocrine neoplasms (GEPNENs) are a rare and heterogeneous group of 
tumors that originate from the gastrointestinal and pancreatic neuroendocrine cells[1,2]. They may be 
benign or malignant and may or may not secrete hormones. Use of the previous terminology - carcinoid 
tumor - is no longer encouraged. The gastrointestinal tract (GIT), having the highest density of neuroen-
docrine cells in the body, is the most common site of involvement of neuroendocrine neoplasms (NENs), 
comprising nearly 60% of all NENs[3]. Pancreatic NENs (PNENs) account for about 7% of all GEPNENs
[4]. Most PNENs are sporadic. However, association with four familial syndromes (in up to 25%) is well 
described: multiple endocrine neoplasia type I, von Hippel Lindau syndrome, neurofibromatosis type I 
and tuberous sclerosis[5,6].

Classification based on histological differentiation and grade is desirable as it provides insight into 
tumor biology, clinical course and helps in planning management. In 2019, the 5th edition of the World 
Health Organization (WHO) classification of tumors series published the latest NEN classification 
(Table 1)[7]. The latest WHO classification recognizes that well-differentiated NENs may be high grade, 
but they are distinct from the poorly differentiated neuroendocrine carcinomas (NECs). Most GEPNENs 
are well-differentiated and slowly growing. Grade 3 NENs are most common in the pancreas, but can 
occur throughout the GIT[7]. Given the differences in prognosis, tumor grade is the most important 
factor determining the treatment of GEPNENs. The treatment of GEPNENs depends on grade, differen-
tiation, site of origin, and stage of tumor, and the opinion about the best treatment strategy is evolving. 
Surgical resection remains the cornerstone and is the only curative treatment. For patients with small (< 
2 cm), low-grade NENs, decisions on surgery vs active surveillance need to be individualized based on 
tumor size, morphology (homogeneous, well circumscribed tumor < 1 cm correlate with low malignant 
potential) and patient characteristics like age and presence of comorbidities[8].

The commonly used imaging modalities include ultrasonography (US), computed tomography (CT), 
magnetic resonance imaging (MRI) and positron emission tomography (PET)-CT. Imaging is primarily 
aimed at accurate detection, characterization and staging of these neoplasms and also at assessment of 
response to treatment. Sensitivity of common imaging modalities used in the evaluation of GEPNENs 
are summarized in Table 2.

Improvements and advances in the imaging techniques have mainly focused on the noninvasive 
prediction of the grade of the NENs. The European Neuroendocrine Tumor Society (ENETS) has also 
recommended that preoperative assessment of the grade of the NENs is essential for prognosis 
prediction and management planning[9]. In addition, with the improvements in the imaging techno-
logies, the detection rates of small NENs have significantly improved, with many often being detected 
incidentally.

US
Transabdominal ultrasonography (USG) often is the commonest initial modality used for patients with 
gastrointestinal symptoms. It has value in the detection of liver metastases (sensitivity reaching 85%-
90%). PNENs in general appear as hypoechoic masses with a hyperechoic halo on USG[10].

However, transabdominal USG has limitations. It has a poor sensitivity (13%-27%) for the detection of 
GEPNENs[11]. The technique is dependent on the experience of the operator. Presence of bowel gas and 
increased subcutaneous fat can obscure adequate visualization.

The advent of harmonic imaging, pulse inversion sequence, low mechanical index techniques and 
ultrasound contrast agents (UCAs) has enabled routine application of contrast-enhanced ultrasound 
(CEUS) to overcome the limitations of conventional B mode USG. The inherent advantage of CEUS is its 
ability to assess tumor-enhancement patterns in real time during transabdominal USG[12]. The 
enhancement patterns are described during arterial, portal venous and late phases. UCAs are gas 
microbubbles stabilized by a shell, the composition of which varies depending on the type of contrast 
agent. UCAs are blood pool agents and increase the back scatter of US, enhancing the echogenicity of 
flowing blood[12]. Harmonic imaging detects harmonic signals from the microbubbles and CEUS 
specific US modes filter signals from the background tissue, thereby showing even very slow blood flow 
without Doppler related artifacts. UCAs, unlike CT and MRI contrast agents, are excreted by the lungs 
and hence can be used safely in patients with deranged renal function.

https://www.wjgnet.com/1007-9327/full/v28/i26/3008.htm
https://dx.doi.org/10.3748/wjg.v28.i26.3008


Ramachandran A et al. Imaging advances in neuroendocrine tumors

WJG https://www.wjgnet.com 3010 July 14, 2022 Volume 28 Issue 26

Table 1 World Health Organization Classification and grading criteria for neuroendocrine neoplasms of the gastrointestinal tract and 
hepatopancreatobiliary organs (7)

Terminology Differentiation Grade Mitoses/2 mm2 Ki-67 index

NEN grade 1 Well differentiated Low < 2 < 3%

NEN grade 2 Intermediate 2-20 3%-20%

NEN grade 3 High > 20 > 20%

SCNEC Poorly differentiated High1 > 20 > 20%

LCNEC > 20 > 20%

MiNEN Well or poorly differentiated Variable Variable Variable

1Poorly differentiated neuroendocrine carcinomas are not formally graded, but are considered high-grade by definition.
LCNEC: Large cell neuroendocrine carcinoma; MiNEN: Mixed neuroendocrine non-neuroendocrine neoplasm; NEN: Neuroendocrine neoplasm; SCNEC: 
Small-cell neuroendocrine carcinoma.

Table 2 Sensitivity of common imaging modalities used in the evaluation of gastroenteropancreatic neuroendocrine neoplasms

Imaging modality Sensitivity

Transabdominal USG 13%-27% for GEPNEN

Contrast enhanced ultrasound 99% in detecting liver metastases

Endoscopic ultrasonography 82%-93% for PNEN

CECT 63%-82% for PNEN

CE MRI 79% for PNEN

DWI 83% for liver metastases

USG: Ultrasonography; GEPNEN: Gastroenteropancreatic neuroendocrine neoplasms; CECT: Contrast enhanced computed tomography; CE MRI: 
Contrast-enhanced magnetic resonance imaging; DWI: Diffusion-weighted imaging.

The differential perfusion on CEUS has been shown to identify and diagnose pancreatic tumors. 
Pancreatic adenocarcinomas are in general hypovascular, while NENs are hypervascular. Takeda et al
[13] found three patterns of hyperenhancement of PNENs and found that CEUS was useful in the differ-
entiation of PNENs from pancreatic adenocarcinomas. Malagò et al[14] also showed that the 
enhancement patterns of nonfunctioning PNENs on CEUS (hyper-, iso- or hypovascular) correlated well 
with Ki-67 index and CEUS improved the detection of hepatic metastases. Hypervascular lesions had 
lower Ki-67 index. Another study showed that the enhancement patterns of NENs on CEUS correlated 
significantly with CT enhancement pattern and histological Ki-67 index and CEUS was a good predictor 
of response of tumors to somatostatin analogues[15].

Elastography
Elastography is an advancement in USG that enables real-time measurement of tissue stiffness along 
with display in colors superimposed on the grey scale images[16]. In general, elastography helps with 
the differentiation of benign and malignant lesions based on stiffness, as malignant lesions are usually 
hard. Only a few studies have reported the usefulness of transabdominal shear wave elastography 
(SWE) in the evaluation of pancreatic tumors. Park et al[17] showed that elastography can differentiate 
benign and malignant solid pancreatic lesions based on the difference in the shear wave velocity values 
(relative stiffness) between the tumor and the normal parenchyma. An early study by Uchida et al[18] 
found that NENs were homogeneous and soft on elastography, comparable to the normal pancreas. 
They also reported that a combination of elastography and B mode USG, improved the diagnostic 
accuracy to 90%, from 70%-80 % when B mode USG was used alone. However, if the visualization on 
the baseline B mode USG is suboptimal, the results of CEUS and elastography are also often unsatis-
factory. These limitations have been overcome by the use of endoscopic ultrasound (EUS).
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EUS
EUS is considered the most accurate test for the diagnosis of pancreatic masses[19]. EUS uses higher 
frequency (7.5-12 MHz) probes, placed in proximity to the area of interest and hence performs better at 
detection of tumors < 2 cm for which CT and MRI have poor sensitivity[20]. Overall, EUS has a 
sensitivity of 82%-93% and a specificity of 92%-95% for localizing PNENs. EUS is particularly useful in 
the detection of benign insulinomas that lack somatostatin receptors and consequently are not detected 
on somatostatin receptor scintigraphy/single photon emission computed tomography (SPECT)/PET
[21]. EUS also plays an important role in the detection of functional pancreatic and extrapancreatic 
(duodenal) gastrinomas[22]; both of which generally have a small size (average 1 cm) at diagnosis. The 
additional benefit of EUS is its ability to guide accurate tissue sampling via fine needle aspiration and 
core biopsy[23]. CEUS can also be performed through EUS with the use of second generation UCAs (e.g, 
Sonovue), which produce harmonic signals at low acoustic powers. A recent study showed that the time 
intensity curve analysis during CEUS showed high diagnostic accuracy in grading PNENs, and could 
differentiate grade 1/2 tumors from grade 3 tumors/carcinomas[24].

EUS elastography
EUS elastography of the pancreas has been shown to be a promising imaging technique in several 
studies[25-27]. However, a prospective study by Hirche et al[28] including 70 patients with undifferen-
tiated pancreatic masses showed an overall lower sensitivity (41%), specificity (53%) and accuracy (45%) 
for the detection of malignancy. One of the early studies evaluating conventional strain elastography for 
pancreatic lesions showed significant strain difference between benign and malignant masses[29]. The 
major utility of EUS elastography is in increasing the yield of sampling by aiding better tumor targeting, 
especially in the background of pancreatic parenchymal fibrosis[30]. SWE EUS is a recent development 
and studies evaluating its utility in the pancreas are just emerging[31,32]. A recent comparative study 
suggested that conventional strain elastography was superior to SWE in the characterization of 
pancreatic lesions[33].

CT
CT is the cornerstone and the most commonly performed imaging modality for the diagnosis and 
preoperative staging of GEPNEN. Standard CT scan has low sensitivity (~60%) for the detection of GIT 
NENs[34]. Dynamic dual-phase protocol, which includes the arterial and portal venous phases, is 
recommended in patients with suspected NEN[35,36] (Figure 1). For PNEN, the late arterial phase 
acquired at 40-45 s (pancreatic phase) suits best. For detection of small bowel NENs, CT enterography 
(oral administration of neutral contrast agent like mannitol for bowel distension) or CT enteroclysis 
(administration of neutral contrast via nasojejunal tube) is required. CT enteroclysis combines the 
advantages of enteroclysis with imaging capabilities of multidetector computed tomography (MDCT). 
Study by Kamaoui et al[37] showed that CT enteroclysis had 100% sensitivity and 96.2% specificity for 
the detection of small bowel NEN. A comparative study from Mayo Clinic found that CT enterography 
was better than capsule endoscopy in detecting small bowel tumors, with a sensitivity of up to 93%[38]. 
This ability of CT enterography to detect small bowel tumors remains high (sensitivity of 88%) even in 
the presence of gastrointestinal bleeding[39].

The characteristic imaging feature on CT scan suggesting the diagnosis of NENs is their intense 
enhancement in the late arterial phase, owing to the hypervascular nature of the tumor. The arterial 
phase also helps in outlining the relationship of the tumor with the adjacent arteries. Using the 
maximum intensity projection technique, virtual angiographic images can be obtained. Volume 
rendering techniques applied to the arterial phase provide easily explainable images to the surgeon. 
Portal venous phase helps to draw the relationship of the tumor with major veins, especially the splenic 
vein and the superior mesenteric vein for PNENs. Dual-phase imaging is also crucial for the evaluation 
of hepatic metastases. The classic liver metastases from NEN, being hypervascular, are most evident on 
the arterial phase images. About 6%-15% of NEN liver metastases are appreciated only in the arterial 
phase[40,41]. However up to 16% are hypovascular and show delayed enhancement[40].

One of the early studies suggested that the size of the tumor is an important prognostic factor, with 
tumors < 1 cm showing lesser incidence of liver metastasis (20%–30%) compared to those with > 1 cm (> 
40% risk)[42]. Studies have shown that up to 42% of PNENs may not show arterial phase hyperen-
hancement[43,44]. Such arterial phase hypoenhancing tumors were associated with a significantly lower 
5-year survival (54%) compared to the lesions which were isoenhancing (89%) or hyperenhancing (93%)
[45]. Rodallec et al[46] found that tumor enhancement on CT scan correlated with microvascular density 
(MVD) evaluated on histology and that hypoenhancing PNENs correlated with poorly differentiated 
tumors and a decrease in overall survival rate. These studies showed that the CT enhancement charac-
teristics of NENs have a prognostic value. Gallotti et al[6] found that incidentally detected PNENs, size 
> 3 cm, complex enhancement pattern and, presence of calcification, vascular invasion, main pancreatic 
duct dilatation, and peripancreatic lymph nodes were associated with nonbenign tumors and required 
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Figure 1 49-year-old man with epigastric pain and raised serum gastrin levels. A and B: Axial contrast enhanced pancreatic phase computed 
tomography (CT) images show a well-defined hyperenhancing mass (arrow in A) in the head and neck of pancreas, abutting the proper hepatic artery along with two 
hyperenhancing focal lesions in the liver (arrowheads in B), indicating hepatic metastases; C and D: Axial portal venous phase CT images show retention of contrast 
in the lesions in both locations. Thickened gastric mucosal folds is also noted (arrowheads in C).

more aggressive course of management.
The role of various CT quantitative parameters based on enhancement of the NEN in the arterial or 

pancreatic and the venous phases has been evaluated in the prediction of tumor grade. Kim et al[47] 
found that portal enhancement ratio (HU value of the tumor divided by the HU value of pancreatic 
parenchyma on portal phase images) had the best odds ratio (49.6) and a cutoff value of < 1.1 had a 
sensitivity of 92% and specificity of 81% in differentiating grade 3 PNENs from grade 1 and 2. This high 
sensitivity and specificity of portal enhancement ratio in differentiating neuroendocrine carcinomas 
from well-differentiated NENs was also confirmed by another study[48]. Yamada et al[49] showed that 
corrected true enhancement values in the pancreatic phase had a sensitivity of 92%, specificity of 84% 
and area under the curve of 0.897 in the differentiation of grade 1 from grade 2 PNENs. D’Onofrio et al
[50] showed that various tumor enhancement parameters (tumor permeability ratios, tumor 
parenchyma ratios, tumor arterial ratio and tumor venous ratio) were significantly different between 
grade 1 and grade 3 and between grade 2 and grade 3 PNENs. However, these values could not differ-
entiate grade 1 from grade 2 tumors.

Dual-energy CT
Dual-energy CT (DECT) is an advancement in CT, which allows acquisition of images at two energy 
levels, with lower energy being 80-100 kVp and higher being 140 kVp. Using DECT, material 
decomposition of images and generation of iodine maps, virtual noncontrast images, and mono-
chromatic images at different energy levels is possible (Figures 2 and 3). Monoenergetic images at low 
keV (55 keV) in the pancreatic phase of DECT show improved image contrast for evaluation of 
pancreatic masses[51]. Monochromatic spectral images improve the sensitivity of detection of NENs like 
insulinomas, particularly the hypovascular and isoattenuating tumors and the sensitivity is comparable 
to MRI[52]. One study showed that iodine uptake obtained from DECT is useful in the differentiation of 
hepatocellular carcinoma from liver metastases arising from NENs, with the former showing 
significantly higher iodine uptake (3.8 ± 1.2 vs 2.3 ± 0.6)[53]. This iodine uptake parameter on DECT may 
also be used in assessing the response to treatment of NENs.

Perfusion CT
Perfusion CT is a technique that measures the dynamic changes in the attenuation of the tissues after 
contrast administration. It allows quantitative measurement of tissue perfusion, thereby assisting in the 
assessment of tumor viability and biological behavior[54]. The commonly used quantitative parameters 
of perfusion CT in oncoimaging are blood flow, blood volume, vascular permeability-surface area 
product and mean transit time (Figures 4 and 5). These parameters serve as imaging biomarkers of 
tumor angiogenesis, which is ideally assessed histologically by calculating the MVD[55]. NENs are 
among the tumors with significant angiogenesis. Unlike majority of the cancers, where increased tumor 
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Figure 2 Dual-energy computed tomography images of a 46-year-old man presenting with melena. A: Axial monochromatic computed tomography 
(CT) image at 55 keV in pancreatic phase shows a hyperenhancing well-defined mass (arrow) arising from the duodenal wall; B: Enhancement of the same lesion 
(arrow) appears subtle on the axial 100 keV monochromatic CT image; C and D: Iodine overlay maps show bright areas (arrow) suggesting contrast uptake (C), with 
iodine concentration of 3.2 mg/mL in areas of uptake (D). Iodine concentration of normal pancreas was 0.5 mg/mL.

Figure 3 Dual-energy computed tomography in grading the pancreatic neuroendocrine neoplasms. A: Iodine overlay dual-energy computed 
tomography (CT) map of a 40-year-old woman with low-grade (grade 2) pancreatic neuroendocrine neoplasms (PNEN) in head of pancreas shows 
hyperenhancement of the tumor with an iodine concentration of 5.1 mg/mL; B and C: Iodine overlay dual energy CT maps of a 29-year-old man with grade 3 PNEN 
(outlined in B) shows large hypoenhancing areas with low iodine concentration (0.9 mg/mL) and peripheral bright areas with iodine concentration of 4.3 mg/mL (C). 
Measuring iodine concentration helps in objectively assessing the grade of the tumor.

vascularity is associated with aggressive behavior, higher microvascular density in NENs is associated 
with a low tumor grade[54]. Low MVD was found to be an unfavorable prognostic factor for PNENs in 
several studies despite the presence of other favorable conventional histoprognostic factors, and call for 
a more aggressive treatment approach[56-58]. A study by d’Assignies et al[59] on 36 patients with 
PNENs found a significant correlation between MVD and blood flow assessed by using perfusion CT. In 
their study, the authors found that tumors that are small (< 2 cm), benign (grade 1), with a proliferation 
index of ≤ 2%, and without histological signs of microvascular involvement had a significantly higher 
blood flow. Volume perfusion CT has been shown to improve the detection of pancreatic insulinomas, 
particularly the ones which have transient hyperenhancement (comprising 30% cases)[60,61]. A recent 
study demonstrated that addition of low dose perfusion CT to contrast enhanced CT improved the 
detection rate of PNENs from 83.6% to 89.1% and found that blood flow parameters were significantly 
different between grade 1 and grade 2 tumors[62].

Perfusion CT has also been shown to have a role in monitoring response to treatment with antian-
giogenic drugs. Few studies have shown that the perfusion parameters of PNENs and liver metastases 
decrease as early as 48 h after treatment with anti-angiogenic drugs and perfusion CT offers a significant 
role in an early noninvasive assessment[63,64]. A major limitation of perfusion CT is the higher 
radiation dose, resulting in an additional dose of approximately 7 mSv[65].
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Figure 4 Volume perfusion computed tomography images of a 56-year-old man with recurrent hyperinsulinemic hypoglycemia. A: Axial 
pancreatic phase computed tomography image shows a hyperenhancing lesion in the pancreatic tail (arrow); B-D: Color-coded parametric maps for blood volume (B), 
blood flow (C) and mean transit time (D) of the tumor (arrow) and normal pancreatic tissue; E: Chart shows mean value of each perfusion parameter of the tumor. 
Blood flow in the tumor was higher (247 mL/100 mL/min) compared to normal pancreatic parenchyma (72 mL/100 mL/min); F: Time attenuation curve shows dynamic 
enhancement pattern of the tumor corresponding to transient hyperenhancement. Histopathology after enucleation proved the tumor to be grade 1 insulinoma.

Figure 5 Volume perfusion computed tomography images of a 67-year-old man with a large grade 3 neuroendocrine neoplasm involving 
body and tail of pancreas. A and B: Axial arterial phase computed tomography images with circular regions of interest placed at two different locations in the 
lesion (*); C-H: Parametric maps for blood flow (C and D) and blood volume (E and F) with mean value of each perfusion parameter (G and H) are shown. Lower 
values of mean blood flow, mean blood volume and mean transit time are features of high grade neuroendocrine neoplasm.

MRI
MRI is best performed as a problem-solving tool when CT scan findings are equivocal or negative, and 
is aimed at acquiring images of the lesion and organ with better soft tissue contrast. For instance, MRI 
has shown better sensitivity for the detection of liver metastases compared to CT and somatostatin 
receptor scintigraphy[66]. The absence of exposure to ionizing radiation makes MRI the apt modality for 
screening young individuals suspected of having NEN and those with syndromic association who 
require multiple follow up imaging[67]. Most NENs are hypointense on T1-weighted and hyperintense 
on T2-weighted images[10]. Contrast enhancement pattern and morphologic appearances are similar to 
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that seen in CT scan (Figure 6). For the detection of PNENs, the sensitivity of MRI ranges from 85% to 
100% and specificity from 75% to 100%[68].

Diffusion-weighted imaging
Diffusion-weighted imaging (DWI) is a widely used technique in clinical imaging as it reflects the 
microscopic environment of the neoplasm including tumor cellularity and extracellular matrix. The 
application of DWI in oncology is mainly in tumor detection and assessing response to chemotherapy 
and radiotherapy. Wang et al[69] demonstrated that the apparent diffusion coefficient (ADC) values of 
PNEN correlated well with Ki-67 labelling index, thus indicating that DWI has a prognostic value 
(Figure 6). Another study showed that the ADC values were significantly different between benign and 
non-benign PNENs (1.48 × 10-3 mm2/s vs 1.04 × 10-3 mm2/s, respectively)[70]. Lotfalizadeh et al[71] 
showed that DWI has the additional value in identification of high grade tumors (grade 3) and can 
accurately differentiate grade 3 from grade 1/2 tumors (AUROC-0.96). The ADC values showed an 
inverse relation with the grade of the tumor.

Another major utility of DWI is in the detection and characterization of liver metastases. Several 
studies have shown that DWI is more sensitive for the detection of liver metastases than T2-weighted 
and multiphase gadolinium-enhanced MRI, especially for smaller lesions[72-74]. Besa et al[75] showed 
that the ADC of liver metastases from NEN weakly and significantly correlated negatively with tumor 
grade and Ki-67 and that the mean ADC and the minimum ADC values were significantly different 
between the three grades (1.6, 1.35 and 0.9 × 103 mm2/s and 0.84, 0.5 and 0.27 × 103 mm2/s for grades 1, 2 
and 3, respectively). DWI is hence recommended in routine MRI abdomen protocol for the detection of 
liver metastases from NEN.

Histogram analysis of the ADC of the whole tumor has also been shown to predict tumor grade and 
aggressiveness. Pereira et al[76] found that whole tumor histogram analysis of the ADC, including the 
skewness and kurtosis can reliably differentiate grade 1 from grade 2/3 tumors. Another study also 
showed that this histogram analysis of ADC was useful in predicting tumor grade, vascular invasion 
and metastasis (node, liver) in PNENs and that ADCentropy and ADCkurtosis were the best markers in 
identifying tumor aggressiveness[77].

DWI is also useful in predicting and assessing response to various medical treatments for NENs. A 
recent study by Le Bihan et al[78] showed that the change in the ADC values of liver metastases from 
NENs after transarterial radioembolization was significantly different between the partial response and 
progressive disease groups, thus concluding that ADC can be used as an additional marker for 
treatment response evaluation.

While DWI investigates diffusion of water molecules in tissues, it does not detect perfusion of blood. 
Intravoxel incoherent motion (IVIM) DWI detects translational motion of water molecules in a voxel and 
can simultaneously quantify their diffusion and microcirculation in tissue capillary network[79]. IVIM 
images are quantified by ADC, which integrates the effects of both diffusion and perfusion. IVIM 
therefore enables evaluation of tissue perfusion without the requirement of a contrast agent. The 
quantitative parameters in IVIM include the pure diffusion coefficient (Dslow), which reflects the 
diffusion of water molecules, the pseudodiffusion coefficient (Dfast), which reflects the diffusion 
movement of capillary microcirculation perfusion, and the perfusion fraction (f), which represents the 
volume ratio between the perfusion effect of local microcirculation and the overall molecular diffusion 
(Figures 7 and 8). IVIM-DWI is a useful method to assess true tumor cellularity of PNEN, represented 
by tissue diffusion, as increased microcirculation of hypervascular PNENs may cause the pseudodif-
fusion effect and thus leads to the overestimation of ADC values[79]. Hwang et al[80] observed that 
IVIM DWI can differentiate grade 1 from grade 2 or 3 PNENs. They found that pure diffusion coefficient 
is a better marker of tumor cellularity than ADC, and was significantly higher in grade 1 PNENs, 
thereby enabling prediction of tumor grade on imaging. A recent study showed that Dslow and Dfast 

parameters help in the differentiation of high grade PNENs from pancreatic adenocarcinoma with high 
diagnostic accuracy (0.460 vs 0.579 × 103 mm2/s and 13.361 vs 4.985 × 103 mm2/s, respectively)[81].

Diffusion kurtosis imaging 
Diffusion kurtosis imaging (DKI) is a new rapidly advancing MRI technique based on the concept that 
water molecules in biological environment have non Gaussian properties. This is in contrast to standard 
DWI that calculates ADC using monoexponential analysis, assuming that diffusion of water in tissues 
follows Gaussian behavior[82]. At higher b values (> 1000 s/mm2), due to the barriers encountered by 
water molecules in tissues, there is deviation from Gaussian distribution. The deviation when 
quantified, in fact represents the tissue microenvironment. Two quantitative parameters, diffusion 
coefficient (D) and kurtosis (K), representing deviation from Gaussian distribution, can be extracted 
from DKI. DKI thus provides a more accurate model of diffusion and quantifies tissue heterogeneity, 
and irregularity of cellular microstructure by capturing non Gaussian diffusion parameters (Figure 9)
[82,83]. A drawback which hampers its use in routine practice is the long acquisition time due to scan 
acquisition at multiple b values. There are studies showing application of DKI for the assessment of the 
pancreas[84,85]. Shi et al[83] found that the radiomics model of DKI and T2 weighted imaging could 
improve the diagnostic accuracy for PNENs.
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Figure 6 Magnetic resonance images of a 24-year-old woman with multiple endocrine neoplasia-type 1 syndrome and pancreatic 
neuroendocrine neoplasm. A-C: Axial magnetic resonance images through the head of pancreas show a round heterogeneous mass (arrow) which appears 
hypointense on T1-weighted image (A), hyperintense on T2-weighted image with central cystic / necrotic change (B) and shows peripheral hypointensity on apparent 
diffusion coefficient (ADC) image (C) suggesting diffusion restriction along the periphery (ADC = 0.93 × 103 mm2/s); D-F: Axial dynamic contrast enhanced T1-
weighted images show hyperenhancement of the tumor along the periphery in pancreatic phase (D), with contrast retention in venous (E) and delayed (F) phase 
images. The patient also had bilateral inferior parathyroid and left superior parathyroid adenomas.

Figure 7 Intravoxel incoherent motion diffusion-weighted imaging in a 46-year-old woman with proven grade 1 pancreatic neuroe-
ndocrine neoplasm. A: Axial diffusion weighted image (b = 800 s/mm2) shows a small pancreatic lesion with diffusion restriction (arrow); B: Color-coded diffusion 
map shows true diffusion coefficient, D = 2.33 × 103 mm2/s; C: Color-coded perfusion map shows pseudodiffusion coefficient, D* = 5.37 × 103 mm2/s); D: Color-coded 
perfusion fraction map shows a value, f = 3.2%; E: Signal decay curve of the tumor (purple) shows fall in signal at lower b values with plateau at higher b values. In 
comparison, normal pancreas (orange) shows lesser diffusion restriction than the tumor.

MR elastography
MR elastography (MRE) is a phase-contrast-based MRI technique for the evaluation of mechanical tissue 
properties noninvasively, e.g., tissue stiffness. MRE of pancreas is at an early stage. Recent studies have 
used MRE to differentiate healthy from pathological pancreatic tissue[86]. The normal pancreatic 
stiffness in adults measured by MRE is 1.1–1.21 kPa[86]. Shi et al[87] used MRE for the characterization 
of solid pancreatic masses. They found that malignant masses had significantly higher stiffness (3.27 
kPa) than benign masses (1.96 kPa). PNENs had a median stiffness of 2.32 kPa. They also suggested that 
stiffness ratio (ratio of stiffness of mass to normal parenchyma) may perform better in the differentiation 
of benign from malignant pancreatic masses.
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Figure 8 Intravoxel incoherent motion diffusion-weighted imaging in a 67-year-old man with grade 3 pancreatic neuroendocrine 
neoplasm. A: Axial diffusion weighted image (b = 200 s/mm2) with circular region of interest in the tumor; B: Color-coded diffusion map shows true diffusion 
coefficient, D = 0.84 × 103 mm2/s; C: Color-coded perfusion map shows pseudodiffusion coefficient, D* = 5.01 × 103 mm2/s); D: Color-coded perfusion fraction map 
shows a value, f = 4.5%; E: Signal decay curve shows steeper decay at low b values and continued fall at higher b values [in comparison to grade 1 pancreatic 
neuroendocrine neoplasm (PNEN) (Figure 7), true diffusion coefficient is lower in grade 3 PNENs].

Figure 9 Diffusion kurtosis of the lesion same as in Figure 8. A: Axial diffusion-weighted image (b = 200 s/mm2) with region of interest marked; B: 
Diffusion map (D = 3 × 103 mm2/s); C: Kurtosis map (k = 0.40); D: Signal decay curve shows non-Gaussian diffusion.

MRI perfusion
MRI perfusion techniques for the assessment of tumor perfusion have the major advantage that they 
lack adverse effects of radiation compared to the radiation-intensive CT perfusion. T1-weighted 
dynamic contrast enhanced (DCE) MRI is the technique applied in the evaluation of tumors in the 
abdomen[88]. This provides both semiquantitative and quantitative information on the microvascular 
perfusion of the tissue. The semiquantitative analysis is based on the time-signal intensity curve and the 
quantitative analysis is based on the Tofts two-compartment pharmacokinetic model (intravascular and 
extravascular-extracellular compartments) with the parameters evaluated being Ktrans (volume transfer 
constant, wash in), Kep (reverse efflux rate constant, wash out) and Ve (extravascular extracellular space 
volume fraction)[89]. This technique has shown promising results in the evaluation of PNENs. A study 
by Donati et al[90] showed that Ktrans and Kep values were higher in NENs (2.709 ± 0.110/min; 5.957 ± 
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0.371/min) compared to other focal lesions and healthy pancreatic parenchyma. This in fact reflects the 
wash in (Ktrans) and wash out (Kep) of the contrast agent from the hypervascular NENs. Also, well 
differentiated and poorly differentiated NENs showed different perfusion characteristics. In the study 
by Kim et al[91], Ktrans value of NENs were significantly higher than that of neuroendocrine 
carcinomas (0.339 ± 0.187/min vs 0.077 ± 0.036/min). Ductal adenocarcinomas being hypovascular, 
show significantly lower average values of Ktrans and Kep[90-92]. The role of DCE MRI in the 
evaluation of response to systemic chemotherapy and targeted molecular therapy by assessing the 
changes in the values of MRI perfusion parameters reflecting good or poor response to treatment is a 
direction for future studies.

PET CT AND PET MRI
Hybrid anatomical and functional imaging using PET/CT is a valuable tool in the current practice of 
grading and management of NENs. In general, in dual tracer PET/CT (somatostatin receptor imaging 
with Ga68 DOTATATE/TOC/NOC PET/CT and glucose metabolism with FDG PET/CT), low-grade 
tumors, which express somatostatin receptors, bind to somatostatin analog, but not to FDG[93]. In 
contrast, poorly differentiated GEPNENs with high Ki-67 index would be negative on somatostatin 
PET/CT but FDG avid[94]. Zhang et al[95] suggested that dual tracer PET /CT may be used as an 
alternative to tissue sampling, as it reflects both cellular somatostatin receptor expression and glucose 
metabolism. The authors also found a positive correlation between SUVmax (standardized uptake 
value) and Ki-67 index with respect to FDG PET/CT and negative correlation with respect to Ga68 

DOTATATE PET/CT. However, low-grade insulinomas show low expression of somatostatin receptors 
in contrast to other secreting and nonsecreting NENs and are frequently not detected on Ga68 

DOTATATE PET/CT[96]. Since virtually all benign insulinomas express glucagon-like peptide 1 (GLP-
1) receptors (incretin receptors), these receptors can be targeted by PET/CT for preoperative localization 
of occult benign insulinomas. GLP-1R PET/CT had higher sensitivity than MRI and SPECT/CT for 
localization of benign insulinomas in a study by Antwi et al[97]. Glucose dependent insulinotropic 
polypeptide receptor (GIPR) is another incretin receptor overexpressed in GEPNENs. It is a potential 
target for imaging the small percentage (~10%) of GEPNENs which do not express SSTR and GLP1R, as 
confirmed by studies in animal models[98].

With technical advances, simultaneous PET and MRI acquisition in an integrated scanner is now 
possible. The first study in 2013 by Beiderwellen et al[99] showed that every lesion detected on PET/CT 
was identified on PET/MRI. Hope et al[100] evaluated hepatic lesions in patients with NENs using Ga68 

DOTATOC PET/CT and PET/MRI and found that there was a strong correlation between SUVmax 
obtained in PET/CT and PET/MRI. However, due to the high cost, the routine use of PET/MRI is 
limited.

RADIOMICS, TEXTURE ANALYSIS AND MACHINE LEARNING
Radiomics is the process of conversion of digital biomedical images to mineable data and the 
subsequent analysis of this data[101]. Texture analysis is an imaging technique under the wider arena of 
radiomics, that extracts, analyzes and interprets quantitative imaging features, and enables objective 
assessment of tumor heterogeneity beyond what is possible to human eyes[102]. In statistical-based 
model of texture analysis, from each voxel in a region of interest, various first order (e.g., first-order 
entropy, kurtosis, skewness, standard deviation, mean intensity) and second order (e.g., contrast, 
uniformity, second order entropy, etc.), or higher order features are extracted and analyzed using post 
processing software. As mentioned previously, tumor grade is an important prognostic factor of NENs 
and their prediction noninvasively is valuable.

CT radiomics is increasingly finding its place in the grading of NENs. Canellas et al[103], evaluating 
PNENs on CT scan, found that tumors with high entropy (a texture parameter reflecting tissue hetero-
geneity) values had 3.7 times higher odds of being aggressive (grades 2 and 3). In this study, entropy 
was a better predictor of tumor grade than the size of the lesion. Choi et al[104] found that lower 
kurtosis, lower sphericity and higher skewness correlated to grade 2 or 3 PNENs. A study on 3D texture 
analysis of PNENs in 100 patients showed that kurtosis was significantly different between all the three 
grades and entropy could differentiate grade 1 from grade 3 and grade 2 from grade 3, but not grade 1 
from grade 2 tumors[50]. These results of CT texture analysis were confirmed in other recent studies
[105,106] thus emphasizing its role in the prediction of tumor grade.

MRI radiomics also help in characterizing PNENs. MRI texture analysis was found to be useful in 
differentiating nonfunctioning PNEN from solid pseudopapillary neoplasm in a study by Li et al[107]. 
Nonlinear discriminant analysis was found to have the lowest misclassification rate of all the types of 
analyses performed in their study. Shindo et al[108] studied ADC histogram for differentiation of 
pancreatic adenocarcinoma from PNENs. In their study, ADC entropy had the highest area under the 
curve (AUC) for differentiating adenocarcinoma from NEN. De Robertis et al[77] found that ADC 
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Table 3 Summary of important research studies on imaging of gastroenteropancreatic neuroendocrine neoplasms

Ref. Number 
(n) Modality Results Conclusion

Ultrasonography Takada et al
[25], 2019

30 Contrast-
enhanced 
harmonic EUS

Three parameters in TIC showed high diagnostic 
accuracy: Echo intensity change - 87%; Rate of 
enhancement - 87%; Enhancement ratio for 
node/pancreatic parenchyma - 88.5%

Contrast-enhanced EUS and TIC 
analysis show high diagnostic 
accuracy for grading of PNEN

CT Worhunsky 
et al[45], 
2014

118 APCT 5-year overall survival: Hypoenhancing - 54%; 
Isoenhancing - 89%; Hyperenhancin - 93%. On 
multivariate analysis only hypoenhancement (HR 
2.32, P = 0.02) was independently associated with 
survival

Hypoenhancement of PNEN on 
APCT (22% of well-differentiated 
PNEN) was an independent 
predictor of poor outcome

Rodallec et 
al[46], 2006

37 Dual-phase 
contrast-
enhanced CT

Poorly differentiated NEC: Hypoattenuating - 71%; 
Isoattenuating or weakly hyperattenuating - 29%; 
Well-differentiated NECmoderately or strongly 
hyperattenuating - 53%. Poor enhancement at 
pancreatic phase and less vascularized tumors 
were associated with decreased survival rate

Enhancement of PNEN at CT 
correlated with microscopic tumor 
vascularity. Low-enhancing PNEN 
correlated with poor differentiation 
and lower overall survival

Park et al
[48], 2020

69 Dynamic CT NEC (compared to well-differentiated NEN): 
Significantly higher frequencies of main pancreatic 
ductal dilatation, bile duct dilatation, vascular 
invasion; Significantly lower conspicuity of 
interface between tumor and parenchyma, AER 
and PER. PER < 0.8 showed 94.1% sensitivity, 
88.5% specificity for differentiation of NEC from 
well-differentiated NEN. On combining 3 
significant CT features, the sensitivity and 
specificity for diagnosing NEC were 88.2% and 
88.5% respectively

Tumor parenchyma enhancement 
ratio in portal phase is useful to 
distinguish NECs from well differ-
entiated NENs. Combining 
qualitative and quantitative CT 
features aid in achieving good 
diagnostic accuracy in differen-
tiation between NEC and well-
differentiated NEN

d’Assignies 
et al[59], 
2009

36 MDCT 
perfusion

Tumor blood flow and intratumoral MVD showed 
high correlation (r = 0.620, P < 0.001). Blood flow 
was significantly higher in: Grade 1 than grade 2/3 
tumors; Tumors with proliferation index ≤ 2% (P = 
0.005); Tumors without histological signs of 
microscopic vascular involvement (P = 0.008). 
Mean transit time was longer in tumors with 
lymph node (P = 0.02) or liver (P = 0.05) metastasis

Perfusion CT is feasible in patients 
with pancreatic NENs and reflects 
MVD. Perfusion CT measurements 
correlated with histoprognostic 
factors, such as proliferation index 
and WHO grading

MRI Canellas et 
al[103], 2018

80 MRI MRI features associated with aggressive tumors: 
Size > 2 cm (OR = 4.8); T2 non-bright lesions (OR = 
4.6); Presence of pancreatic ductal dilatation (OR = 
4.9); Diffusion restriction (OR = 4.9)

MRI can assess aggressiveness of 
PNEN and identify patients at risk 
for early disease progression after 
surgical resection

d’Assignies 
et al[74], 
2013

59 MRI DWI (71%-71.6%) was more sensitive than T2 
weighted images (55.6%) and dynamic CEMRI 
(47.5%-48.1%). Combination of these sequences 
improved detection of liver metastases. Specificity 
of each sequence was comparable (89%-100%)

DWI is more sensitive for detection 
and characterization of liver 
metastases from NENs than T2-
weighted and dynamic gadolinium-
enhanced MRI

Radiomics, texture 
analysis and 
machine learning

Canellas et 
al[103], 2018

101 CECT with 
texture 
analysis

CT features predictive of a more aggressive tumor: 
Size > 2 cm (OR = 3.3); Vascular involvement (OR = 
25.2); Pancreatic ductal dilatation (OR = 6); 
Lymphadenopathy (OR = 6.8); Entropy (OR = 3.7); 
Differences (P < 0.05) in progression free survival 
were found for: Grade 1 vs grade 2 vs grade 3 
tumors; PNEN with vascular involvement; Tumors 
with entropy values > 4.65

CT texture analysis and CT features 
are predictive of aggressiveness and 
can be used to identify patients at 
risk of early disease progression 
after surgical resection

De Robertis 
et al[77], 
2018

42 MRI and 
histogram 
analysis

ADC entropy is significantly higher in grade 2/3 
tumors (sensitivity: 83.3%, specificity: 61.1%). ADC 
kurtosis is higher in PNENs with vascular 
involvement, nodal and hepatic metastases 
(sensitivity: 85.7%, specificity: 74.3%)

Whole tumor ADC histogram 
analysis can predict aggressiveness 
in PNENs. ADC entropy and ADC 
kurtosis are the most accurate 
parameters for identification of 
PNEN with malignant behavior

Luo et al
[112], 2020

93 CECT with 
application of 
a CNN based 
DL algorithm

AUC = 0.81 of arterial phase in validation set was 
significantly higher than those of venous (AUC = 
0.57, P = 0.03) and arterial/venous phase (AUC = 
0.70, P = 0.03) in predicting the pathological 
grading of PNENs. The AUC and accuracy of DL 
algorithm for diagnosing grade 3 PNEN were 
0.80% and 79.1%. There was significant difference 
in OS and PFS between the predicted G1/2 and G3 
groups

The CNN-based DL method showed 
a relatively robust performance in 
predicting pathological grading of 
PNENs from CECT images

Gao et al CEMRI with The average accuracy of the five trained CNNs With the help of GAN, the CNN 96
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[114], 2019 application of 
deep learning 
algorithm on 
images

ranged between 79.08% and 82.35%, and the range 
of micro- average AUC was between 0.8825 and 
0.8932. The average accuracy and micro-average 
AUC of the averaged CNN were 81.05% and 0.8847 
respectively

showed the potential to predict the 
grades of PNENs on CEMRI

EUS: Enhanced ultrasonography; TIC: Time-signal intensity curve; APCT: Arterial phase computed tomography; ADC: Apparent diffusion coefficient; 
CECT: Contrast enhanced computed tomography; CEMRI: Contrast enhanced magnetic resonance imaging; CNN: Convolutional neural network; DWI: 
Diffusion weighted imaging; NEC: Neuroendocrine carcinoma; NEN: Neuroendocrine neoplasm; AER: Annual equivalent ratio; PER: Portal enhancement 
ratio; MVD: Microvascular density; WHO: World Health Organization; MDCT: Multidetector row computed tomography; OS: Overall survival; PFS: 
Progression free survival; AUC: Area under the curve; PNEN: Pancreatic neuroendocrine neoplasm; GAN: Generative Adversarial Network.

histogram analysis of DWI, using radiomics, could predict aggressiveness of PNENs. They found high 
ADC kurtosis values in tumors with vascular invasion (AUC of 0.763 for a cut off value of 4.13) and 
distant metastases (AUC of 0.820 for a cut off of 3.642)[77]. The future prospects of radiomics are in the 
direction of development of a robust predictive model combining qualitative and quantitative imaging 
parameters.

Machine learning is increasingly being used in medicine and has various applications including 
detection of disease, classification of images, identifying treatment and monitoring adherence to therapy
[109,110]. The standard radiomics analysis on CT or MRI requires marking of the tumor margins for 
analysis. However, deep learning using convolutional neural network (CNN) performs analysis 
automatically and provides better results[111]. A few recent preliminary studies have shown the 
promising role of deep learning using CNN in the prediction of grade of PNEN and survival using 
contrast enhanced CT[112-114]. Clinical trials for translation of these imaging techniques into clinical 
practice and validation for routine use are ongoing.

In short, the quantitative parameters derived from imaging, relevant for prognostication of GEPNENs 
include tumor size, enhancement ratios derived from HU values, iodine uptake on DECT, entropy on 
CT texture analysis, tumor blood flow, tumor blood volume, and mean transit time on perfusion CT, 
ADC and ADC histogram analysis of DWI, true and pseudodiffusion coefficients and perfusion fraction 
on IVIM DWI, Ktrans and Kep on perfusion MRI and SUVmax on dual tracer PET/CT. A combination 
of qualitative features and quantitative factors with the newer functional imaging techniques enables 
better tumor classification based on their prognosis. A summary of important studies on advanced 
imaging in GEPNENs is shown in Table 3.

CONCLUSION
With the recent advances in CT, MRI, USG and hybrid imaging techniques like PET/CT and PET/MRI 
using dual tracers, smaller pancreatic and bowel NENs are now being increasingly detected and staged. 
In addition to tumor detection and staging, their non-invasive grading, prognostication and monitoring 
response to treatment are shown to be feasible and reliable with the emerging studies using quantitative 
imaging techniques like CT and MR perfusion studies, DWI, IVIM and texture analysis with radiomics. 
Standardization of these techniques with more large scale studies would be an important future 
prospect. These advances in imaging will help in making the right treatment choice, contributing to an 
overall improvement in patient outcome.
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Abstract
Colorectal cancer (CRC) continues to be one of the main causes of death from 
cancer because patients progress unfavorably due to resistance to current 
therapies. Dysregulation of the Wnt/β-catenin pathway plays a fundamental role 
in the genesis and progression of several types of cancer, including CRC. In many 
subtypes of CRC, hyperactivation of the β-catenin pathway is associated with 
mutations of the adenomatous polyposis coli gene. However, it can also be associated 
with other causes. In recent years, studies of the tumor microenvironment (TME) 
have demonstrated its importance in the development and progression of CRC. In 
this tumor nest, several cell types, structures, and biomolecules interact with 
neoplastic cells to pave the way for the spread of the disease. Cross-communic-
ations between tumor cells and the TME are then established primarily through 
paracrine factors, which trigger the activation of numerous signaling pathways. 
Crucial advances in the field of oncology have been made in the last decade. This 
Minireview aims to actualize what is known about the central role of the Wnt/β-
catenin pathway in CRC chemoresistance and aggressiveness, focusing on cross-
communication between CRC cells and the TME. Through this analysis, our main 
objective was to increase the understanding of this complex disease considering a 
more global context. Since many treatments for advanced CRC fail due to mecha-
nisms involving chemoresistance, the data here exposed and analyzed are of great 
interest for the development of novel and effective therapies.

Key Words: Colorectal cancer; β-catenin pathway; Tumor stroma; Tumor microenvir-
onment factors; Cancer progression; Drug resistance
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Core Tip: Currently, there is a high probability of failure in treatments for the advanced stages of colorectal 
cancer (CRC). For this reason, it is necessary to obtain a better understanding of CRC biology in a more 
global context for the future design of novel therapeutic approaches. The effects of the Wnt/β-catenin 
signaling pathway and the tumor microenvironment (TME) on the progression and chemoresistance of this 
disease were separately described in several review articles. Therefore, herein we comprehensively 
analyze the complex mechanisms of CRC chemoresistance triggered by TME factors that impact Wnt/β-
catenin signaling.
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INTRODUCTION
Colorectal cancer (CRC) is the third most frequent malignant disease worldwide in both men and 
women[1,2]. Data provided by the World Cancer Research Fund International indicate that CRC 
incidence is growing, and the prevalence of this pathology is expected to increase by 60% in the next 15 
years[3]. Among all cancer-induced deaths, the ones associated with CRC reach values of 8%-9%[4,5]. 
These statistics rely mainly on the fact that 20% of patients show metastasis (stage IV) at the time of 
diagnosis and the overall survival in these patients is low due to failure in the treatments[5,6]. To 
improve the response of these patients to therapy, it is necessary to expand the knowledge about the 
mechanisms that play a critical role in the development, progression and chemoresistance of CRC.

In 2015, Guinney et al[7] proposed a classification of colorectal tumors based on four consensus 
molecular subtypes (CMSs). Groups were defined according to certain parameters such as clinical, 
genetic and molecular characteristics (Figure 1): The CMS1 group, also designated microsatellite 
instability immune, is characterized by high microsatellite instability and immune response. The 
canonical subtype (CMS2) represents 37% of cases and presents hyperactivation of the Wnt and Myc 
signaling pathways. The CMS3 (metabolic subtype) is characterized by a marked dysregulation of 
metabolic pathways. Finally, the CMS4 (mesenchymal subtype) group exhibits hyperactivation of the 
transforming growth factor-β (TGF-β) pathway and a marked switch from the epithelial to 
mesenchymal transition (EMT)[7,8]. Remarkably, 90% of CRC cases present with aberrant activation of 
the canonical Wnt/β-catenin signaling pathway[9-11]. This pathway is strictly regulated in 
physiological conditions and modulates fetal development and homeostasis in adult tissues[11]. Briefly, 
in the absence of Wnt ligand, β-catenin is continuously phosphorylated in the cytoplasm by a 
destruction complex comprised of adenomatous polyposis coli (APC), axis inhibition protein (Axin), 
glycogen synthase kinase 3 (GSK3), and casein kinase 1. Once phosphorylated, β-catenin is ubiquit-
inated and degraded by the proteasome. When Wnt ligand binds to its receptor, the destruction of β-
catenin stops, so this protein accumulates in the cytosol and then translocates to the nucleus. Finally, β-
catenin binds to transcription factors from the T-cell factor/lymphoid enhancer factor (TCF/LEF) family 
and promotes the transcription of several genes[12]. There are several published research as well as 
review articles on the involvement of the Wnt/β-catenin pathway in CRC development, progression, 
and chemoresistance[10,13,14]. Furthermore, this pathway became an unquestionable target for novel 
therapies for CRC. Despite this, to date, there are no approved treatments or clinical trials for CRC 
based on targeting the Wnt/β-catenin pathway[15].

As extensively described in the open literature, hyperactivation of the Wnt/β-catenin pathway in 
CRC is directly associated with intrinsic causes such as mutations in the APC gene. This results in the 
nuclear accumulation of β-catenin and the induction of Wnt target genes that promote tumor 
progression[16]. In this contribution, we intend to analyze how Wnt/β-catenin aberrant activation can 
be induced or exacerbated by external causes.

In the last decade, the tumor microenvironment (TME) or tumor stroma has become relevant in the 
progression of CRC[17]. The TME is a niche composed of the extracellular matrix (ECM), a great variety 
of modified stromal cells and aberrant vasculature[9]. Intercellular communications between the tumor 
cells and the TME are mainly established through paracrine signaling[9,18]. These communications and 
factors are extrinsic and may directly affect CRC progression through the Wnt/β-catenin pathway. In 
this way, a wide range of novel therapeutic targets appears, expanding the possibilities of achieving 
effective treatments for CRC.

https://www.wjgnet.com/1007-9327/full/v28/i26/3027.htm
https://dx.doi.org/10.3748/wjg.v28.i26.3027
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Figure 1 Consensus molecular subtypes classification for colorectal tumors. BRAF: B-Raf proto-oncogene; CIMP: CpG island methylator phenotype; 
CNAs: Copy number alterations; EMT: Epithelial to mesenchymal transition; KRAS: Kirsten rat sarcoma 2 viral oncogene homolog; MSI: Microsatellite instability; 
TGF-β: Transforming growth factor-β; TP53: Tumor protein 53.

This work analyzed the available literature regarding the biomolecules associated with the TME that 
can modulate the Wnt/β-catenin signaling pathway in CRC cells, which allows a better understanding 
of the biological causes of the high morbidity and mortality of this pathology in a global context. 
Although antecedents of this particular analysis are registered in 2008[19], the enormous amount of 
information collected in recent years results in the emergence of new biomolecules, structures, and even 
processes related to the TME and the CRC cells that were previously unknown or unrelated. The 
comprehension of this information enables countless new possibilities for the development of new 
therapies for CRC.

DYNAMICS ESTABLISHED BETWEEN THE TME AND CRC CELLS
During CRC genesis, the TME and its associated signaling play a key role in tumor fate, since they 
facilitate the proliferation, invasion, metastasis, and chemoresistance processes. Specifically, the TME is 
composed of ECM proteins, mesenchymal stem cells, fibroblasts, cancer-associated fibroblasts (CAFs), 
endothelial cells (ECs), and tumor-infiltrating immune cells, with the last group comprising tumor-
associated macrophages (TAMs), tumor-associated neutrophils, natural killer (NK) cells, regulatory T 
cells, myeloid-derived suppressor cells, and cytotoxic T lymphocytes (also known as CD8+ T cells), 
among others[5,20].

The TME cells and neoplastic cells continuously secrete and internalize factors that modulate the CRC 
development and contribute to the maintenance of the tumor ecosystem. These extracellular signals are 
schematized in Figure 2 and involve soluble proteins, insoluble proteins from the ECM, or compounds 
of variable nature loaded in vesicles[21]. Table 1 compiles the biomolecules well described in the 
literature that can be secreted by the TME cells and that allow communication with CRC cells. Some of 
these factors can travel freely through the tumor stroma space, whereas others are transported through 
membrane-bound vesicles known as extracellular vesicles (EVs)[22,23]. The EVs structure includes a 
lipid bilayer composed mainly of ceramide, cholesterol, sphingomyelin, phosphoglycerides, glycosphin-
golipids, phosphatidyl serine, phosphatidylethanolamine, mannose, N-linked glycans, polylactosamine, 
and sialic acid[22]. In recent years, EVs have acquired relevance as biological mediators in the 
communication between the TME and tumor cells. Concerning EVs related to CRC, their loads are 
considered prognostic factors or indicative of response to therapies. Recent studies have shown that EVs 
can carry large amounts of biomolecules from the TME cells to cancer cells and vice versa. Usual cargoes 
include cytokines/chemokines, angiogenic factors, ECM remodeling factors, and nucleic acids such as 
microRNAs (miRs), long non-coding RNAs (lncRNAs), and circular RNAs (cRNAs)[24-27]. Fluids from 
CRC patients such as plasma, saliva, and urine contain large amounts of secreted EVs. These molecules 
can stimulate or inhibit the expression of oncogenes and oncoproteins, thus affecting the phenotype of 
the neoplastic cells or altering the secretory profile of the TME cells[22,25,28]. Unlike cytokines and 
growth factors that act in the nearby cells, the EVs can influence both the primary colorectal tumor and 
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Table 1 Factors secreted by the tumor microenvironment and their role in colorectal cancer progression

Released/secreted components Source, TME cell Known effects in CRC Ref.
Growth factors

TGF-β CAFs; TIICs1; MSCs1 Proliferation on tumor and stromal cells in late 
stages of tumorigenesis. EMT program and CSC-like 
traits. Metastasis, vasculogenesis and angiogenesis

[5,21,136]

BMPs CAFs Anti-tumor activity. Or pro-tumor activity, induce 
CSCs phenotype, EMT program and chemores-
istance. Differentiation of colon CSCs

[5,137,138]

HGF CAFs; TIICs; MSCs1 Invasion, metastasis and stemness [21,54,139,140]

VEGF ECs; CAFs; TIICs Angiogenesis, invasiveness, metastasis [104,140,141]

FGF CAFs; MSCs CAFs profiles. Tumor growth and metastasis [142,143]

PDGF CAFs Tumor growth and metastasis [144]

TNF-α TIICs Proliferation. Growth arrest and cancer cell death, 
angiogenesis and metastasis

[141,145]

Cytokines

IL-1 TIICs Angiogenesis and metastasis [141,146]

IL-2 TIICs Anti-tumor activity [1,147]

IL-6 TIICs; MSCs; CAFs Proliferation, angiogenesis and metastasis [1,141]

IL-8 TIICs; MSCs Tumor growth, angiogenesis and chemoresistance [1,148]

IL-17 CAFs; TIICs Anti-tumor or pro-tumor activity. Invasion and self-
renewal of CSCs

[1,104,149]

IL-18 TIICs Anti-tumor activity [150]

IL-22 TIICs Proliferation, invasion and stemness [1,104]

IL-33 ECs; TIICs Anti-tumor activity Suppresses tumorigenesis. Or 
pro-tumor activity. Angiogenesis and metastasis. 
Tumor growth through immunosuppressive 
microenvironment favoring

[1,104,151]

CCL2 TIICs; MCS Tumor progression [152]

CCL5 TIICs Tumor progression. Acts on tumor cells and TAMs [153]

CCL7 CAFs Proliferation, invasion, and migration [154]

CXCL12 CAFs; MSCs Proliferation and invasion [142,155]

PTHrP Undefined TME cells Proliferation, invasion, angiogenesis, migration and 
chemoresistance

[34,35,66,156,157]

Osteopontin TIICs Metastasis, stemness and chemoresistance [85]

Prostaglandins

PGs (like PGE2) CAFs; TIICs; MSCs Resistance to apoptosis, increased proliferation, 
angiogenesis and metastasis

[21,32]

Signaling pathways ligands

NOTCH ligands (Jagged-1; Jagged-2; 
DLL4)

ECs CSCs phenotype, EMT program and metastasis [104,158]

WNT ligands (Wnt2, Wnt5) CAFs Invasion, metastasis and angiogenesis [44,45,54]

Enzymes

Serine proteinases (like MMPs) TAMs; TANs Invasion and angiogenesis [140,145]

Immunosuppressive enzymes (like 
iNOS)

TIICs Tumor progression. Inhibitory effect on the immune 
system, apoptosis of immune cells

[39]

Receptors 

TLRs CAFs, ECs Inflammatory-mediated tumorigenesis [41,43]

RNA molecules
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miR-92a-3p CAFs CSCs phenotype, EMT program and chemores-
istance

[24]

lncRNA H19 CAFs Stemness and chemoresistance [25]

miR-155 MSCs1 Migration [21,159]

miR-375 MSCs1 Chemoresistance [21,160]

cRNA CAFs Tumor progression or anti-tumor activity [26,27]

1Factor's actions demonstrated for colorectal cancer (CRC). Their source from the tumor microenvironment (TME) has been identified for other types of 
cancer, but not for CRC. BMP: Bone morphogenetic CAFs: Cancer-associated fibroblasts; CCL: C-C motif chemokine ligand; cRNA: Circular RNA; CSCs: 
Cancer stem cells; CXCL: C-X-C motif chemokine ligand; ECs: Endothelial cells; EMT: Epithelial to mesenchymal transition; FGF: Fibroblast growth factor; 
HGF: Hepatocyte growth factor; IL: Interleukin; iNOS: Inducible nitric oxide synthase; lncRNA: Long non-coding RNA; miR: MicroRNA; MMPs: Matrix 
metalloproteinases; MSCs: Mesenchymal stem cells; PDGF: Platelet-derived growth factor; PGs: Prostaglandins; PTHrP: Parathyroid Hormone-related 
Peptide; TAMs: Tumor-associated macrophages; TANs: Tumor-associated neutrophils; TGF-β: Transforming growth factor-β; TIICs: Tumor-infiltrating 
immune cells; TLRs: Toll-like receptors; TNF-α: Tumor necrosis factor-α; VEGF: Vascular endothelial growth factor.

Figure 2 Extracellular signal molecules secreted by the tumor microenvironment and neoplastic cells. The traffic of soluble and insoluble factors 
allows crosstalk between tumor cells and their environment modulating colorectal cancer development and progression.

metastatic niche remotely[22,29]. For instance, analysis of the plasma from CRC patients revealed that 
EVs are directly linked to the establishment of liver proinflammatory phenotype and liver metastasis, 
with this effect mediated by the modulation of macrophages by EVs[30]. The correlation between CD8+ 
T cell activation and high EVs concentrations in plasma has also been demonstrated, thus showing the 
role of EVs in the modulation of the immune response in CRC[31]. In conclusion, EVs have become a 
new source of therapeutic targets for CRC[22].

On the other hand, the soluble molecules that are directly secreted to the biological fluids exert their 
actions locally and participate in the communication between the tumor and the microenvironment. 
These factors are prostaglandins, cytokines, and other paracrine factors, which have distinctive modes 
of action. Prostaglandins and cytokines act especially as immunomodulators, by promoting or inhibiting 
the progression of CRC[1,32,33]. Growth factors such as TGF-β, vascular endothelial growth factor 
(VEGF), and EGF promote the transformation and development of neoplastic cells by inducing prolif-
eration, invasion, and migration responses and also by affecting the TME[21]. In previous works in vitro 
using two CRC cell lines with different grades of aggressiveness, we demonstrated that parathyroid 
hormone-related peptide (PTHrP) acts as a paracrine factor by inducing the survival, proliferation, 
migration, cell cycle progression, angiogenesis, and EMT program. Moreover, our in vivo studies in CRC 
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tumor xenografts revealed that the intratumor administration of PTHrP modulates the expression of 
several tumorigenic markers, which are involved in the same cell responses observed in vitro[5,34-37].

Other proteins with different functions were studied in relation to CRC and the TME. In recent years, 
it has been reported that both neoplastic cells and TME cells can synthesize and secrete enzymes that 
participate in tumorigenesis. Muñoz-Galván et al[38] demonstrated that phospholipase D2 (PLD2) 
enzyme is overexpressed and secreted by CRC cells. PLD2 in the extracellular space modulates the 
phenotype and secretory profile of CAFs, thus contributing to promote stemness in tumor cells[38]. 
Other enzymes such as nitric oxide synthase are capable of inducing immunomodulatory effects[39]. 
Moreover, enzymes present in the TME, such as metalloproteases, enable the invasion and migration of 
cancer cells[39]. These enzymes act mainly by altering the structure and function of the ECM, thus 
allowing the activation of other factors that amplify the pro-tumor signals[40]. Receptor proteins such as 
Toll-like receptors (TLRs) play a fundamental role in maintaining epithelial barrier homeostasis in the 
gut and mediating inflammatory and immune responses[41]. TLRs are also expressed in fibroblasts and 
ECs in the TME and in CRC cells. The dysregulation in TLR pathways is associated with inflammation-
driven carcinogenesis[42]. In response to this evidence, currently, there are clinical trials that include 
TLRs agonists for the treatment of CRC (www.clinicaltrials.gov)[41,43].

The abovementioned factors generally exert their effects by modulating several signaling pathways in 
the tumor[1,44-46]. In accordance with the focus of this contribution, in the next sections, we further 
discuss which of these biomolecules participate in aberrant activation of the β-catenin signaling 
pathway in CRC, and how these findings have provided new opportunities for the development of 
more efficient therapies.

TME FACTORS AND CONDITIONS THAT MODULATE THE WNT/β-CATENIN PATHWAY IN 
CRC
It is clear that the signaling triggered by factors that mediate the communication between TME and CRC 
cells is of great importance. Since Wnt/β-catenin is involved in most of the processes related to CRC 
genesis and progression[8,47], in this section we focus on the factors from the TME able to modulate this 
pathway. Figure 3 schematizes the complex interrelationships between the TME and CRC cells that lead 
to the activation of β-catenin and the consequent effects on disease progression.

Other β-catenin regulation, independently of the destruction complex actions described in the 
introduction section, involves phosphorylation by other kinases in different amino acids, such as Ser-552 
and Ser-675, resulting in the stabilization and nuclear accumulation of this protein[48]. Mutations in the 
gene that encodes the β-catenin protein (CTNNB1 gene) will produce structural alterations and its 
consequent hyperactivation and nuclear accumulation, events directly associated with CRC genesis and 
progression[7,49]. Voorneveld and collaborators[50] demonstrated that nuclear β-catenin is found 
predominantly in cells at the invasive front of CRC tumors. Other investigations have proven that the 
signals that exacerbate aberrant β-catenin function independently of others than those produced by the 
tumor can come from the TME[44,51].

Activation of the Wnt pathway by TME factors was initially studied a decade ago. Vermeulen and 
colleagues showed that CAF-derived hepatocyte growth factor (HGF) activates Wnt/β-catenin signaling 
and subsequently the clonogenicity in cancer stem cells (CSCs) isolated from CRC patients that were 
transiently transfected with TCF/LEF luciferase reporter vector. Moreover, HGF restored the CSC 
phenotype in more differentiated tumor cells both in vitro and in vivo[52]. Essex and collaborators 
recently replicated these studies, emphasizing the relevance of this pathway and the interaction of 
tumor cells with their stroma, and in the promotion and development of CRC[53]. As stated in Table 1, 
various Wnt ligands are secreted mostly by CAFs[44,45,54,55]. A recent study confirmed that Wnt2 acts 
in an autocrine manner, generating morphogenetic changes in fibroblasts and contributing to the 
invasive and metastatic capacity of CRC-derived cells[44]. In vitro experiments revealed that the 
treatment of DLD1 and HCT116 cells (both derived from CRC) with conditioned medium obtained from 
CAFs transfected with small interfering RNA targeting Wnt2, significantly decreased cell invasion and 
migration[45]. It is of clinical relevance that these ligands are overexpressed in the tumor stroma of CRC 
patients[45,53]. Moreover, the aberrant expression of Wnt ligand is correlated with a worse prognosis
[44]. EVs play a key role in activating Wnt signaling in CRC. On the one hand, EVs can transport mutant 
β-catenin and activate the Wnt signaling pathway in the recipient cells, thus promoting CRC 
progression[56]. Regarding the effects of EVs on TME cells, Hu and colleagues demonstrated in vitro 
that fibroblast-derived exosomes (one type of EVs) promote the tumor growth of CSCs upon treatment 
with 5-fluorouracil (5-FU) or oxaliplatin (OXA)[57]. Further investigations of the same group in 
subcutaneous xenografts achieved through HT-29 CRC-derived cells and fibroblast co-implantation 
demonstrated that stromal fibroblasts can secrete exosomes loaded with Wnt ligands. Once these 
exosomes interact with differentiated CRC cells, Wnt ligands induce the phenotypic reversion of CRC 
cells to CSCs, which includes features such as the expression of CSCs markers and elevated Wnt activity
[57].

http://www.clinicaltrials.gov
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Figure 3 Influence of tumor microenvironment-derived factors in the activation of β-catenin pathways. Several cytokines, growth factors, and 
small nuclei acid molecules secreted by stromal cells induce aberrantly activation of β-catenin and its nuclear translocation in colorectal cancer (CRC) cells promoting 
events associated with an aggressive phenotype of the tumor cells. Il-37 represses the expression of β-catenin and its transcriptional activity. Osteopontin is 
statistically associated with the expression of β-catenin in CRC and is known to induce its activation in other types of cancer. More studies are necessary to confirm 
positive feedback between the secretion of this tumor microenvironment (TME) factor and β-catenin signaling pathways in CRC. In addition to these factors, the 
microbiota and the hypoxia in the TME, also participate in the modulation of β-catenin activation. This figure is original for this work. BMP: Bone morphogenic protein; 
CCAL: Colorectal cancer-associated lncRNA; cRNA: Circular RNA; CXCL: C-X-C motif chemokine ligand; HGF: Hepatocyte growth factor; IL: Interleukin; lncRNA: 
Long non-coding RNA; OPN: Osteopontin; PTHrP: Parathyroid Hormone-related Peptide; TNF-α: Tumor necrosis factor-α; Wnt: Wingless protein.

Hypoxia is a prevalent condition in the solid tumor TME, which involves oxygen pressures of less 
than 5-10 mmHg. The hypoxic TME can deeply influence CRC, and these effects may be mediated by β-
catenin. For instance, it was found in vitro that Wnt/β-catenin signaling is responsible for the hypoxia-
induced self-renewal of colorectal stem cells[58]. Furthermore, Huang and collaborators observed that 
hypoxic CRC cells can secrete exosomes enriched with Wnt4 Ligands. These exosomes can activate β-
catenin signaling in normoxic CRC cells and stimulate prometastatic behaviors such as cell migration 
and invasion[59]. In another work, the authors demonstrated that Wnt4-loaded exosomes secreted by 
the tumor cells promoted angiogenesis through the proliferation and migration of ECs. These effects 
were induced in conditions of hypoxia and mediated by the activation of Wnt/β-catenin signaling[60].

Autophagy is a physiological process through which normal cells degrade intracellular components 
to maintain cellular homeostasis. It is postulated as an alternative to cell death when the apoptotic 
machinery fails and is associated with both CRC and the TME, with controversial findings[61-63]. TME 
hypoxia induces autophagy and also activates several tumor escape mechanisms[62]. Some of the 
molecular mechanisms involved in the modulation of autophagy are phosphoinositide 3-kinases 
(PI3K)/protein kinase B (also known as Akt)/mammalian target of rapamycin, TGF-β, Notch, and Wnt/
β-catenin signaling[63]. According to evidence, autophagy induced in the early stages of tumor 
development prevents the infiltration of immune cells as well as tumor cell death. Autophagy can also 
promote tumor progression in the advanced stages of the disease[63]. On the other hand, it has been 
reported that the relationship between autophagy and increased lymphocytic infiltration in the TME is 
mediated by the autophagy-related protein Vps34 in CRC. The modulation of this autophagy-related 
protein would improve the efficacy of immunotherapies[64]. However, it is still necessary to conduct 
additional studies on the interrelationship between the Wnt/β-catenin signaling pathway and 
autophagy, and which TME factors can mediate these events in CRC.

Because about 90% of patients with CRC present with mutations in genes associated with the Wnt 
pathway[65], more efforts have been made to identify other molecules with the ability to regulate β-
catenin. In line with this evidence, our research group also reported interesting results regarding the 
participation of PTHrP in the activation of signaling pathways associated with β-catenin. Our published 
data showed that the exposition of cells derived from colorectal adenocarcinoma, to exogenous PTHrP 
increases β-catenin expression and upregulates cyclin D1 and c-Myc oncogenes with the concomitant 
cell proliferation induction[66]. Regarding the role of this cytokine in the TME, we demonstrated in vitro 
that tumor conditioned media from PTHrP-exposed CRC cells promotes pro-angiogenic characteristics 
in the stromal EC line HMEC-1 through VEGF modulation[35]. In addition, we recently found that 
PTHrP modulates the protein expression and secretion from the HMEC-1 cells of secreted protein acidic 
and cysteine-rich, a TME factor involved in the EMT program. This event promotes molecular and 
morphological changes associated with EMT in cells derived from CRC[36]. In this context, we believe 
that cross-communication may be initially established through overexpression and secretion of PTHrP 
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by the tumor, which in turn affects the behavior of neoplastic cells and TME cells inducing the 
subsequent release from them of this cytokine and other factors. More studies are needed to elucidate 
which stromal cells can secrete PTHrP and participate in the modulation of the β-catenin pathway. 
Several authors have also described the relationship between PTHrP and activation of the β-catenin 
signaling pathway in other types of cancer. In prostate cancer-derived cells, PTHrP downregulates the 
Wnt inhibitor, DKK1, promoting aberrant activation of this pathway[67]. Other research has shown that 
PTHrP modulates activation of the canonical Wnt/β-catenin signaling in the mammary mesenchyme
[68]. Moreover, Johnson and collaborators reported that Wnt activation promotes PTHrP expression in 
breast and lung tumor cells[69].

Tumor small and long non-coding RNAs are other factors transported by EVs, which are also 
involved in the modulation of β-catenin signaling. Colorectal cancer-associated lncRNA (CCAL) and 
H19 (lncRNA19) expressed by CAFs are capable of stimulating aberrant activation of β-catenin in tumor 
cells[9,25]. Besides, the overexpression of miR-103 and miR-107 has been detected in the plasma and 
tumor tissue of patients with CRC[70]. In HCT116 and HT29 cell lines, miR-103/107 overexpression 
enhanced β-catenin activity and its nuclear translocation. These molecules act by inhibiting Axin2, a 
negative regulator of the Wnt/β-catenin pathway, and in this way, β-catenin is stabilized and its 
activation is prolonged[70]. Another study showed that miR-92a-3p secreted by CAFs, induces β-catenin 
nuclear translocation and the expression of target genes related to stemness, the EMT program, and 
chemoresistance in the human CRC cell lines SW480, SW620, and LOVO. Moreover, the high expression 
of exosomal miR-92a-3p in serum predicts metastasis and chemotherapy resistance in CRC patients[24]. 
The overexpression of miR-100, miR-125b, miR-27a, miR-135, and MIR100HG in CRC tumors modulates 
the canonical Wnt pathway, promoting events such as proliferation and invasion[71,72].

In the last decade, research on small non-coding RNA molecules has focused on cRNAs. Increasing 
studies have shown that these molecules intervene in the development and progression of various types 
of tumors including CRC[73]. Results obtained by Zhang et al[73] show that circAGFG1 activates the 
Wnt/β-catenin pathway in SW480 and HCT116 cells promoting the transcription of the CTNNB1 gene. 
Two years earlier, Fang and his group revealed that circ_100290 promotes CRC progression through 
activation of the Wnt/β-catenin pathway[74]. Other cRNAs involved in the activation of this signaling 
pathway in CRC are Hsa_circ_0005075[75], circMTO1[76] and Circ-PRKDC[72]. On the other hand, 
cRNAs such as circPRKDC and cirITCH act by inhibiting the activity of the β-catenin pathway[77,78]. 
The action of most of these molecules is mediated by miRNAs[26,79].

HGF and its receptor RTK Met are associated with β-catenin-related pathways in CRC cells, 
promoting a CSC phenotype, metastasis, and drug resistance[46,51,80,81]. Other factors including tumor 
necrosis factor-α (TNF-α) also stimulate the main regulatory mechanism of β-catenin activation in CRC 
cells. Wei and colleagues demonstrated that under TNF-α action, the CSCs derived from the HT29 cell 
line increase the survival rate and their invasive capacity via the Wnt pathway. These actions are 
mediated by the modulation of β-catenin related proteins expression, such as c-Myc, cyclin D1, E-
cadherin, and vimentin, which are cell cycle regulators associated with the stimulation of cell prolif-
eration and/or the progress of the EMT program[82]. Molecules released from tumor cells including 
PLD2, modify the secretome of CAFs by promoting the release of the following factors: Macrophage 
migration inhibitory factor (MIF), HGF, and CCL2. The results shown in this article confirm that the 
treatment of CRC-derived cells (HCT116 and LS180) with these three factors induces the activation of 
the Wnt/β-catenin signaling pathway. The authors of this work observed a reduction of β-catenin 
phosphorylation together with an increase in its total expression after treatment with CCL2, HGF, and 
MIF, as well as a decrease and an increase in the expression of Axin1 and c-Myc, respectively, consistent 
with Wnt activation. This research also demonstrated that gene transcription induced by the Wnt 
signaling pathway correlates with high expression of PLD2 and CAFs-derived factors in CRC patients
[38].

Osteopontin (OPN) is another factor that plays an important role in the regulatory mechanism of β-
catenin. It is a glycoprotein synthesized by a great variety of cells and is overexpressed in CRC. This 
protein is capable of activating β-catenin via Akt and subsequently GSK3β, or by recruiting and 
activating mitogen-activated protein kinase (MAPK)[83,84]. Youssef and Osman analyzed tumor 
samples and found an association between the expression of nuclear OPN/β-catenin and markers 
related to poor prognosis in CRC[85]. In the last decade, an association has also been established 
between OPN expression and the activation and nuclear translocation of β-catenin in other types of 
cancer[83,84]. Recent research has shown that this protein is a target gene of the Wnt pathway[86] and in 
these cases, positive feedback from the system can be generated. Based on the evidence analyzed in the 
previous lines, positive feedback is highly probable between OPN secretion and the modulation of the 
Wnt/β-catenin pathway in CRC.

Other cytokines and growth factors released by the TME cells promote activation of the canonical 
Wnt pathway in cells derived from human CRC[87]. Bone morphogenetic proteins (BMPs) are cytokines 
closely linked to angiogenesis, EMT program, and induction of CSCs[88]. Voorneveld and colleagues 
transfected HCT116, HT29, LS174T, RKO, and SW480 cells with the BMPR2 plasmid, increasing BMP 
signaling. Hyperactivation of this pathway only downregulated Wnt signaling in HCT116 and LS174T 
cells, both were SMAD4-positive and had wild type p53. In the remaining cell lines, the Wnt pathway 
was activated by BMP signaling. This work demonstrated that modulation of Wnt/β-catenin signaling 
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by the BMP pathway is dependent on SMAD4 and p53 status[5,50]. Regarding the role of interleukins 
(ILs), neoplastic cells promote the release of IL-1β, mainly from TME macrophages. In HCT116 cells, this 
cytokine induces β-catenin activation and consequently the expression of target genes, through nuclear 
factor kappa B (NF-KB)/Akt signaling pathway[87,89]. IL-6 secreted by TME cells induces activation of 
the Wnt/β-catenin pathway through the signal transducer and activator of transcription 3/extracellular 
signal-related kinase (ERK) pathway favoring the promotion of the aggressive phenotype of SW48 cells
[90]. Chemokines such as C-X-C Motif Chemokine Ligand 12 (CXCL12) are overexpressed in CRC. Song 
et al[91] showed that the increased expression of this cytokine and its receptor (CXCR4) in tumor cells 
induces activation of the canonical Wnt pathway, possibly mediating the processes of proliferation, 
survival, and invasion[91]. However, not all cytokines act by promoting aberrant activation of the Wnt 
pathway. IL-37 mainly expressed by TAMs[92] has been observed to inhibit the proliferation, migration, 
and CSC phenotype by directly repressing the expression of β-catenin and consequently its translocation 
to the nucleus[49].

Bacteria, fungi, and viruses constitute the microbiota residing within the gastrointestinal tract. 
However, the gut microbiota and their metabolites can be altered in the TME and directly influence 
CRC progression[93,94]. Various bacteria have been implicated in these processes by modulating the β-
catenin pathway. Fusobacterium nucleatum is a CRC inductor and suppressor of NK cell activity[93,95] 
Recently, it was reported that F. nucleatum can stimulate annexin A1 protein, specifically expressed in 
CRC cells. Then annexin A1 can induce β-catenin nuclear accumulation and finally the exacerbation of 
CRC cell proliferation[96]. On the opposite side, as extensively analyzed by Li et al[93] in their review 
article, other bacteria could be beneficial for CRC treatment or its prevention. For example, Lactobacillus 
and Clostridium butyricum are probiotics that have inhibitory effects on CRC progression via modulation 
of the β-catenin pathway[93]. This background shows that the complex interrelations between tumor 
cells and their microenvironment (including the microbiota) involve the participation of one of the most 
outstanding signaling pathways in the promotion and development of CRC, the β-catenin pathway. 
Therefore, it is important to consider these phenomena in the development of new treatments that focus 
on inhibiting or silencing the activators/exacerbators of this pathway.

ROLE OF β-CATENIN AND THE TME IN THE CHEMORESISTANCE OF CRC 
Among the most used chemotherapeutic drugs, approved as first- and second-line adjuvants in CRC, 
are 5-FU, irinotecan (CPT-11), OXA, capecitabine, and leucovorin[97,98]. Depending on the CRC 
subtype, these drugs are also used in combination with monoclonal antibodies, such as bevacizumab or 
cetuximab[5]. On certain occasions, signs of a poor prognosis appear. Therefore, neoadjuvant or 
adjuvant chemotherapy must be implemented[99]. Despite this, patients with advanced grades of 
metastatic disease continue to lag far behind in successful treatment. One of the main causes of failure in 
treatment is the chemoresistance observed in about half of patients with CRC[99,100]. In this regard, the 
cell responses that mediate drug resistance are associated with hypoxic conditions, autophagy, 
induction of the CSC phenotype, and the EMT program[101,102]. At the molecular level, the deve-
lopment of drug-resistant tumors involves alterations of Wnt/β-catenin among other important 
signaling pathways such as Hedgehog and Notch. It also includes disturbances in the expression of anti-
apoptotic proteins, the overexpression of drug transporters of the ATP-binding cassette (ABC) family, 
increased aldehyde dehydrogenase 1 enzyme activity and also the release of factors from the TME[99,
103]. Regarding the Wnt pathway, its aberrant activation involves induction of the CSC phenotype, the 
EMT program, the expression of proteins from the ABC family and factors from the TME, all of these 
events being related to drug resistance[99]. Furthermore, various biological mediators released by 
stromal cells are capable of inducing chemoresistance through the Wnt/β-catenin pathway in tumor 
cells[9,25,104]. In this regard, in vitro studies made by Hu and colleagues revealed that miR-92a-3p 
secreted from CAFs activates the Wnt/β-catenin signaling, decreasing the sensitivity to the combination 
of 5-FU/OXA in SW480, SW620, and Lovo CRC-derived cells[24]. Moreover, in vivo studies have 
demonstrated that exosomes secreted by fibroblasts can load Wnt ligands, thus promoting CSC features 
and resistance to 5-FU or OXA. On the contrary, the inhibition of Wnt release reverted the observed 
effects[57]. CAFs are capable of inducing drug resistance by transferring small nucleic acid molecules 
such as H19 or CCAL lncRNA and activating β-catenin in neighboring cells[25]. H19 lncRNA can also 
trigger autophagy via SIRT1 and consequently induce resistance to 5-FU in CRC cells[105]. Other 
miRNAs such as miR-27[106], miR-103, and miR-107 decrease the sensitivity of HCT116 cells to 5-FU 
and OXA, through hyperactivation of the β-catenin pathway[9]. Zhou and colleagues reported that the 
inhibition of the Wnt/β-catenin signaling pathway by the overexpression of miR-506 decreases the 
chemoresistance response of HCT116 cells to OXA. The mechanism that explains this effect is that the 
gene and protein expression of the transporter of the ABC family and multidrug resistance protein 1/P-
glycoprotein are blocked[107]. Several cRNAs are also involved in the acquisition of drug resistance by 
CRC cells through modulation of the β-catenin axis. For instance, circ-PRKDC participates in the 
development of chemoresistance to 5-FU in SW620 and SW480 cell lines by regulation of miR-375 and 
the Wnt/β-catenin pathway[77]. These molecules constitute a novel target for the development of 
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alternative therapies for CRC, given their role in the communication between tumor cells and the TME 
and their participation in the regulation of Wnt/β-catenin[26,108].

Macrophages also play a crucial role in the development of resistance to drugs. IL-1β released by 
TAMs activates the canonical Wnt pathway through NF-κB/Akt and subsequently induces the 
expression of genes associated with chemoresistance. This has been observed in several cell lines 
derived from CRC such as HCT116, Hke-3, SW480, and RKO[109,110].

In our laboratory, we previously reported that PTHrP, acting as a cytokine, induces chemoresistance 
to CPT-11 through ERK MAPK and Akt pathways in the CRC cell lines Caco-2 and HCT116[34]. 
Moreover, as described in previous sections, we also registered nuclear β-catenin nuclear-increased 
expression after PTHrP treatment in CRC cells[37]. In view of these data, we hypothesize that this 
protein also participates in the resistance to CPT-11. This is our current research focus.

Growth factors are also involved in the therapy resistance mediated by β-catenin. Activation of the c-
MET pathway through HGF signaling is related to drug resistance in many types of tumors[111]. 
Several works have already shown that HGF is associated with both Met and β-catenin pathways[52,
54]. Studies published by Woo and collaborators showed that this factor is related to resistance to CPT-
11 in CRC cells[112]. Since the HGF/Met axis plays an important role in CRC, molecules such as 
inhibitors, neutralizing antibodies, and antagonists of this pathway have been designed. To date, pre-
clinical trials have failed and demonstrated poor efficacy[111,113]. One of the possible causes of the 
resistance of CRC cells to HGF pathway inhibitors is the activation of the Wnt/β-catenin signaling 
pathway[113]. All of these data highlight the need for consideration of the mitogenic pathways and 
paracrine factors released by both the tumor and the TME as targets to revert the chemoresistance.

Li et al[114] made a relevant contribution in the field of basic sciences related to CRC therapy and 
TME cells. They observed that the pharmacological treatment of CAFs inhibits their recruitment and 
increases the sensitivity of tumor cells to OXA[114]. Chemotherapy combined with treatments that 
inhibit CAFs recruitment and/or their activity may represent a novel method for the improvement of 
tumor response to chemotherapy[114]. This area of research is practically vacant and needs to be further 
explored since other unknown factors derived from TME may be able to stimulate the nuclear translo-
cation of β-catenin and modulate the events related to the chemoresistance of CRC cells.

THE TME AND β-CATENIN PATHWAY: FUTURE PERSPECTIVES FOR CRC MANAG-
EMENT
In the last decade, therapeutic inhibition of the β-catenin pathway has been considered an invaluable 
tool for developing new therapy regimens for patients with CRC[115-117]. Despite this, as previously 
stated, there are still no approved drugs for the treatment of CRC or clinical trials based on the targeting 
of this signaling pathway[15,117]. For these reasons, comprehension of the regulatory mechanisms of 
the Wnt/β-catenin signaling pathway will not only expand the knowledge about the pathogenesis and 
evolution of CRC but also improve the treatment with the implementation of new targeted therapies. 
Many small molecules with β-catenin inhibitory effects have been developed such as tankyrase 
inhibitors (TNKSi), R-spondin inhibitors, and porcupine enzyme inhibitors. tankyrases (TNKSs) favor 
Wnt signaling by inducing Axin degradation. Therefore, TNKSi including XAV939 (XAV), JW55, NVP-
TNKS656, and GOO7-LK are effective approaches for inhibiting this pathway in the preclinical stage of 
validation[118,119]. Moon and collaborators recently discovered that β-catenin expression influences the 
response of CRC-derived cells to MEK inhibitors, and that TNKSi allows the resistance to this treatment 
to be exceeded in CRC cell lines with mutant KRAS and PI3K. These results demonstrate the possible 
efficacy of combined treatments with inhibitors of MEK and β-catenin signaling pathways. However, 
this kind of therapeutic strategy is not yet in the clinical trial phase[118], and there is even controversy 
on the implementation of this type of scheme[116]. Drugs that disable enzymes related to Wnt secretion 
are another possibility to inhibit the Wnt/β-catenin. These compounds are denominated IWP-2, 
LGK974, or ETC-159 and inhibit porcupine enzyme actions. Some R-spondin inhibitors, such as OMP-
131R10 (rosmantuzumab), are also currently under investigation for the treatment of CRC. When this 
ligand binds to the receptor leucine rich repeat containing G protein-coupled receptor 4 (LGR4) or 
LGR5, it enhances Wnt signaling, so blocking this point would consequently decrease the transcriptional 
activity of β-catenin[119].

One of the therapeutic targets that is being studied for CRC treatment is the use of antibodies or small 
molecules for the inhibition of Wnt ligands, like OMP-54F28, OMP-18R5, and OTSA101[116]; the 
disruption of the transcriptional activity of β-catenin using small molecules that prevent the binding of 
this protein with the nuclear transcription factors TCF and LEF, such as LF3 and 2,4-diamino-
quinazoline; or pharmacological drugs that stimulate β-catenin proteasomal degradation as MSAB[119,
120].

In addition to the hyper-activating mutations affecting the β-catenin pathway in CRC, as previously 
mentioned, cross-communication through paracrine signals between tumor cells and TME cells amplify 
these effects. The Wnt/β-catenin pathway is key for immune cells differentiation and functioning[120], 
the aberrant activation of this signaling alters the activation and downregulation of the immune 
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response, especially related to dendritic cells (DCs) and T cells[119]. In the TME, the β-catenin pathway-
dependent production of cytokines, such as IL-10, by DCs has been shown to induce immune tolerance 
through CD4+ and CD8+ T cells[121]. Moreover, it was reported that β-catenin signaling is activated in 
tumors with an inflammatory microenvironment, immune evasion and poor infiltration of CD8+ T cells
[119,122,123]. In CRC, this immune response is favored by the activation of β-catenin, Myc, and RAS[7,
124,125]. Currently known mechanisms that mediate immune exclusion and evasion through the Wnt/β
-catenin pathway are: Modulating the production and release of cytokines from DCs and consequently 
diminishing CD8+ T cells infiltration; stimulating the production and release of soluble factors like Snail 
and IL-1β from tumor cells and TAMs, respectively; and increasing regulatory T cells survival, which 
are also effective inhibitors of CD8+ T cells[120,126]. To date, there are some inhibitors related to the 
immune response that are approved for clinical use, one of them is programmed death-1[127]. However, 
although immunomodulation can be effective in the treatment of CRC, resistance often occurs. Given 
that several of these drugs target CD8+ T cells, one of the explanations for the failure of these therapies 
may be the hyperactivation of the β-catenin pathway in the TME[128]. From this point of view, the 
current research focuses on the importance of the development of anticancer therapies that target the 
Wnt/β-catenin pathway as a checkpoint to improve the efficacy of immunotherapies, mainly by 
restoring T-cell infiltration[119,120,122].

In previous sections, we described the role of several TME-derived factors that activates the β-catenin 
signaling pathway. Currently, clinical research is aimed at blocking or inhibiting the effects of these 
molecules on CRC. In our laboratory, we have found that the selective inhibition of the HGF receptor, 
the RTK Met, suppresses β-catenin phosphorylation at domains that favor its nuclear translocation 
induced by PTHrP. Concerning this, Rimassa and his research group[129] explored in a clinical phase II 
study the effect of an oral selective Met inhibitor (tivantinib) and found that, in combination with 
another drug, at least 10% of patients with CRC respond better to the therapy. This drug is a possible 
emerging treatment that is already in phase III study in other types of tumors[130]. Another drug that 
inhibits the activity of the Met receptor by inducing the degradation of β-catenin is celecoxib[116]. 
However, recent evidence indicates that the combined treatment of celecoxib with the usual 
chemotherapy did not improve overall survival or progression-free time in patients with CRC[131].

On the other hand, a large number of clinical trials have been developed using cytokine-based 
immunotherapy for CRC. Different drugs targeting IL, prostaglandins, CXCL, TNF-α and TGF-β 
superfamily factors are in clinical trials. Although it has not yet been proven that they generate an effect 
as monotherapy or in combined treatments with commonly used drugs, future expectations are very 
optimistic[132,133].

Employing non-coding RNA such as miRNAs or cRNAs is a promising solution to overcome CRC 
drug resistance. It has been seen that miR505, miR199a/b and miR320 decreased sensitivity to cisplatin 
and OXA by modulating the activity of the Wnt/β-catenin pathway. Others, such as miR30-5p, favor 
chemosensitivity in CRC cells[134]. In this work, we have also described the role of TME-derived 
cRNAs in activating the β-catenin signaling pathway and its influence on CRC development and 
progression. Nevertheless, there is still a lot to explore about its potential role in future therapies for 
CRC. In this regard, recent research indicates that knockdown circ-PRKDC decreases the resistance of 
CRC-derived cells to 5-FU by modulating the Wnt/β-catenin pathway[77]. These results could postulate 
a new strategy to deal with multidrug resistance in CRC. Additionally, Viralippurath and collaborators 
propose that gene therapy could be aimed at silencing these oncogenic cRNAs or increasing the effects 
of those molecules that act as tumor suppressors[26]. Despite these findings, to date, there are no 
available therapies that use these small molecules to evade the strategies of tumor cells against 
chemotherapeutic drugs. More studies are needed regarding the role of non-coding RNAs in CRC 
chemoresistance as well as for the development of delivery strategies for these molecules in new 
targeted therapies. Figure 4 schematizes current studies related to the disruption of the interrela-
tionships between TME and CRC cells that trigger β-catenin activation and are involved in treatment 
failure.

As previously mentioned, autophagy is a mechanism associated with chemoresistance in CRC[105]. 
Recent investigations aim to find drugs that help reverse the autophagy process and overcome 
chemoresistance in CRC[135]. According to Pérez-Plasencia et al[62], the involvement of Wnt/β-catenin 
signaling in the regulation of autophagy was demonstrated in several types of cancer, such as leukemia, 
hepatocarcinoma, squamous cell carcinoma, lung cancer and prostate cancer[62]. However, it is just a 
matter of time before the relationship between these two pathways in CRC will be considered crucial for 
future pharmacological treatments. In their work, the authors postulate several therapeutic approaches 
based on drugs that are capable of simultaneously disrupting components of β-catenin and autophagy 
pathways[61].

From what we have analyzed in this work, it is important to highlight that concerning CRC, the 
achievement of successful future therapies will involve the use of combined pharmacological 
compounds that inhibit not only the canonical β-catenin signaling pathway but also the TME- derived 
signaling.
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Figure 4 Pharmacological targeting of the tumor microenvironment factors involved in the activation of β-catenin signaling in colorectal 
cancer. Several therapeutic strategies to block or inhibit the induction of the β-catenin pathway by tumor microenvironment factors in colorectal cancer (CRC) are 
currently under clinical study. This figure is original for this work. APC: Adenomatous polyposis coli; BMP: Bone morphogenic protein; CK1α: Casein kinase 1 alpha; 
CXCL: C-X-C motif chemokine ligand; GSK3β: Glycogen Synthase Kinase 3 Beta; HGF: Hepatocyte growth factor; IL: Interleukin; PTHrP: Parathyroid Hormone-
related Peptide; PG: prostaglandin; TCF/LEF: T-cell factor/lymphoid enhancer factor; TGF-β: Transforming growth factor-beta; TNF-α: Tumor necrosis factor-α; Wnt: 
Wingless protein.

CONCLUSION
The cells of the TME are mainly responsible for triggering the mechanisms that determine a worse 
prognosis of cancer disease. These cells and the biological mediators released in the neoplastic context 
regulate the expression of ligands and modulate the activity of pro-tumor signaling pathways. TME 
cells control the fate of the tumor cells through permanent bidirectional communication. It is known that 
a considerable proportion of CRC patients evolve unfavorably due to chemoresistance. To improve CRC 
therapies, it is necessary to expand the knowledge about the mechanisms that play a critical role in the 
development, progression and chemoresistance of CRC.

Given that the factors associated with the TME activate the β-catenin signaling pathway, it will be 
possible in the future to improve the response of CRC patients to treatment. This goal could be achieved 
through new therapeutic interventions based on interrupting the crosstalk between the stroma and the 
tumor that control the β-catenin pathway activation. From the exhaustive search of the bibliography 
made by the authors of this work, it is concluded that there are multiple vacant areas in the research 
related to chemoresistance induced by cells from the tumor environment. Even to date, new types of 
biomarkers are continuously identified and related to a worse prognosis and aggressiveness of CRC. For 
this reason, it is imperative to strengthen in vitro and preclinical studies to support clinical trials in order 
to achieve novel therapeutic approaches considering the background of each patient and personalized 
medicine.
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Abstract
Baicalin is a natural bioactive compound derived from Scutellaria baicalensis, 
which is extensively used in traditional Chinese medicine. A literature survey 
demonstrated the broad spectrum of health benefits of baicalin such as antio-
xidant, anticancer, anti-inflammatory, antimicrobial, cardio-protective, hepatopro-
tective, renal protective, and neuroprotective properties. Baicalin is hydrolyzed to 
its metabolite baicalein by the action of gut microbiota, which is further recon-
verted to baicalin via phase 2 metabolism in the liver. Many studies have 
suggested that baicalin exhibits therapeutic potential against several types of 
hepatic disorders including hepatic fibrosis, xenobiotic-induced liver injury, fatty 
liver disease, viral hepatitis, cholestasis, ulcerative colitis, hepatocellular and 
colorectal cancer. During in vitro and in vivo examinations, it has been observed 
that baicalin showed a protective role against liver and gut-associated abno-
rmalities by modifying several signaling pathways such as nuclear factor-kappa B, 
transforming growth factor beta 1/SMAD3, sirtuin 1, p38/mitogen-activated 
protein kinase/Janus kinase, and calcium/calmodulin-dependent protein kinase 
kinaseβ/adenosine monophosphate-activated protein kinase/acetyl-coenzyme A 
carboxylase pathways. Furthermore, baicalin also regulates the expression of 
fibrotic genes such as smooth muscle actin, connective tissue growth factor, β-
catenin, and inflammatory cytokines such as interferon gamma, interleukin-6 (IL-
6), tumor necrosis factor-alpha, and IL-1β, and attenuates the production of 
apoptotic proteins such as caspase-3, caspase-9 and B-cell lymphoma 2. However, 
due to its low solubility and poor bioavailability, widespread therapeutic applic-
ations of baicalin still remain a challenge. This review summarized the hepatic 
and gastrointestinal protective attributes of baicalin with an emphasis on the 
molecular mechanisms that regulate the interaction of baicalin with the gut 
microbiota.

Key Words: Baicalin; Biotransformation; Gut microbiota; Hepatobiliary and gastroin-
testinal disorders; Signaling pathways
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Core Tip: Baicalin possesses therapeutic efficacy against hepatic and gastrointestinal diseases including 
hepatic fibrosis, xenobiotic-induced liver injury, fatty liver disease, viral hepatitis, cholestasis, ulcerative 
colitis, hepatocellular and colorectal cancer. The drug action is mediated through its interaction with the 
gut microbiota, modulation of several signaling pathways, and inflammatory factors. The limitations of 
low solubility, permeability, and bioavailability pose challenges in the therapeutic applications. The 
different modes of drug delivery used in the transport of baicalin for ready absorption have paved the way 
for its use as a pharmacological agent against hepato-intestinal disorders.

Citation: Ganguly R, Gupta A, Pandey AK. Role of baicalin as a potential therapeutic agent in hepatobiliary and 
gastrointestinal disorders: A review. World J Gastroenterol 2022; 28(26): 3047-3062
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INTRODUCTION
The liver is the largest and central digestive organ in the body, which plays a vital role in several 
physiological processes including growth, nutrition, immunity, and metabolism of xenobiotics[1-3]. The 
hepatobiliary system mainly consists of the liver, and intra-hepatic and extra-hepatic bile ducts 
including the gall bladder. The liver in association with the intestine plays an essential role in digestion 
with the help of digestive enzymes, which facilitate the breakdown of larger biomolecules into simpler 
forms such as monosaccharides, amino acids, fatty acids, and glycerol. The intestinal microbiota also 
interacts with bile and other digestive juices, aiding the process of digestion. The complex network of 
molecular pathways and signal molecules that are involved in the functioning of the hepatobiliary 
system are also part of the immune cascade[4-6]. Therefore, any disruption in the gastrointestinal (GI) 
tract or gut microbiota results in the generation of an inflammatory response. Hepatic disorders such as 
fibrosis, viral hepatitis, non-alcoholic fatty liver, cirrhosis, cholestasis, and hepatocellular carcinoma 
(HCC) can be identified by alteration in the levels of inflammatory cytokines such as tumor necrosis 
factor-alpha (TNF-α), interleukin-6 (IL-6), IL-1β, and nuclear factor-kappa B (NF-κB)[7,8]. Researchers in 
the past two decades have found numerous natural compounds, which have the ability to interact with 
the gut microbiome and aid in the treatment of diseases of the hepatobiliary system[9,10]. Natural 
products and their derivatives form a group of compounds known as secondary metabolites produced 
by the plants. Several such metabolites such as silymarin, ellagic acid, phyllanthin, rutin, and 
glycyrrhizin have been used to treat hepatic fibrosis, viral hepatitis, fatty liver disease, and cirrhosis[11,
12].

Baicalin (5, 6-dihydroxy-7-O-glucuronide) is a flavonoid isolated predominantly from the roots of 
Scutellaria baicalensis (S. baicalensis), a Chinese medicinal herb that belongs to the family Lamiaceae and 
is widely known as Chinese skullcap[13]. The roots of S. baicalensis also contain several other significant 
bioactive molecules such as baicalein and wogonin[14]. Numerous in vitro and in vivo studies have 
indicated different pharmacological properties of baicalin, which include anti-oxidative, antiviral, anti-
inflammatory, cardioprotective, hepatoprotective, neuroprotective, and pro-apoptotic properties. These 
biological activities can be attributed to the ability of baicalin to target multiple pathways and bind with 
several signaling molecules[15-18]. In addition, baicalin possesses anti-obese, antidyslipidemia, and pro-
apoptotic effects, which help to improve hepatic function after injury, alleviate liver diseases due to 
alcohol abuse, and promote apoptosis of proliferating hepatocytes[19].

In the last two decades, there has been growing interest and research on the hepatoprotective and 
anticancer properties of baicalin indicated by the increasing number of publications on PubMed. In 
recent years (2017 to present), there has been a remarkable rise in the number of research and review 
articles on the biological potential of baicalin as shown in Figure 1. This review gives an account of the 
therapeutic effects of baicalin exerted on the hepatobiliary system and the mitigation of GI and liver-
associated disorders. The use of baicalin alone or in combination with drugs in several in vitro and in 
vivo experiments in the last two decades, impact of baicalin on the gut microbiota, its interaction with 
molecules and receptors at different molecular pathways, and the range of doses at which baicalin has 
shown maximum activity have also been discussed.

SOURCES OF BAICALIN
Baicalin is the most abundant and important bioactive ingredient obtained from the roots of the 
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Figure 1 Increasing trend of publications on “hepatoprotective and anticancer properties of baicalin” indexed by PubMed.

medicinal plant S. baicalensis[20]. The roots of S. baicalensis possess baicalin in the range of 8% to 15%. 
Baicalin is also the main component of other species of Scutellaria such as S. rivularia, S. galericulata, and 
S. lateriflora[21,22]. Baicalin, chrysin, and its glucoside derivatives have also been obtained from various 
other parts of the popular Asian medicinal plant Oroxylum indicum, belonging to the family 
Bignoniaceae[23]. Baicalin, and its aglycone baicalein, are gaining increasing importance in the pharma-
ceutical, food, and cosmetics industries due to their remarkable biological properties. Baicalin and 
baicalein, in particular, have shown anti-inflammatory effects and the potential to ameliorate 
mitochondrial dysfunction[24], and combination strategies with baicalin or baicalein as chemotherapy 
adjuncts have been shown to be effective in various cancers and associated signaling pathways[25]. Due 
to growing interest in the properties of baicalin as a potential therapeutic agent, many studies in last few 
years have focused on developing appropriate techniques for the identification and quantification of 
baicalin in raw drug formulations including simple thin layer chromatography, and different modific-
ations of the sophisticated technique of high-performance liquid chromatography[26,27].

CHEMISTRY AND BIOAVAILABILITY
Baicalin is a flavone glycoside (molecular mass = 446.4 g/moL; melting point = 202-205 ºC), which is 
hydrolyzed to its aglycone baicalein in the stomach after ingestion. Baicalin is hydrolyzed to baicalein 
immediately after administration with the help of β-glucuronidase from gut bacteria. Baicalein is 
reconverted to baicalin in the systemic circulation by uridine 5'-diphospho(UDP)-glucuronosyltrans-
ferase-glucuronosyl transferase via phase 2 metabolism[21]. It is noteworthy that the circulating baicalin 
in the system is not the parent molecule but the conjugated metabolite of baicalein. Circulating baicalin 
returns to the GI system primarily by bile excretion in the form of glucuronides. The bile excretion of 
baicalin is mainly mediated by the multidrug resistance (MDR) protein 2 transporter. When baicalin and 
baicalein are given orally, the conjugated metabolites actually contribute to the in vivo effect because the 
glucuronide/sulfate of baicalin circulates predominantly in plasma[25]. Baicalin is moderately absorbed 
in the stomach and poorly absorbed in the small and large intestines (Figure 2).

PHARMACOKINETICS OF BAICALIN IN THE GI SYSTEM
The pharmacokinetic profile of baicalin in the GI system involves hydrolysis, enterohepatic recycling, 
carrier-mediated transport, and complex routes of metabolism with the interaction of gut microbiota. 
Baicalin administration is safe and endurable, and no evidence of liver or kidney toxicity has been 
recorded. The main obstacles to the clinical use of baicalin are its low water solubility (approximately 
67.0 μg/mL) and bioavailability. Several nano-techniques such as solid nanocrystals, nanoemulsions, 
and lipid-based solid nanoparticles have been used to improve baicalin lysis, thus improving bioavail-
ability[28-30]. Incomplete absorption in the GI system has emerged as the main barrier to bioavailability
[31]. MDR protein 2 is the most important transporter of baicalin, which mediates bile outflow to 
hepatocytes[32]. In fact, biliary excretion of baicalin in rats with MDR protein 2 deficiency is 
significantly reduced with a significant increase in plasma baicalin levels[33]. Baicalin is also capable of 
crossing the blood-brain barrier and may be protective against a variety of neurodegenerative diseases
[34,35].

β-glucuronidase and UDP-glucuronosyltransferase are important metabolic enzymes involved in the 
in vivo transformation of baicalin. In fact, five bile metabolites have been identified in rat liver after 
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Figure 2 Biotransformation of baicalin after oral ingestion. Orally administered baicalin is hydrolyzed to baicalein by β-glucuronidase. Further, baicalein is 
reconverted to baicalin by uridine 5'-diphospho-glucuronosyltransferase in intestine. The major part of baicalin excretion takes place via the biliary route in the form of 
glucuronides, and a small fraction of baicalin is excreted via urine in the form of sulfated and hydroxylated compounds. UDP: Uridine 5'-diphospho.

baicalin administration. The main metabolites include baicalein 6,7diβ-glucopyranuloside and 6oβ-
glucopyranuronosyl baicalein-7 sulfate. These conjugated metabolites are hydrolyzed to baicalein in the 
GI tract by β-glucuronidase/sulfatase. Thirty-two baicalin metabolites have been reported in plasma, 
urine, and other rat tissues using more efficient approaches[36,37]. In terms of tissue distribution, liver 
and kidney contain most of the metabolites, indicating that these are the major sites of baicalin 
metabolism. Baicalin undergoes multiple chemical transformations in vivo including hydrolysis, 
methylation, hydroxylation, methoxylation, glucuronide conjugates, sulfate conjugates, and their 
combined reactions[37]. The pharmacokinetics of baicalin may help to understand its therapeutic 
implications in the liver. As a result of enterohepatic circulation, baicalin remains particularly concen-
trated in the liver and is thus beneficial in the treatment of hepatic anomalies. Baicalein also plays a 
crucial role in the treatment of hepatic diseases, indicating that the mechanism of baicalin's emphasis on 
liver-associated disorders may include the ameliorative effects of the metabolites as well. The major part 
of baicalin excretion takes place via the biliary route in the form of glucuronides, and a small fraction of 
baicalin is excreted via urine in the form of sulfated and hydroxylated compounds[38,39].

AMELIORATING EFFECTS OF BAICALIN AGAINST HEPATIC AND COLORECTAL 
DISEASES
Fatty liver syndrome
Fatty liver syndrome (FLS) occurs due to excess accumulation of non-esterified fatty acids in the 
hepatocytes. FLS accounts for approximately one-fourth of all liver-related anomalies in the world[40]. 
FLS causes several hepatic anomalies such as non-alcoholic fatty liver disease, non-alcoholic steatohep-
atitis (NASH), and advanced FLS may also lead to cirrhosis and ultimately hepatic failure[17,41]. Due to 
its antioxidant and hepatoprotective potential, baicalin is effective against FLS and associated diseases. 
Baicalin improves lipid metabolism and suppresses hepatic lipid production by inhibiting the 
calcium/calmodulin-dependent protein kinase kinase-β/adenosine monophosphate-activated protein 
kinase (AMPK)/acetyl-coenzyme A (CoA) carboxylase pathway[42,43]. Additionally, baicalin binds 
directly to carnitine palmitoyl-transferase-1α (CPT-1α) and promotes the influx of lipid into 
mitochondria, where it is oxidized[44]. Baicalin also downregulates lipid-producing genes such as fatty 
acid synthase (FASN), peroxisome proliferator-activated receptor-α (PPAR-α), and sterol regulatory 
element-binding protein-1c (SREBP-1c) to inhibit lipid accumulation in the liver[42,45]. Baicalin (200 
mg/kg) has been found to reduce the expression of TNF-α, monocyte chemoattractant protein (MCP-1) 
and IL-1β, downregulate caspase-3 to alleviate NASH induced by a methionine- and choline-deficient 
(MCD) diet. In addition, treatment with baicalin can partially lessen the accumulation of lipids induced 
by the MCD diet in the liver by modulating the expression of SREBP-1c, FASN, PPAR-α, and CPT-1α
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[46]. Moreover, baicalin (50 mg/kg) also reduces the synthesis of inflammatory cytokines including 
TNF-α, IL-6, and IL-1β, and suppresses the Toll-like receptor 4 (TLR-4) signaling pathways in MCD diet 
fed mice to inhibit fat accumulation in liver. Thus, baicalin also acts as an anti-inflammatory compound 
in the attenuation of non-alcoholic FLS[47]. In a study of high-fat diet induced FLS, it was found that 
baicalin (25-100 mg/kg) exerted a substantial ameliorating effect on FLS by activating the expression of 
hepatic PPAR-γ receptors[48]. In addition, baicalin (5 g/kg) also alleviates FLS by reducing the levels of 
serum hepatic enzymes such as aspartate aminotransferase (AST) and alanine aminotransferase (ALT), 
and inflammatory mediators such as TNF-α and MCP-1. Moreover, baicalin also inhibited the 
phosphorylation of Janus kinase (JNK), and suppressed the production of inflammatory enzyme 
cyclooxygenase-2 and pro-oxidative enzyme CYP-2E1 in the liver of a mouse model[49]. In another 
study of orotic acid-induced FLS, baicalin (12.5-50 mg/kg) downregulated SREBP-1c and upregulated 
AMPK to reduce the toxic effects of free fatty acids, subsequently inhibiting fat accumulation in the liver
[45]. In an in vitro study of palmitic acid-induced FLS in AML-12 hepatocytes, baicalin (6.25-25 μM) 
alleviated FLS by reducing endoplasmic reticulum stress and suppression of the thioredoxin-interacting 
protein/Nod-like receptor protein 3 pathway[50].

Liver injury
The liver is the most important organ for the metabolism and elimination of toxins from the human 
body. Normal liver function can be deterred with excessive hepatic injuries, which occur due to a 
variety of factors including alcohol intake, chemical contaminants, hepatocellular ischemia, and drug 
damage[50,51]. Liver damage is a complex process that can manifest extensive hepatocellular apoptosis
[52]. Baicalin (120 mg/kg) has been shown to alleviate alcohol-induced liver injury in a rat model via the 
reduced expression of inflammatory cytokines such as TNF-α, IL-6 and IL-1β and enhances the activity 
of antioxidant enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px), 
which is further regulated by blocking the sonic-hedgehog signaling pathway[19]. Similarly, baicalin (30 
mg/kg) has been shown to produce anti-inflammatory effects by downregulating the expression of IL-
17 in a rat model with acetaminophen-induced liver injury[53]. Baicalin (80 and 200 mg/kg) activates 
heme oxygenase-1 via the nuclear respiratory factor (NRF)-2 antioxidant pathway and inhibits the 
activity of reactive oxygen species (ROS) generating enzymes in a liver injury model. Baicalin plays an 
important role in blocking the combination of NRF-2 and Kelch-like ECH-associated protein 1 (Keap-1) 
that causes phosphorylation of NRF-2, thus reversing liver damage[54,55]. Furthermore, baicalin (60 
mg/kg) also downregulates extracellular signal-regulated kinase (ERK) in acetaminophen-induced liver 
injury[56]. In addition, baicalin (100 mg/kg) downregulates caspase-3 and caspase-9 and also increases 
the expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2). This helps to significantly reduce 
NG-nitro-L-arginine methyl ester-induced liver injury in rats[57].

The therapeutic effect of baicalin on reducing liver damage via the apoptotic pathway has also been 
demonstrated via in vitro experiments (Table 1). Baicalin at 100 μmol/L regulates apoptotic proteins 
such as caspase-3, caspase-9, and Bcl-2 associated X (Bax), and has a considerable therapeutic impact on 
the hypoxic model of L02 human hepatocytes[58]. Another in vitro study with L02 hepatocytes and 
acetaldehyde-treated HepG2 cells were used to identify the adverse effects of baicalin (20-100 mmol/L) 
on progression of the epithelial-mesenchymal transition (EMT) in the liver, which is an indicator of liver 
fibrosis and inflammation. This study demonstrated that baicalin considerably suppressed the 
progression of EMT by downregulating the transforming growth factor-β (TGF-β)/Smad signaling 
pathway, thus ameliorating liver damage[59]. Studies have shown that baicalin (60 μM) can repair liver 
injury in nanosecond pulse electric field (ns-PEF)-induced damage to L02 hepatocytes by stabilizing 
mitochondrial transmembrane potential and prevent excess ROS production[60]. Furthermore, baicalin 
(5 and 25 μM) can suppress the oxidation and nitrification of the hemin/nitrite/hydrogen peroxide 
system and protect HepG2 cells by inhibiting lipid peroxidation and GSH depletion[61]. Another study 
emphasized that baicalin administration (74 mg/kg) can restore the metabolism of amino acids to 
normal, improve the tricarboxylic acid cycle and ameliorate acute lipopolysaccharide (LPS)-induced 
sepsis in mice model[62].

Liver fibrosis
Liver fibrosis occurs due to excess deposition of extracellular matrix proteins and collagen. It is charac-
terized by hepatic tissue degeneration, inflammatory cell infiltration and hepatic cell necrosis[63,64]. It 
has also been confirmed that activation of hepatic stellate cells (HSCs) plays a central role in liver 
fibrosis[65]. In the absence of appropriate treatment, advanced liver fibrosis causes chronic hepatitis 
subsequently leading to liver cancer or cirrhosis[66,67]. In a recent study, it was shown that baicalin (200 
mg/kg) decreased the expression of fibrotic genes such as α-smooth muscle actin (SMA) and connective 
tissue growth factor and inflammatory cytokines such as TNF-α, macrophage inflammatory protein-1α 
(MIP-1α), IL-1β, MIP-2, thereby effectively suppressing liver fibrosis induced by bile duct ligation (BDL) 
in mice. In addition, an in vitro study also showed the efficacy of baicalin in reducing the activation of 
HSCs and downregulating the expression of SMA, fibronectin, tissue inhibitor of metalloproteinase-1 
(TIMP1) protein andcollagen-1[68]. Similarly, baicalin (150 μM) reduced microRNA (miR)-3595 
expression and increased the activity of the enzyme long-chain fatty acid CoA ligase 4, significantly 
inhibiting the activity of HSCs leading to a reduction in fibrosis in HSCT6 hepatocyte cell lines caused 
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Table 1 In vitro hepatoprotective effects of baicalin on different cell lines

Disease/type of study Cell line Dose Mechanism/target pathways Ref.

Palmitic acid-induced fatty liver AML-12 hepatocytes 6.25-25 μM ER stress↓; TXNIP/NLRP-3 pathway
↓

[50]

Hypoxic liver injury L02 human hepatocytes 100 μmol/L Caspase-3, caspase-9, and Bax↓ [58]

Acetaldehyde induced EMT HepG2 cells 20-100 mmol/L TGF-β/Smad pathway↓ [59]

ns-PEF induced liver injury L02 hepatocytes 60 μM MTP stabilization, ROS↓ [60]

Hemin-nitrite-H2O2 induced 
liver injury

HepG2 cells 5 μM and 25 μM Lipid peroxidation↓; GSH depletion↓ [61]

PDGF-BB induced fibrosis HSCT6 hepatocytes 150 μM miR-3595↓; ACSL-4↑ [69]

BDL-induced fibrosis HSCs 67.5-270 μM Wnt pathway↓; PPAR-γ↓ [70]

LPS-induced hepatitis L20, THLE cell lines 25-100 μM TUG-1↑; p38-MAPK↓; JNK pathway↓ [82]

HuH7, HepG2 cells 75 μg/mL NF-κB pathway↓ [83]

pHBV1.2HepG2 cells 10 μM HNF-4α/HNF-1α↓ [84]

HepG2.2.15 cells 10 μg/kg HBsAg, HBeAg↓ [85]

Viral hepatitis

PBMCs 50-200 mg/mL Mitochondrial pathway↑; Caspase 3↑ [87]

HepG2-HCC 100 μmol/L ER-mediated TF-6↑; S-2P protein↑ [94]

SMMC7721-HCC cells 160 μM CD47↓ [95]

HCC

SMMC7721, HepG2-HCC cells 40 μM STAT3, IFN-γ↓; Block PDL-1/PD-1 
pathway

[96,97]

ACSL-4: Long chain fatty acid CoA ligase 4; AML: Alpha mouse liver; BDL: Bile duct ligation; EMT: Epithelial-mesenchymal transition; ER: Endoplasmic 
reticulum; GSH: Reduced glutathione; HCC: Hepatocellular carcinoma; HSCs: Hepatic stellate cells; LPS: Lipopolysaccharide; MAPK: Mitogen-activated 
protein kinase; MTP: Mitochondrial transmembrane potential; NLRP-3: Nod-like receptor protein 3; nsPEF: Nanosecond-pulse electric field; PBMCs: 
Peripheral blood mononuclear cells; PDGF-BB: Platelet-derived growth factor BB; PPAR-γ: Peroxisome proliferator-activated receptor-γ; ROS: Reactive 
oxygen species; THLE: Transformed human liver epithelial; TUG-1: Taurine upregulated-1; TXNIP: Thioredoxin-interacting protein.

by platelet-derived growth factor BB[69]. Moreover, baicalin (67.5-270 μM) helps in the reduction of 
BDL-induced activity of HSCs by inhibiting PPAR-γ via Wnt signaling, leading to alleviation of liver 
fibrosis[70]. Baicalin (100 mg/kg) attenuated carbon tetrachloride-induced hepatic fibrosis in mice by 
regulating the rise in TGF-β1, hydroxyproline, type III collagen, and hyaluronic acid laminin (Table 2). 
In addition, baicalin also attenuates liver fibrosis by suppressing the activity of antioxidant enzymes 
SOD and GSH-Px[71]. Similarly, baicalin (25-100 mg/kg) evidently reduces the level of PPAR-γ, 
suppresses the activity of HSCs, and downregulates the expression of TGF-β1, causing inhibition of 
hepatic fibrosis[72].

Cholestasis 
Cholestasis is a condition that occurs due to the obstruction or complete blockage of bile secretion 
through the intrahepatic or extrahepatic bile ducts[73]. Consequently, there is excess accumulation of 
conjugated bilirubin, bile salts, and cholesterol in the liver, which leads to hepatic injury and damage to 
the human body[74]. Baicalin plays an important role at several stages to mitigate cholestasis and 
related hepatic damage. Baicalin specifically targets nuclear factor-erythroid factor 2-related factor 2 
(NRF-2) in reversing cholestasis. Recent studies in a mouse model indicate that the interaction of 
baicalin (50 mg/kg) with NRF-2, inflammatory cytokines, and oxidative stress regulatory elements 
forms the central pathway of reducing cholestasis induced hepatic damage. Baicalin is capable of 
activating SMA, TIMP1, and collagen, resulting in amelioration of liver fibrosis due to BDL-induced 
cholestasis[68]. Another pharmacokinetic study in a rat model indicated that administration of baicalin 
(50-200 mg/kg) has therapeutic potential for cholestasis. It significantly increases bile excretion rates, 
which lead to a decline in serum levels of total bile acids as well as hepatic enzymes such as AST, ALT, 
and alkaline phosphatase in 17α-ethinyl estradiol-induced cholestasis[75,76]. In estrogen-induced 
cholestasis, it has been shown that baicalin targets NF-κB and inhibits the expression of inflammatory 
markers such as TNF-α, IL-6, and IL-1β, thereby increasing the activity of hepatic bile acid-metabolizing 
enzymes. Reports have also shown that baicalin alleviates 17α-ethinyl estradiol-induced cholestasis in 
mice by suppressing the expression of multidrug resistance protein 2 and bile salt export pump genes 
via the sirtuin 1/nuclear hepatic receptor 1α (HNF-1α)/farnesoid X receptor (FXR) pathway[77].
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Table 2 In vivo protective effects of baicalin on various hepatobiliary and colorectal disorders

Disease/type of study Dose Mechanism/target pathway Ref.

200 mg/kg TNF-α, MCP-1, IL-1β↓; Caspase-3↓; SREBP-1c, 
FASN, PPAR-α, CPT-1α↓

[46]MCD induced NASH

50 mg/kg TNF-α, IL-6, IL-1β↓; TLR-4 pathway↓ [47]

25-100 mg/kg PPAR-γ receptors↑ [48]High fat diet induced non- alcoholic FLS

5 g/kg AST, ALT↓; TNF-α, MCP-1↓; JNK-P↓; COX-2, 
CYP-2E1↓

[49]

Orotic acid induced FLS 12.5-50 mg/kg SREBP-1c↓; AMPK↑ [45]

120 mg/kg TNF-α, IL-6, IL-1β↓; SOD, GSH-Px↑; Block 
sonic-hedgehog pathway

[19]Alcohol-induced liver injury

200 mg/kg HO-1, NRF-2 pathway↑ [54]

30 mg/kg IL-17↓ [53]

80 mg/kg NRF-2, Keap-1↓ [55]

Acetaminophen-induced liver injury

60 mg/kg ERK↓ [56]

NG-nitro-L-arginine methyl ester 
induced liver injury

100 mg/kg Caspases-3 and 9↓; Bcl-2↑ [57]

LPS-induced sepsis 74 mg/kg Amino acid metabolism↑; TCA cycle↑ [62]

BDL-induced liver fibrosis 200 mg/kg SMA, CTGF↓; TNF-α, MIP-1α, IL-1β, MIP-2↓ [68]

100 mg/kg TGF-β1, hydroxyproline, type III collagen, 
hyaluronic acid laminin↑; SOD, GSH-Px↓

[71]CCl4-induced fibrosis

25-100 mg/kg PPAR-γ↓; TGF-β1↓ [72]

TBA, AST, ALT, ALP↓; TNF-α, IL-6 and IL-1β↓ [75,76]17α- ethinyl estradiol-induced cholestasis 50-200 mg/kg

Sirt1/HNF-1α/FXR pathway↓ [77]

Hepatitis B in young duck model 10 μg/kg HBsAg, HBeAg↓; HNF-4α/HNF-1α↓ [85]

Hepatitis in male BALB/c mouse model 100-200 mg/kg TNF-α, IL-6 and IFN-γ↓ [86]

Hepatitis in male Sprague-Dawley rat 
model

0.5-5.0 mg/kg ALT, AST↓ [86]

HCC 50 mg/kg RelB/p52 pathway↑ [93]

CRC in mice 100, 200 mg/kg TGF-β/Smad pathway↓ [100]

30-90 mg/kg IL-1β, TNF-α↓; Caspase 9, Bcl-2↓; 
IKK/IKB/NF-κB pathway↓

[107]

5-20 mg IL-1β, TNF-α, IL-6↓; TLR4/NF-κB pathway↓ [108]

TNBS-induced UC

30-120 mg/kg Catalase, GSH-PX, SOD↑; Bcl-2↑; MDA↓; TGF-
β, Bax↓

[109]

HTHE-induced UC 100 mg/kg NF-κB, MAPK pathways↓ [110]

50-150 mg/kg MPO, NO↓; IL-1β, TNF-α and IL-6↑ [111]DSS-induced UC

100 mg/kg TLR-4/NF-κB-p65/IL-6 pathway↓; TNF-α, IL-
6, IL-13↓

[112]

10 mg/kg MIF, MCP-1, MIP-3a↓ [113]TNBS-induced UC

20-100mg/kg Maintain Th17/Treg balance [114]

ALP: Alkaline phosphatase; ALT: Alanine transaminase; AST: Aspartate transaminase; AMPK; AMP-activated protein kinase; Bcl-2: B-cell lymphoma 2; 
CCL4: Carbon tetrachloride; COX-2: Cyclooxygenase-2; CPT-1α: Carnitine palmitoyl-transferase-1α; CRC: Colorectal cancer; CTGF: Connective tissue 
growth factor; CYP-2E1: Cytochrome P450 2E1; DSS: Dextran sulfate sodium; ERK: Extracellular signal-regulated kinase; FASN: Fatty acid synthase; FLS: 
Fatty liver syndrome; FXR: Farnesoid X receptor; GSH-Px: Glutathione peroxidase; HBsAg: Hepatitis B surface antigen; HBeAg: Hepatitis B e antigen; 
HNF: hepatic nuclear factor; HO-1: Heme oxygenase 1; HTHE: High temperature and humid environment; IL-1: Interleukin-1; JNK: c-Jun N-terminal 
kinase; Keap-1: Kelch-like ECH-associated protein 1; MCD: Methionine- and choline-deficient; MCP-1: Monocyte chemoattractant protein-1; MIP-1α: 
Macrophage inflammatory protein-1 alpha; NASH: Non-alcoholic steatohepatitis; NF-κB: Nuclear factor-kappa B; NRF2: Nuclear factor-erythroid factor 2-
related factor 2; PPAR-γ: Peroxisome proliferator-activated receptor-γ; Sirt: Sirtuin; SMA: Smooth muscle actin; SOD: Superoxide dismutase; SREBP: Sterol 
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regulatory element-binding protein; TBA: Total bile acid; TCA: Tricarboxylic acid cycle; Th17: T helper 17 cells; TLR-4: Toll-like receptor 4; TNBS: 2,4,6-
trinitrobenzenesulfonic acid; TNF-α: Tumor necrosis factor-alpha; Treg: Regulatory T cells; UC: Ulcerative colitis.

Hepatitis 
Hepatitis caused by hepatitis A virus (HAV), hepatitis B virus (HBV), and other viral hepatitis are 
prevalent infectious diseases worldwide[78,79]. Liver-specific proteins and immune complex hypersens-
itivity have multiple roles in hepatitis[80]. Subsequent studies have proven that baicalin plays a key role 
in the attenuation of hepatitis by lowering the levels of hepatitis B surface antigen (HBsAg), viral 
antigen protein hepatitis B e-antigen (HBeAg), and hepatitis B virus (HBV)-DNA, and regulating 
oxidative stress, inflammation, and apoptosis in hepatic cells[80,81]. It has been found that baicalin (25-
100 μM) significantly increases taurine upregulated 1 gene expression to suppress inflammation and 
apoptosis by downregulating the p38-mitogen activated protein kinase (MAPK) and JNK signaling 
pathways in L20 and transformed human liver epithelial cell lines to thwart LPS-induced hepatitis[82]. 
Another recent study showed that baicalin (75 μg/mL) significantly suppressed HBV replication and 
inflammation by downregulating the NF-κB signaling pathway in HepG2 and HuH7 cells[83]. 
Furthermore, it has also been confirmed that baicalin (10 μM) strongly suppresses the transcription of 
HBV by downregulating the liver-specific HNF-4α/HNF-1α axis in pHBV1.2 HepG2 cells[84]. In 
another experiment, baicalin (10 μg/kg) significantly reduced HBsAg and HBeAg levels in HepG2 cells, 
wild-type HBV cells, and young duck models infected with HBV by downregulating the HNF-4α/HNF-
1α axis[85]. In addition, baicalin pre-treatment (100-200 mg/kg) attenuated elevated levels of plasma 
cytokines such as TNF-α, IL-6, and interferon-γ (IFN-γ) in male BALB/c mouse models, resulting in 
alleviation of hepatocyte necrosis and apoptosis[86]. Similarly in an in vivo study, pre-treatment with 
baicalin (0.5-5.0 mg/kg) considerably reduced serum levels of ALT and AST and lowered hepatic 
oxidative stress in a male Sprague-Dawley rat model[86]. Another study demonstrated the pro-oxidant 
properties of baicalin (50-200 mg/mL) by upregulating the mitochondrial signaling pathway in human 
peripheral blood mononuclear cells, thereby inducing the activation of caspase-3 and apoptosis[87]. 
Furthermore, baicalin has often been co-administered with other bioactive flavonoids in combination 
studies, to yield better results at prevention of hepatitis. For instance, combination of the alkaloid 
oxymatrine (1 g/L) with baicalin showed more efficacy against HBV than oxymatrine alone[88]. Below 
31.50 μg/mL, the baicalin-phospholipid complex exhibits direct anti-duck HAV-1 activity by preventing 
the adsorption, replication, and release of duck HAV-1 and indirectly by promoting immunity in 
ducklings[89]. Baicalin (20 μg/mL) regulates the immunomodulatory effects and anti-HAV-1 
reproduction by reducing the adsorption and release of HAV-1 in duck-suppressed embryonic 
hepatocytes[90].

HCC
HCC ranks sixth amongst the most common malignant tumors worldwide, and is the fourth highest 
cause of mortality due to malignancies[91]. The present modes of treatment for HCC include radiation 
therapy, local resection therapy, surgery, and liver transplantation. However, these treatments typically 
cause several side effects and have adverse consequences[91,92]. Several studies have reported that 
baicalin can effectively ameliorate HCC by indirectly inducing autophagy in liver tumor cells. Studies 
have revealed that baicalin (50 mg/kg) promotes the polarization of tumor-related macrophages into 
M1-like macrophages, subsequently increasing autophagy in cancerous cells to make them non-prolif-
erating. Additionally, baicalin mediated anti-cancer effects may also be closely associated with 
activation of the RelB/p52 signaling pathway[93]. Similarly, baicalin (100 μmol/L) promotes apoptosis 
in HepG2-HCC cells by activating the ER-mediated TF-6 signaling cascade combined with S-2P protein
[94]. Moreover, baicalin (160 μM) suppresses cluster of differentiation 47 and activates apoptosis and 
autophagy in SMMC7721-HCC cells[95]. Although nsPEFs have been developed as a new mode of 
treatment for cancer, they also result in the elimination of normal hepatocytes. Therefore, a study was 
designed combining nsPEF and baicalin for the treatment of HCC, which revealed that baicalin 
suppresses the proliferation of HCC cells, and protects normal liver cells by increasing mitochondrial 
membrane potential and reducing ROS production[59]. In recent times, cancer immunotherapy has 
emerged as a significant line of treatment for HCC. Baicalin (40 μM) is capable of reducing the activity 
of signal transducer and activator of transcription 3 protein and IFN-γ, thereby blocking the 
programmed death-ligand 1/programmed cell death protein 1 pathway. This increases the sensitivity of 
the immune system to hepatic cancerous cells and thus further activates T cells against hepatic cancer 
cells[96,97]. Based on several in vitro and in vivo studies, the protective effect of baicalin on many hepatic 
disorders is summarized in Tables 1 and 2.

Colorectal cancer 
Colorectal cancer (CRC) is also a common malignant tumor worldwide, and is primarily due to genetic 
inheritance, colon polyps, and ulcerative colitis (UC)[98,99]. Baicalin, due to its pro-apoptotic properties, 
results in the killing of CRC cells. Researchers have used the human colon cancer cell line (HCT-166) 
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and transplanted colon tumors into mice to conduct simultaneous in vivo and in vitro experiments to 
examine the antitumor mechanism of baicalin (100 and 200 mg/kg). Baicalin induces apoptosis in colon 
tumors by inhibiting the cells at the G1 stage and arresting EMT protein expression by blocking the 
TGF-β/Smad pathway[100]. Baicalin (40 mmol/L) promotes Dickkopf protein expression, suppresses 
the expression of proteins β-catenin and c-Myc, and inhibits miR-217 expression, thereby leading to the 
apoptosis of HCT-166 cancer cells by inhibition of the Wnt signaling pathway[101]. Another similar 
study demonstrated that apoptosis of HT-29 colon cancer cells was induced by baicalin (50-200 μM) via 
inhibition of c-Myc expression and regulation of the miR-10a, miR-23a, miR-31, miR-151a, and miR-205 
mechanism[14]. Similarly, it has been reported that the antioxidant properties of baicalin (40 μM) 
increase progesterone expression in the intestine and leads to the apoptosis of HCT-116 colon cancer 
cells by activating the Ras/Raf/MEK/ERK pathways[102]. Reports have also shown that the antitumor 
activity of baicalin can be further enhanced by glycosidase pre-treatment[103]. Several studies have 
revealed that the development of CRC is closely associated with genetic mutations. In a study on colon 
cancer cells SW-480, baicalin (50-400 μg/mL) inhibited the expression of the transcription factor SP-1, 
leading to the apoptosis of cancer cells[104].

Inflammatory bowel disease 
Inflammatory bowel disease (IBD) is a collective term that refers to the chronic inflammation of GI tract. 
The two major types of IBD are Crohn’s disease (CD) and UC. CD and UC are nonspecific chronic IBDs 
that cause inflammation and ulcers on the inner lining of the large intestine[105-107]. Baicalin plays an 
important role in the treatment of IBD, as it is capable of suppressing oxidative stress, immune 
regulation, and its anti-inflammatory properties. In addition, baicalin is capable of regulating NF-κB 
activation, which modulates both autophagic and inflammatory processes in intestinal epithelial cells, 
subsequently leading to enhancement in paracellular permeability. Baicalin alleviates dextran sulfate 
sodium (DSS)-induced UC by modulating the polarization of M1 macrophages to the M2 phenotype
[107]. Dose-dependent administration of baicalin (30-90 mg/kg) has been found to largely downregulate 
the inflammatory cytokines IL-1β and TNF-α, and apoptotic genes Bcl-2 and caspase-9 in the colon 
tissue of rats affected by 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced UC. In addition, baicalin 
also inhibits the inhibitory κB (IKB) kinase (IKK)/IKB/NF-κB signaling pathway, leading to the 
alleviation of IBD[107,108]. Likewise, in another study, rats with TNBS-induced UC were given baicalin 
(5-20 mg) which resulted in the downregulation of inflammatory factors TNF-α, IL-6 and IL-1β in rat 
intestine and inhibition of the TLR4/NF-κB signaling pathway, leading to alleviation of UC[109]. 
Furthermore, baicalin (30-120 mg/kg) has also been effective in the treatment of TNBS-induced UC by 
promoting antioxidant enzymes such as catalase, SOD and GSH-PX, and reducing malondialdehyde 
(MDA). Baicalin also suppresses the regulation of apoptosis by upregulating Bcl-2 and downregulating 
TGF-β and Bax[110]. In a UC model generated by high temperature and humid environment, baicalin 
(100 mg/kg) significantly reduced the serum levels of IL-6, IL-1β, and IL-17, and inhibited SOD, GSH-
PX, and MDA. That study attributed the anti-inflammatory effect of baicalin to suppression of the NF-
κB and MAPK pathways[111]. In an in vivo study, baicalin (50-150 mg/kg) reduced myeloperoxidase 
activity, nitric oxide content, and elevated IL-1β, TNF-α and IL-6 levels in the colon of DSS-induced UC 
rats[112]. Another study revealed that baicalin (100 mg/kg) attenuated DSS-induced UC by blocking the 
TLR-4/NF-κB-p65/IL-6 signaling pathway and suppressing TNF-α, IL-6, and IL-13 mRNA expression
[113]. Furthermore, baicalin (10 mg/kg) downregulated the expression of macrophage migration 
inhibitory factor, MCP-1 and MIP-3a in the colon tissue of TNBS-induced UC rat model[114]. Several 
reports have suggested the association of T helper 16 cell (Th17)/regulatory T cell (Treg) equilibrium 
with UC. Baicalin (20-100 mg/kg) regulates the Th17/Treg balance by inhibiting the rise in ROS and 
MDA, whereas simultaneously reducing GSH and SOD levels and regulating the expression of Th17-
related factors IL-6 and IL-17 in TNBS-induced UC rats[115,116]. In a clinical study of UC patients, 
baicalin promoted the production of immune cells like CD4+ and CD29+ and induced immunomodu-
lation to alleviate UC[117] (Figure 3).

INTERACTION OF BAICALIN WITH THE INTESTINAL MICROBIOTA 
In the past decade, the intestinal microbiota has become an emerging aspect of research for the 
evaluation of several diseases. Besides playing an important role in the metabolism and breakdown of 
biomolecules into simpler molecules like fatty acids, amino acids, vitamins and bile salts, the gut 
microbiota is also capable of interacting with the host and affect the functioning of various organs 
including the liver and kidney to regulate homeostasis and disease development[5,118]. Baicalin, a 
flavonoid, exerts many therapeutic effects by modulating gut microbiota homeostasis. Intake of high fat 
diet causes imbalance of the gut microbiota, leading to several metabolic syndromes. Baicalin 
administered (200 mg/kg/d) to mice with high fat diet induced metabolic syndrome led to an increase 
in short-chain fatty acid (SCFA)-producing gut bacteria, thereby effectively reducing the metabolic 
syndrome in mice[119]. Baicalin also reduces damage to the intestinal barrier caused due to 
hypertension. A study reported that baicalin (100 mg/kg) significantly increased the number of SCFA-
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Figure 3 Mechanism of baicalin action against hepatobiliary diseases. Baicalin downregulated peroxisome proliferator-activated receptor-α and 
activated the nuclear respiratory factor-2 antioxidant pathway to reduce oxidative stress in the hepatocytes. Baicalin suppressed epithelial-mesenchymal transition 
progression by downregulating the transforming growth factor-β/Smad pathway, inhibited the inhibitory κB (IKB) kinase/IKB/nuclear factor-kappa B pathway, reduced 
the elevated levels of inflammatory factors such as tumor necrosis factor-α, interleukin-6 (IL-6) and IL-1β, and attenuated the apoptotic proteins caspase-3, caspase-
9, B-cell lymphoma 2, which led to the alleviation of liver diseases. ROS: Reactive oxygen species; STAT: Signal transducer and activator of transcription; PPAR-γ: 
Peroxisome proliferator-activated receptor-γ; IL: Interleukin; Nrf2: Nuclear respiratory factor-2; TGF-β: Transforming growth factor-β; NF-κB: Nuclear factor-kappa B; 
TNF-α: Tumor necrosis factor-alpha; Bcl-2: B-cell lymphoma 2; EMT: Epithelial-mesenchymal transition; IKK: Inhibitory κB kinase; IKB: Inhibitory κB.

producing bacteria and altered the intestinal microflora, leading to a reduction in damage of the 
intestinal barrier in rats caused by hypertension[120]. Another study revealed that baicalin (25-100 
mg/kg) helped increase SCFA-producing bacteria such as Eubacterium spp, Subdoligranulum spp, and 
Butyricimonas spp, thereby ameliorating TNBS-induced UC[114]. In some cases, the gut microbiome can 
also downregulate the therapeutic efficacy of baicalin[121]. The gut microbiota regulates hepatobiliary 
homeostasis via the gut-hepatic axis, and although it can regulate baicalin activity, baicalin can also 
modulate the gut microbiota[122]. Consequently, baicalin has the potential to exert a therapeutic role in 
liver and gut diseases by modulating FXR and TGR5-mediated crosstalk involving bile acids associated 
with the gut microbiome.

DRUG DELIVERY, CLINICAL TRIAL, AND FUTURE PROSPECTS
The clinical application of baicalin in pharmacology has been challenging, due to its low solubility and 
bioavailability. In the last decade, many researchers have designed novel delivery strategies for baicalin 
that include phospholipid complex, liposomes, solid baicalin nanocrystals, and micelle formation[123]. 
The dissolution and solubility of baicalin is considerably enhanced when administered in combination 
with other molecules in complex form. For instance, baicalin has exhibited improved oral bioavail-
ability, distribution, targeting, and therapeutic efficacy when combined with polyethylene glycol and 
folic acid in the form of liposomes. β-Cyclodextrin complex has also been used as an effective 
formulation to facilitate the effective delivery of baicalin with wide range of therapeutic outcomes[123,
124]. Moreover, baicalin is commonly used as adjuvant therapy for hepatitis. In a clinical study, single 
dose baicalin (500 mg/kg) in combination with cyclosporin A was found to be safe and well tolerated in 
adult human subjects without any severe adverse effects[125]. However, the co-administration of 
baicalin with other herbal formulations or drugs might impede baicalin’s in vivo actions and 
consequently its efficacy. Therefore, it is important to thoroughly study the clinically approved doses of 
baicalin which can be administered in combination with other compounds that help to improve the 
absorption and effectiveness of baicalin.
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CONCLUSION
GI disorders have emerged as the leading cause of mortality in the recent years across the world. 
Baicalin, a major flavone obtained from S. baicalensis, exerts protective effect against hepatobiliary and 
colorectal disorders by modulating signaling pathways. Further, novel delivery strategies that are used 
in the transport of baicalin for ready absorption including phospholipid complex, liposomes, solid 
baicalin nanocrystals, and β-cyclodextrin complex have paved way for its widespread use as a pharma-
cological alternative in hepatic and GI disorders.
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Abstract
Crohn’s disease (CD) is driven by the loss of tolerance to intestinal microbiota and 
excessive production of pro-inflammatory cytokines. These pro-inflammatory 
cytokines are produced by macrophages and dendritic cells (DCs) upon sensing 
the intestinal microbiota by the pattern recognition receptors (PRRs). Impaired 
activation of PRR-mediated signaling pathways is associated with chronic 
gastrointestinal inflammation, as shown by the fact that loss-of-function 
mutations in the nucleotide-binding oligomerization domain 2 gene increase the 
risk of CD development. Autophagy is an intracellular degradation process, 
during which cytoplasmic nutrients and intracellular pathogens are digested. 
Given that impaired reaction to intestinal microbiota alters signaling pathways 
mediated by PRRs, it is likely that dysfunction of the autophagic machinery is 
involved in the development of CD. Indeed, the loss-of-function mutation T300A 
in the autophagy related 16 like 1 (ATG16L1) protein, a critical regulator of 
autophagy, increases susceptibility to CD. Recent studies have provided evidence 
that ATG16L1 is involved not only in autophagy, but also in PRR-mediated 
signaling pathways. ATG16L1 negatively regulates pro-inflammatory cytokine 
responses of macrophages and DCs after these cells sense the intestinal microbiota 
by PRRs. Here, we discuss the molecular mechanisms underlying the develo-
pment of CD in the T300A ATG16L1 mutation by focusing on PRR-mediated 
signaling pathways.

Key Words: ATG16L1; Crohn’s disease; Autophagy; Innate immunity; Cytokine; Pattern 
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Core Tip: The loss-of-function mutation T300A in autophagy related 16 like 1 (ATG16L1) increases the 
risk of Crohn’s disease (CD). ATG16L1 is a multifunctional protein involved in autophagy and innate 
immunity. The CD-associated ATG16L1 mutation T300A leads to overgrowth of intestinal microbiota and 
enhanced pro-inflammatory cytokine responses, which disrupt intestinal immune homeostasis. In this 
minireview article, we have summarized the immunopathogenesis of CD in the presence of ATG16L1 
mutation.

Citation: Okai N, Watanabe T, Minaga K, Kamata K, Honjo H, Kudo M. Alterations of autophagic and innate 
immune responses by the Crohn’s disease-associated ATG16L1 mutation. World J Gastroenterol 2022; 28(26): 
3063-3070
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3063.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3063

INTRODUCTION
Pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-12, and IL-23, 
underlie the immunopathogenesis of Crohn’s disease (CD), as evidenced by the clinical efficacy of 
targeting these cytokines for the treatment of patients[1,2]. These colitogenic cytokines are produced by 
macrophages and dendritic cells (DCs) upon sensing the intestinal microbiota by the pattern recognition 
receptors (PRRs), which are classified into Toll-like receptors (TLRs), nucleotide-binding oligomer-
ization domain (NOD)-like receptors (NLRs), and retinoic acid-inducible gene I (RIG-I)-like receptors 
(RLRs)[3-6]. Thus, excessive pro-inflammatory cytokine responses caused by PRR activation play critical 
roles in the development of CD. This notion is fully supported by the identification of loss-of-function 
mutations in NOD2 as one of the strongest risk factors for CD. NOD2 is an intracellular PRR that senses 
muramyl dipeptide (MDP) derived from bacterial cell wall components and negatively regulates TLR-
mediated pro-inflammatory cytokine responses[5,6].

Autophagy refers to the process during which cytoplasmic components and intracellular pathogens 
are delivered to the lysosome for degradation in the form of double-membrane-bound autophagosomes
[7]. The autophagy related 16 like 1 (ATG16L1) protein plays an indispensable role in the initiation and 
completion of the autophagic process. In addition to its role in autophagy, ATG16L1 has been shown to 
be involved in PRR-mediated innate immunity. ATG16L1 negatively regulates pro-inflammatory and 
type I interferon (IFN-I) responses mediated by TLRs, NLRs, and RLRs[8]. More importantly, the loss-
of-function mutation T300A in ATG16L1 has been identified as a risk factor for CD in parallel with 
mutations in NOD2[6]. In this minireview article, we summarize the molecular mechanisms by which 
the T300A mutation in ATG16L1 predisposes the host to CD development by focusing on the regulatory 
role of ATG16L1 in PRR-mediated signaling pathways.

INDUCTION OF AUTOPHAGY BY ATG16L1
ATG16L1 is an indispensable molecule for autophagic responses (Table 1). The autophagy process 
includes vesicle nucleation, vesicle elongation, vesicle completion, fusion with lysosome, degradation, 
and recycling[9]. Autophagy dysfunction is associated with neurodegenerative diseases, microbial 
infections, and aging[7]. Although autophagy has been identified as the primary cell response to the 
lack of nutrients, recent studies have highlighted the importance of autophagy in microbial infection 
and immune responses[9]. The autophagy process is negatively regulated by growth factors, which 
activate the mechanistic target of rapamycin (mTOR) and the phosphoinositide 3-kinase (PI3K)-AKT 
pathways[7,9]. On the contrary, nutrient starvation or rapamycin treatment promotes the autophagic 
process through the inhibition of mTOR. Thus, the PI3K–AKT–mTOR pathway negatively regulates 
autophagic process. On the molecular level, mTOR activation controls the initiation of autophagy by 
suppressing the activation of the primary initiation complex of autophagy, called Unc-51 Like 
autophagy activating kinase 1 (ULK1) complex, composed of ULK1/2, ATG101, ATG13, and 
RB1CC1/FIP200[9]. The formed ULK1 complex translocates to the site of the second complex, called the 
PI3K complex[9]. The latter PI3K complex recruits a number of ATG proteins to promote elongation and 
expansion of the autophagosome.

Two ubiquitin-like conjugation systems, the ATG5–ATG12–ATG16L1 conjugation system and the 
microtubule-associated protein 1 Light chain 3 (LC3) conjugation system, play important roles in the 
elongation and expansion of the autophagosome[7,9]. The conjugation of the membrane lipid 
phosphatidylethanolamine with the soluble form of LC3 and formation of the ATG5–ATG12–ATG16L1 
complex is necessary for the maturation of autophagosomes[7,9,10]. Matured autophagosomes are fused 
with lysosomes for the degradation of cellular materials. Vesicles containing ATG16L1 are necessary for 
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Table 1 Physiological functions of autophagy related 16 like 1

Function Cell type Ref.

Positive regulation 

Autophagy ECs, DCs, macrophages [9,10]

Regulatory T cell responses DCs [22]

Negative regulation 

IFN-I production by RLRs MEFs [11,12]

IFN-I production by TLR3 and TLR4 Macrophages [13]

IL-1β production by TLR4 Macrophages [16,17,19]

IL-6 and IL-12 production by TLR2 DCs [27]

EC: Epithelial cell; DC: Dendritic cell; IFN-I: Type I interferon; RLR: Retinoic acid-inducible gene I-like receptors; MEF: Mouse embryonic fibroblast; TLR: 
Toll-like receptor; IL: Interleukin.

membrane trafficking and autophagosome formation[7,9,10]. Thus, ATG16L1 is an essential protein for 
the induction and completion of autophagic responses.

ATG16L1 AND INNATE IMMUNITY
ATG16L1 has been shown to attenuate proinflammatory cytokine responses in innate immunity 
(Table 1)[8]. RLRs, including RIG-I and melanoma differentiation-associated gene 5 (MDA5), are sensors 
for RNA viruses[3]. IFN-I, which is produced after viral RNA is sensed by RLRs, plays a protective role 
in host defense[3]. Mouse embryonic fibroblasts deficient in ATG5 displayed enhanced production of 
IFN-I after exposure to vesicular stomatitis virus due to enhanced activation of IFN regulatory factor 3
[11]. Enhanced production of IFN-I is associated with reduced viral load[11]. ATG16L1 is involved in 
the regulation of IFN-I mediated by RLRs. Two mitochondrial proteins, NLRX1 and its binding partner, 
Tu translation elongation factor, interact with ATG5, ATG12, and ATG16L1, and suppress RLR-induced 
IFN-I production and thereby promoting autophagy[12]. In addition, ATG16L1 has been shown to 
regulate IFN-I production by interacting with TLR3 and TLR4[13]. Samie et al[13] have provided 
evidence that macrophages deficient in ATG16L1 produced large amounts of IFN-I after stimulation 
with TLR3 and TLR4 Ligands (Figure 1). Mechanistically, the loss of ATG16L1 resulted in the accumu-
lation of the toll-IL-1 receptor domain-containing adaptor inducing IFN-β protein (TRIF), leading to the 
excessive activation of TLR3- and TLR4-mediated signaling pathways. Interestingly, macrophages 
isolated from individuals bearing the CD-associated ATG16L1 T300A variant also exhibited enhanced 
IFN-I production upon stimulation with TLR3 and TLR4 Ligands[13]. Thus, ATG16L1 functions as a 
negative regulator of IFN-I production induced by TLR activation. Excessive activation of IFN-I 
signaling caused by ATG16L1 deficiency may protect against microbial infection. In fact, ATG16L1 
hypomorphic mice displayed enhanced IFN-I signaling upon challenge with Citrobacter rodentium, 
which conferred protection from enteric pathogen infection[14]. This protection was mediated by 
mitochondrial antiviral signaling (MAVS) and stimulator of interferon genes (STING) proteins, because 
mice with hypomorphic ATG16L1 expression and deficient in MAVS or STING were not protected from 
the C. rodentium infection. Similarly, the clearance of Salmonella typhimurium from the intestine was 
augmented in mice with myeloid cell-specific ATG16L1 deficiency in an IFN-I-dependent manner[13]. 
IL-22 is a barrier protective cytokine that stimulates antimicrobial responses in the intestine[15]. IL-22 
induces STING-dependent IFN-I signaling, which is augmented in the absence of ATG16L1[15]. Such 
enhanced IFN-I signaling promotes TNF-α production, leading to ileal inflammation, suggesting that 
ATG16L1 deficiency mediates pro-inflammatory TNF-α responses through cooperative interaction 
between IL-22 and IFN-I[15]. Taken together, these studies suggest that ATG16L1 dampens IFN-I 
production mediated by RLRs and TLRs. In turn, the lack of negative regulation of IFN-I signaling 
owing to the absence of ATG16L1 or the presence of ATG16L1 T300A variant mediates protection from 
microbial infection in the gastrointestinal tract in an IFN-I-dependent manner.

In addition to attenuating IFN-I production, ATG16L1 also suppresses IL-1β production by 
macrophages[16,17]. Macrophages expressing ATG16L1 that lacks the coiled-coil domain produced 
large amounts of IL-1β upon stimulation with lipopolysaccharide (LPS) (Figure 1)[17]. Pro-IL-1β is 
processed into the mature form of IL-1β by caspase-1[18]. Accumulation of TRIF is involved in enhanced 
IFN-I production in the absence of ATG16L1 or presence of the ATG16L1 T300A mutation[13]. Similarly, 
TRIF-dependent activation of caspase-1 leads to increased production of IL-1β in macrophages lacking 
ATG16L1[17]. In a murine model of urinary tract infection, ATG16L1 deficiency promoted clearance of 
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Figure 1 Negative effect of autophagy related 16 like 1 on pattern recognition receptor signaling pathways. Autophagy related 16 like 1 
(ATG16L1) negatively regulates pro-inflammatory and type I interferon (IFN-I) responses by toll-like receptors (TLRs) and nucleotide-binding oligomerization domain 
(NOD)-like receptors (NLRs). Production of pro-inflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-12, and IL-23 mediated by TLRs is 
suppressed by ATG16L1 through the inhibition of activation of receptor-interacting serine/threonine-protein kinase 2 and nuclear factor-kB. Production of IL-1β and 
IFN-I mediated by TLRs is suppressed by ATG16L1 through the inhibition of toll-IL-1 receptor domain-containing adaptor inducing IFN-β, NOD-, LRR-, and pyrin 
domain-containing protein 3, and interferon regulatory factor 3. MDP: Muramyl dipeptide; PGN: Peptidoglycan; TLR: Toll-like receptor; LPS: Lipopolysaccharide; 
NOD: Nucleotide-binding oligomerization domain; RIPK2: Receptor-interacting serine/threonine-protein kinase 2; ATG16L1: Autophagy related 16 like 1; IL: 
Interleukin; IFN: Interferon; TRIF: Toll-IL-1 receptor domain-containing adaptor inducing IFN-β protein; NF-κB: Nuclear factor-κB; NLRP3: NOD-, LRR-, and pyrin 
domain-containing protein 3; IRF3: Interferon regulatory factor 3; TNF: Tumor necrosis factor.

uropathogenic Escherichia coli through excessive production of IL-1β[19]. Thus, ATG16L1 negatively 
regulates pro-inflammatory pathways mediated not only by IFN-I, but also by IL-1β.

Regulatory T cells (Tregs) expressing forkhead box P3 (FOXP3) are a specialized T cell population 
that is indispensable for the establishment and maintenance of immunological self-tolerance[20]. 
Impaired activation of Tregs leads to the development of autoimmune disorders. Bacteroides fragilis (B. 
fragilis) has been considered to stimulate beneficial immunoregulatory functions through induction of 
Tregs[21]. Chu et al[22] provided evidence that ATG16L1 expressed in DCs was required for the 
induction of Tregs expressing FOXP3 upon exposure to outer membrane vesicles (OMVs) of B. fragilis. 
Oral administration of OMVs from B. fragilis protected wild-type mice from experimental colitis[22], 
and this effect was accompanied by increased proportions of Tregs expressing FOXP3 and IL-10. Such 
protective effect of oral administration of OMVs was not seen in mice with DC-specific ATG16L1 
deficiency. Thus, ATG16L1 is involved in the maintenance of immune homeostasis through induction of 
Tregs expressing FOXP3.

Mutations in NOD2 are the strongest risk factor for the development of CD[5,6]. MDP, a bacterial 
component derived from intestinal bacteria, is a prototypical NOD2 ligand[23,24]. Activation of NOD2 
by MDP induces autophagy in macrophages, DCs, and fibroblasts, but not in cells harboring CD-
associated NOD2 mutations[25]. Physical interaction between NOD2 and ATG16L1 is induced by the 
stimulation with MDP[25,26]. Thus, MDP activation of NOD2 mediates bactericidal effects in an 
ATG16L1-dependent manner, and the presence of CD-associated NOD2 mutations promotes 
overgrowth of intestinal bacteria, leading to excessive production of pro-inflammatory cytokines.

Receptor-interacting serine/threonine-protein kinase 2 (RIPK2) is a signaling molecule downstream 
of NOD2 and TLRs[23,24]. It remains unclear whether ATG16L1 binds to RIPK2 after activation of 
NOD2. In this regard, we confirmed that ATG16L1 binds to the kinase domain of RIPK2 in overex-
pression studies[26,27]. In human DCs, ATG16L1 interacted with RIPK2 after the stimulation with MDP 
and this interaction suppressed NF-κB-dependent proinflammatory responses mediated by TLRs[26,
27]. Transfection of intact ATG16L1, but not of ATG16L1 with the T300A mutation, reduced TLR2-
mediated NF-κB activation in human embryonic kidney cells. In the physiological setting, NF-κB 
activation, as assessed by the degradation of IκBα and expression of phospho-IκBα, was markedly 
suppressed in human DCs stimulated with TLR2 and NOD2 ligands as compared to the effect of 
stimulation with a TLR2 ligand alone[26,27]. Furthermore, knockdown of ATG16L1 by its specific 
siRNA increased IL-6 and IL-12p40 production by human DCs upon exposure to TLR2 and NOD2 
ligands as compared to the levels of those cytokines in cells transfected with control siRNA[26,27]. 
These studies strongly suggest that ATG16L1 functions as a negative regulator of TLR2-mediated pro-
inflammatory cytokine responses (Figure 1).
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NF-κB activation mediated by TLRs and NOD2 is tightly regulated by Lys (K63)- linked polyubiquit-
ination of RIPK2[23,24,27,28]. As for the molecular mechanisms accounting for the suppression of TLR2-
mediated NF-κB activation and pro-inflammatory cytokine production, ATG16L1 has been shown to 
inhibit polyubiquitination of RIPK2[26,28]. NOD2 activation by MDP also inhibited polyubiquitination 
of RIPK2 through the induction of interferon regulatory factor 4 (IRF4)[23,24]. Overexpression studies 
revealed that ATG16L1 and IRF4 act cooperatively to suppress K63-linked polyubiquitination of RIPK2
[27]. Given that physical interaction between RIPK2 and IRF4 or ATG16L1 is induced after NOD2 
activation by MDP, it is likely that NOD2 downregulates TLR-mediated proinflammatory cytokine 
responses through binding of ATG16L1 and IRF4 to RIPK2. This idea is fully supported by the fact that 
RIPK2 expression level is markedly elevated in the colonic mucosa of patients with CD and ulcerative 
colitis (UC), and it corelates with the levels of pro-inflammatory cytokines, such as TNF-α and IL-6[29]. 
Furthermore, the percentages of lamina propria DCs expressing ATG16L1 and IRF4 in the colon 
inversely correlate with the expression levels of TNF-α and IL-6[27]. Collectively, these studies support 
the idea that ATG16L1 acts in concert with NOD2 to suppress excessive pro-inflammatory cytokine 
responses mediated by TLRs and thereby maintains intestinal homeostasis.

ATG16L1 AND CD
The polymorphism Thr300Ala (or T300A) in the coding region of the ATG16L1 gene confers increased 
risk for the development of CD[6,10,16]. This polymorphism is a loss-of-function mutation, which 
affects the induction of autophagy against invading bacteria and is associated with gut bacterial 
overgrowth and pro-inflammatory cytokine responses[6,10,16]. Recent studies have successfully 
elucidated some of the molecular mechanisms accounting for the development of CD in the presence of 
the ATG16L1 T300A variant. Given that ATG16L1 is constitutively expressed in epithelial cells, 
especially Paneth cells and myeloid cells, these studies have highlighted the importance of ATG16L1-
mediated signaling pathways in innate immune cells for the immunopathogenesis of CD[17,25,28,30,31].

Paneth cells are localized at the base of the crypts in the ileum, and they contribute to the 
maintenance of intestinal homeostasis through the secretion of antimicrobial peptides (AMPs) and 
inhibition of intestinal bacterial overgrowth[32]. Mice with hypomorphic expression of ATG16L1 and 
ATG16L1 T300A-knockin (KI) mice exhibit increased proportions of Paneth cells with abnormal 
phenotypes, as assessed by lysozyme localization and granule morphology[30-32]. Moreover, Paneth 
cells from patients with CD carrying ATG16L1 T300A have unusual granule morphology and accumu-
lation of AMPs, with both having been observed also in mice deficient in ATG16L1 or expressing 
ATG16L1 T300A[32]. Furthermore, defective function of Paneth cells in the absence of ATG16L1 or the 
presence of the ATG16L1 T300A mutation led to higher susceptibility to TNF-α-mediated necroptosis 
and accumulation of the endoplasmic reticulum stress sensor IRE1a, indicating that necroptosis and 
endoplasmic reticulum stress are involved in the pathogenesis of CD[33]. Thus, the ileal mucosa of 
patients and mice bearing ATG16L1 T300A is characterized by the defective function of Paneth cells, 
which results in the overgrowth of intestinal bacteria. This notion is supported by the fact that CD 
patients bearing the ATG16L1 T300A mutation display impaired clearance of pathogenic bacteria in the 
ileal mucosa[34]. It is well established that CD occurs as a result of the interplay between genetic 
susceptibility and environmental factors. Cigarette smoking is a risk factor for developing CD[35]. 
Interestingly, cigarette smoking has been suggested to amplify effects of the ATG16L1 T300A mutation, 
triggering Paneth cell defects, thereby causing chronic intestinal inflammation[31].

Pro-inflammatory cytokine responses play an important role in the development of CD[1]. The 
ATG16L1 T300A mutation has been shown to enhance pro-inflammatory cytokine responses in the 
intestine. Mice lacking ATG16L1 in hematopoietic cells were susceptible to dextran sodium sulfate 
(DSS)-induced colitis[17]. Aggravated DSS-induced colitis in mice lacking ATG16L1 was alleviated by 
blocking IL-1β-mediated signaling pathways[17]. Furthermore, macrophages lacking ATG16L1 
produced more IL-1β upon stimulation with LPS[17]. As for the molecular mechanisms accounting for 
enhanced production of IL-1β in the absence of ATG16L1, Saitoh et al[17] showed that ATG16L1 
deficiency resulted in increased production of this cytokine through the TRIF-dependent activation of 
caspase-1. Thus, ATG16L1 deficiency predisposed mice to DSS-induced colitis by activating IL-1β-
mediated signaling pathways. In line with these data obtained in mice lacking ATG16L1 in 
hematopoietic cells, ATG16L1 T300A-KI mice displayed enhanced production of IL-1β upon exposure to 
LPS[16]. These studies, which utilized ATG16L1-deficient and ATG16L1 T300A-KI mice, support the 
idea that intact ATG16L1-medaited signaling pathways limit pro-inflammatory cytokine responses 
triggered by activation of TLRs. In this regard, we and others have reported that ATG16L1 negatively 
regulates pro-inflammatory cytokine responses mediated by RIPK2, a downstream signaling molecule 
of TLRs and NLRs[27,28]. Binding of ATG16L1 to the kinase domain of RIPK2 inhibits polyubiquit-
ination of RIPK2, followed by suppression of NF-κB activation[27,28]. These studies strongly suggest 
that ATG16L1 activation maintains intestinal homeostasis and attenuates reactions against microbiota 
by inhibiting TLR-mediated pro-inflammatory cytokine responses in macrophages and DCs. Strong 
support for this idea also comes from the observations that colonic pro-inflammatory cytokine 
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expression inversely correlates with the percentage of CD11c+ DCs expressing ATG16L1 in patients with 
CD and that induction of remission is accompanied by accumulation of CD11c+ DCs expressing 
ATG16L1 in the gastrointestinal tract of patients with CD[27].

ATG16L1 negatively regulates IFN-I responses mediated by RLRs and TLRs[11-14]. Isolated 
macrophages from patients with CD bearing the ATG16L1 T300A mutation produced more IFN-I upon 
stimulation with TLR3 and TLR4 ligands than macrophages from patients with intact ATG16L1[13,36]. 
Excessive production of IFN-I is involved in the immunopathogenesis of CD and UC. Expression levels 
of the IFN-stimulated genes was shown to be higher in the inflamed colonic mucosa of patients with CD 
or UC than in healthy controls[13]. Moreover, expression levels of IFN-stimulated genes rapidly 
declined in response to infliximab treatment. Although the presence of the ATG16L1 T300A variant is 
associated with colitogenic IFN-I responses, the enhanced production of IFN-I may improve survival of 
patients with colorectal cancer[36].

Similar to the molecular mechanisms of chronic inflammation in the presence of CD-associated 
mutations in NOD2, the ATG16L1 T300A mutation promotes the development of CD by causing 
impaired production of AMPs in Paneth cells and excessive secretion of TLR-mediated pro-inflam-
matory cytokines by macrophages and DCs. MDP activation of NOD2 induces robust production of 
AMPs from Paneth cells, thereby preventing bacterial overgrowth in the intestine[5]. Paneth cells 
deficient in NOD2 or bearing CD-associated NOD2 mutations fail to produce AMPs[5]. With regard to 
the pro-inflammatory cytokine responses, activation of intact NOD2 by MDP negatively regulates the 
production of TLR-mediated pro-inflammatory cytokines through the induction of IRF4[23,24]. In the 
absence of intact NOD2 or the presence of CD-associated NOD2 mutations, pro-inflammatory cytokine 
responses by DCs are markedly enhanced upon exposure to TLR ligands derived from the intestinal 
microbiota[5]. Thus, impaired function of Paneth cells and excessive pro-inflammatory cytokine 
responses by TLRs underlie the immunopathogenesis of CD in the presence of ATG16L1 and NOD2 
mutations.

CONCLUSION
The autophagic protein ATG16L1 plays an indispensable role in the maintenance of intestinal 
homeostasis. The ATG16L1 T300A mutation confers an increased risk for the development of CD as it is 
associated with increased bacterial burden and excessive pro-inflammatory cytokine responses in the 
gastrointestinal tract. Elucidation of the molecular mechanisms by which the ATG16L1 T300A variant 
leads to the development of CD has provided new insights into the immunopathogenesis of CD induced 
by impaired induction of autophagy.
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Abstract
Anabolic androgenic steroids (AASs) are a group of molecules including endog-
enous testosterone and synthetic derivatives that have both androgenic and 
anabolic effects. These properties make them therapeutically beneficial in medical 
conditions such as hypogonadism. However, they are commonly bought illegally 
and misused for their anabolic, skeletal muscle building, and performance-
enhancing effects. Supraphysiologic and long-term use of AASs affects all organs, 
leading to cardiovascular, neurological, endocrine, gastrointestinal, renal, and 
hematologic disorders. Hepatotoxicity is one of the major concerns regarding 
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AASs treatment and abuse. Testosterone and its derivatives have been most often shown to induce 
a specific form of cholestasis, peliosis hepatis, and hepatic benign and malignant tumors. It is 
currently believed that mechanisms of pathogenesis of these disorders include disturbance of 
antioxidative factors, upregulation of bile acid synthesis, and induction of hepatocyte hyperplasia. 
Most toxicity cases are treated with supportive measures and liver function normalizes with 
discontinuation of AAS. However, some long-term consequences are irreversible. AAS-induced 
liver injury should be taken in consideration in patients with liver disorders, especially with the 
increasing unintentional ingestion of supplements containing AAS. In this paper, we review the 
most current knowledge about AAS-associated adverse effects on the liver, and their clinical 
presentations, prevalence, and pathophysiological mechanisms.

Key Words: Androgens; Steroids; Cholestasis; Fibrosis; Liver; Chemical and drug induced liver injury

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: There is a great deal of literature on the prevalence, pathophysiology, and therapeutic options for 
anabolic androgenic steroid (AAS)-associated adverse effects. However, AAS-induced liver injury is 
perhaps still underreported and poorly understood. In this paper, we review the latest knowledge obtained 
about molecular mechanisms of AAS-associated liver injury from most recent in vitro and animal studies, 
as well as the latest case reports regarding adverse effects of AASs in dietary supplements.
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INTRODUCTION
Anabolic androgenic steroids (AASs) are group of compounds that include endogenous androgens, 
most importantly testosterone, and their synthetic derivatives[1]. Testosterone and synthetic AASs have 
been commonly used for their androgenic masculinizing effects resulting in male secondary character-
istics, as well as anabolic skeletal muscle building effects due to enhanced protein utilization and 
synthesis mechanisms[2,3]. AASs are medically indicated in conditions such as male primary and 
secondary hypogonadism, aplastic anemia, muscle wasting in human immunodeficiency virus-infected 
patients, osteoporosis, libido dysfunction, chronic kidney disease, and breast cancer[4]. However, they 
are often misused because of their performance-enhancing and anabolic effects resulting in increased 
fat-free mass and improved muscle fiber size and strength. Abuse of AASs for aesthetic purposes and 
athletic performance improvement has surged as a public health problem in the past few decades 
among both professional and recreational athletes and bodybuilders[5,6]. Unmodified testosterone is 
rapidly metabolized when administered orally or parenterally and exerts a similar proportion of 
anabolic and androgenic effects. Chemical modifications of testosterone allow prolonged effective blood 
concentrations and changes to its pharmacodynamic properties, therefore enhancing desired anabolic or 
androgenic effects. In its synthetic derivatives used for aestethic and performance-enhancing purposes, 
testosterone is altered mainly through alkylation and esterification to enhance bioavailability by 
reducing hepatic metabolism, prolong duration of action, and maximize anabolic properties, though all 
of the synthetic compounds still exert significant androgenic effects. Supraphysiologic doses and 
prolonged unsupervised use of AASs have major impacts on users, affecting all organs and causing 
cardiovascular, neuroendocrine, neuropsychiatric, renal, gastrointestinal, musculoskeletal, 
dermatologic, immune, and hematologic disorders. Testosterone has a major impact on homeostasis of 
electrolytes, macromolecules, and micromolecules, including alterations in systemic iron balance and 
erythropoiesis. It has been established that AAS-induced erythropoiesis is mediated by erythropoietin
[7]. Most recent studies also imply suppression of hepcidin (a negative regulator of the iron transporter 
ferroportin) as a mechanism of androgen-induced enhanced iron absorbtion and incorporation into red 
blood cells[8]. Some of the most common adverse effects related to AASs are dyslipidemia, 
hypertension, hypogonadism and infertility, aggression and mood disorders, addiction, and liver and 
kidney injury[9-11]. This has led to stricter laws regarding availability of AASs, mainly in professional 
sports organizations which ban anabolic steroid use, and test competitors for the presence of illegal 
steroids not only because of the unfair advantage in performance, but also because of their potentially 
dangerous side effects. In legal terms, AASs are classified in the United States as schedule 3 drugs by the 
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Drug Enforcement Agency, meaning that they can be legally obtained as prescription-only drugs. 
However, they are illegally sold among teammates, trainers, and fitness centers, through black market 
or counterfeit prescriptions. Furthermore, many AASs are legally bought and consumed unknowingly 
in over-the-counter dietary supplements advertised as energy, virility, and muscle strength enhancers
[12-14]. Although the precise number of AAS users is difficult to determine, it is estimated that the 
prevalence across the world is 1%-5%[15]. A study in 2013 found that the prevalence of AAS use among 
male elite college students in the United States during their lifetime is about 20%[16]. In Norway high 
school population, a prevalence of 4% was found[17]. While it is difficult to establish a true prevalence 
of AAS use due to underreporting of this socially undesirable behavior, all the surveys nevertheless 
found significantly higher AAS use in male compared to female persons and the majority of AAS users 
are or were professional or near professional athletes[15]. With the liver being the main site of steroid 
clearance, hepatotoxicity is one of the major adverse effects of chronic AAS use. The aim of this paper is 
to focus on the most recent studies and knowledge obtained regarding AAS-induced liver injury.

HEPATOTOXICITY
Since the 1950s, a significant number of studies and case reports have raised concerns regarding 
hepatotoxic effects including cholestasis, hepatic neoplasms, hepatocyte toxicity, and peliosis hepatis 
related to use of AASs[11,18]. Correlation between steroids and these effects has been attributed to the 
role of the liver as the primary clearance site for AASs. As mentioned before, synthetic steroids are 
usually modified to prevent first-pass hepatic metabolism, preventing their clearance by the liver and, 
therefore, elevating their risk of hepatotoxicity[19]. Most studies of long-term use have not identified 
exact dosages and concentrations, administration paths, and types of steroid compounds often used 
simultaneously. Prospective studies with supraphysiologic doses are difficult to gain institutional 
review board (IRB) approval due to ethical and legal considerations[20], therefore randomized 
controlled trials are lacking and in this minireview we discuss data from case reports, in vitro studies, 
and studies on animal models.

Proposed mechanisms of liver injury include anabolic steroid-induced infiltration of inflammatory 
cells in the hepatic tissue, and Kupffer cell activation resulting in production of inflammatory cytokines 
and collagen deposition, increased oxidative stress and reactive oxygen species with subsequent 
mitochondrial degeneration in liver cells, and stimulation of intracellular androgenic steroid receptors 
inducing unregulated growth of hepatocytes. An in vitro study in 2021 reported that disruption of 
mitochondrial respiratory chain reactions occurs early in the pathogenesis of liver injury caused by 
supraphysiologic doses of nandrolone, a synthetic AAS commonly used for performance enhancement. 
It specifically inhibits respiratory chain complexes I and III, which causes accumulation of reactive 
oxygen species and oxidative stress[21]. Indeed, earlier animal studies detected a reduced amount of 
glutathione and enzymes that serve as free radical scavengers (superoxide dismutase and catalase) as 
well as increasing thiobarbituric acid-reactive substances indicating impaired redox homeostasis[22,23]. 
Furthermore, oxidative stress interfered with mitochondrial membrane potential dynamics[24] and 
altogether resulted in reduced cell energy supply leading to malfunction and necrosis of hepatocytes. 
Apart from disturbance in cellular function, distortion in mitochondrial morphology and increased 
number of lysosomes in hepatocytes were observed by electron microscopy[25]. Another process 
observed after prolonged administration of nandrolone in animal studies was excess collagen 
deposition in liver parenchyma. It is known that AASs induce infiltration of the liver with inflammatory 
cells, which together with activated Kupffer cells, favor a pro-inflammatory state by releasing nuclear 
factor-κB (NF-κB) and inflammatory cytokines transforming growth factor beta1 (TGF-β1), tumor 
necrosis factor alpha (TNFα), and interleukin-1B (IL-1B). Such conditions also lead to activation of liver 
stellate cells, resulting in excessive collagen synthesis and deposition[26]. Interestingly, AASs can also 
promote collagen synthesis by activating their intracellular receptor and activation of transcription 
factors involved in collagen synthesis[27]. A recent study also gave convincing evidence for a role of 
testosterone in the pathophysiology of liver diseases with higher occurrences in males than in females. It 
demonstrated that the susceptibility of the mouse liver to injury was correlated with excessive inflam-
matory response mediated by androgen receptors (ARs) and testosterone-induced NOD-like receptor 
family pyrin domain containing 3 (NLRP3) inflammasome activation associated with a variety of 
chronic diseases[28]. Hepatotoxicity of AASs may also vary due to individual susceptibility, pre-existing 
liver conditions, and genetic factors. Most frequently reported liver disorders related to AASs are 
cholestasis, peliosis hepatis, and development of liver tumors[11,29-32]. Figure 1 shows an overview of 
proposed mechanisms of hepatotoxicity caused by AAS.

AAS drug-induced liver injury (AAS DILI) has also been frequently reported to cause serum liver 
enzyme elevations in AAS users. Elevated aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), and lactate dehydrogenase (LDH) activities are, in general, regarded as indicators of hepato-
cellular damage. Transient elevation of AST and ALT in plasma has been largely reported in AAS users
[33], but liver damage may not be the cause of the elevations because of the possible contribution of 
heavy and intense workouts with consequent muscle damage and rhabdomyolysis. Thus, liver enzymes 



Petrovic A et al. AAS DILI review

WJG https://www.wjgnet.com 3074 July 14, 2022 Volume 28 Issue 26

Figure 1 Proposed mechanisms of anabolic androgen steroid-induced liver injury. A: Oxidative stress in the mitochondria. Anabolic androgenic 
steroids (AASs) impair mitochondrial respiratory function, which leads to reactive oxygen species (ROS) accumulation. Cell membrane is damaged due to lipid 
peroxidation and intracellular ATP depletion occurs due to mitochondrial impairment. This results in cellular dysfunction at many levels (e.g., toxic compounds can 
enter the cell). Mitochondrial morphology is also changed, with reduced cristae and swelling. In addition, there is an increase in lysosome number. Lack of energy 
supply eventually leads to hepatocyte necrosis; B: Immune cell infiltration of liver parenchyma. Long-term treatment with AASs like nandrolone is associated with 
immune cell infiltration which maintains proinflammatory state in liver tissue. Under such conditions, Kupffer cells release transforming growth factor beta1 (TGF-β1), 
tumor necrosis factor alpha (TNFα), and interleukin-1B (IL-1B) which mediate hepatic stellate cell activation: Extracellular matrix and collagen deposition leading to 
liver fibrosis; C: Hepatocyte hyperplasia causes formation of hepatic tumors. In rats treated with high-dose nandrolone, it was observed that it supported the viability 
of hepatic stem cells, which are potential reservoir of cancer stem cells. Nodular hepatocyte hyperplasia causes parenchyma distortion and mechanical blockage of 
vasculature which forms cystic lesions filled with blood, known as peliosis hepatic; D: “Bland cholestasis”. Activation of androgen receptors (ARs) by AASs interferes 
with bile transporters, mediates intrahepatic microfilament damage, and increases expression of genes for acid bile and bile transporter synthesis, and these changes 
result in bile acid accumulation, cholestasis, and cholestatic jaundice. SOD: Superoxide dismutase; CAT: Catalase; AR: Androgene receptor; AAS: Anabolic 
androgenic steroid; AR: Androgen receptor. Figure created with Servier Medical Art, https://smart.servier.com/.
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can be elevated independent of androgenic steroid use. Studies showing elevations of creatine kinase 
(CK) and AST, with no ALT and gamma glutamyl transferase (GGT) elevations, support this concept 
and suggest that hepatotoxicity related to AASs may be over-estimated if serum ALT, AST, and GGT 
concentrations are the sole criteria used[34]. Furthermore, a recent multi-center prospective study 
regarding the incidence of liver injury in transgender patients treated with hormone therapy including 
AASs showed no significant ALT, AST, alkaline phosphatase (ALP), or GGT elevations[35]. Most of the 
hepatotoxic effects, cholestasis, peliosis, and liver tumors are associated with orally administered AASs 
such as testosterone cypionate, enanthate, propionate, methyltestosterone, oxymetholone, danazol, 
stanozolol, formebolone, and methandienone[36,37], but intramuscular preparations were also linked to 
hepatotoxic effects[38]. Patil et al[38] reported three cases of AAS-induced hepatotoxicity which all 
manifested differently. The first case was a 31-year-old man who developed cholestatic liver injury after 
2 mo of oxymetholone use, the second case was a 24-year-old man who developed well-differentiated 
hepatocellular carcinomas (HCC) and multiple hepatic adenomas after 3 years of intramuscular 
testosterone decanoate and daily oral stanozolol use, and the third case was a 36-year-old man with 
steatohepatitis after 2 mo of intramuscular nandrolone decanoate use[38]. The exact incidence of AAS 
DILI is difficult to establish due to both underreporting and lack of awareness. On the other hand, even 
when a history of AAS use is known, it may be difficult to establish the causality, particularly when 
multiple agents are used concomitantly or if there is an underlying liver condition. However, there has 
been a trend of increased AAS DILI reporting in recent years which may lead to new insights into 
pathophysiology and disease course. According to currently available data, AAS DILI has a good 
prognosis as the majority of cases recover completely and only a very small number of cases develop 
hepatic failure or die[39].

CHOLESTASIS
Although cholestasis is unlikely in patients treated with parenterally administered unmodified 
testosterone, 17α-alkyl-substituted steroids, which are designed to decrease hepatic metabolism, directly 
contribute to a highly characteristic form of acute cholestasis, ranging from very mild to severe. Some 
characteristic clinical manifestations are nausea, pruritus, fatigue, jaundice, and dark urine with 
elevated bilirubin and ALP, but without significant elevations of AST, ALT, and GGT. Such character-
istics are indicative of cholestasis with minimal inflammation of the liver or bile duct. Resolution usually 
occurs upon discontinuation of anabolic steroids, although some case reports indicate benefits of 
hydrocortisone and ursodeoxycholic acid treatment[13,39-42].

Some animal model studies have suggested AAS-induced disruption of intrahepatic microfilaments 
and interference with bile transporter proteins as a pathophysiological mechanism of this syndrome 
rather than inflammation and injury to the liver and bile duct[29,43]. El-Sherrif et al[13] reported two 
cases of cholestatic DILI caused by the short-term use of AAS-containing dietary supplement Mass-Drol. 
The authors found that inhibition of expression of genes ATPB81 and ABCB11 by AAS may play a 
crucial role as the underlying mechanism of cholestatic injury. This leads to impaired bile salt transport 
and also reduced excretion of different hepatic ectoenzymes. Indeed, both patients presented with 
cholestasis with marked hyperbilirubinemia, but lack of GGT rise. The authors postulated that 
individuals who are carriers of c.2093G >A mutation in ABCB11 may be specifically susceptible to 
cholestatic hepatic injury caused by AASs due to this mechanism[13]. Additionally, the role of 
multidrug-related proteins (MRP2, MRP3, and MRP4) is important in bile acid transfer as a compli-
mentary mechanism. It was shown that testosterone metabolites are substrates of MRP2 protein, which 
has reduced activity in Dubin-Johnson syndrome (DJS). The effect of AAS in DJS has not been invest-
igated to our knowledge, whereas it was found that pregnancy and oral contraceptives increase 
bilirubin levels in women with DJS[44]. Different underlying mechanism was proposed by Petrov et al
[45], who used an in vitro model to demonstrate that AR activation may upregulate the expression of 
bile acid synthesis genes as well as bile acid transporters. Most recent studies have reported that the 
patterns of “bland” cholestasis in AAS users are so specific that this picture can be virtually sufficient to 
make a diagnosis of AAS-induced cholestasis[46]. Many reports refer to these phenomena as AAS DILI
[39,47].

PELIOSIS HEPATIS
Peliosis hepatis is a rare condition characterized by hypervascular liver parenchyma and blood-filled 
cysts that is known to be associated with use of AASs and several other drugs like estrogens, corticost-
eroids, and azathioprine. So far, disruption of hepatic extracellular matrix and direct endothelial cell 
injury have been suggested as generating mechanisms for liver peliosis. It has also been proposed that 
steroid-induced hepatocyte hyperplasia results in mechanical obstruction of hepatic vascular system, 
causing dilatation and loss of endothelial barrier function[11,30,48]. Molecular mechanisms in 
pathophysiology of peliosis remain poorly understood; however, an important role of vascular 
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endothelial growth factor (VEGF) has been suggested in recent studies. VEGF induces angiogenesis, 
capillary permeability, and proliferation of endothelial cells in liver and other tissues. Tzirogiannis et al
[49] found a major protective effect of VEGF which almost totally reversed the extent of peliosis in a 
model of cadmium-induced toxic liver injury and peliosis, implying that it preserves endothelial cell 
function. However, a study of peliosis hepatis in a patient with follicular lymphoma found elevated 
VEGF and suggested that lesions could be caused by elevation of VEGF and its angiogenic effects[50]. 
An animal model study of peliosis hepatis associated with melanoma supports a concept that a tumor-
derived factor such as VEGF could induce development of peliosis due to its endothelial cell prolif-
eration effect[51]. These conclusions indicate a need for further research of pathophysiology in peliosis 
hepatis as well as AASs and their impact on growth factors. Peliosis hepatis is commonly asymptomatic, 
but case reports described presentation characterized by sharp abdominal pain and hemoperitoneum in 
cases of cyst rupture[52]. Peliosis is usually treated with supportive care and the condition has shown to 
regress with discontinuation of AASs[53,54]. The condition has been reported not only in use of 17-
alpha-alkylated steroids, but also in patients treated with unmodified testosterone[19]. Given its benign 
nature, most cases of peliosis hepatis are incidentally found and the most appropriate diagnostic 
modalities are magnetic resonance imaging[55] and histological examination. Once diagnosed, the 
offending drug should be discontinued and the condition closely monitored to reduce the risk of 
rupture, especially with larger lesions.

NEOPLASMS
Hepatic tumors, ranging from benign adenomas to malignant hepatocellular carcinoma, have been 
reported in patients with long-term anabolic steroid therapy[56-58]. Studies have suggested a higher 
hepatic cancer prevalence in males than in females. Higher endogenous concentrations of androgens 
may be a major factor in the development of liver carcinomas. Having both the estrogen and ARs, the 
liver is a hormone sensitive organ. The use of AASs is highly associated with hepatocyte proliferation 
and liver tumors[59]. An in vitro study on HepG2 cells showed that a supraphysiologic dose of 
nandrolone changed their phenotype to be stem-like, but the mechanism of this transformation remains 
to be elucidated. In the same study, nandrolone administered in vivo in a mouse model promoted 
“stemness” in healthy organs, primarily ones naturally rich in stem cells such as the liver. Cell 
“stemness” phenotype is a metabolically latent state in which there is a lower oxygen consumption in 
the mitochondria. Expression of Nanog, Lin28, Myc, and Klf4 genes and CD133 membrane protein is also 
considered to be markers of cell stemness. This led to a hypothesis that long-term supraphysiologic 
doses of nandrolone in young healthy individuals possibly increase the risk of malignancy in stem-cell 
rich organs by increasing the reservoir of stem cells which over a period of time under additional toxic 
stimuli may turn into cancer stem cells[21]. Studies to date indicate that most of AAS-induced tumors 
occur with use of agents containing a 17-alpha-alkyl group, but it has also been reported in patients 
treated with unmodified testosterone[56,60,61]. Histologically, these tumors are most commonly hepatic 
adenomas or HCC, but cholangiocarcinomas and angiosarcomas have also been reported with long-
term AAS use[20]. Given the possibility of malignant transformation of hepatic adenoma, which occurs 
10 times more commonly in men than in women, it is recommended that surgical resection be the most 
appropriate approach in men. In women, estrogen-containing oral contraceptives are a common cause, 
so their cessation, together with periodic surveillance, is an acceptable approach[62,63]. Solimini et al[11] 
reviewed case reports regarding liver tumors as well as cholestatic hepatitis associated with AASs and 
reported that several different AAS agents were associated with such liver pathology. Notably, chronic 
AAS use of several years is linked to development of HCC, while benign neoplasms were mostly linked 
to short-term use of AAS[11].

ADDITIONAL CONCERNS REGARDING AASS AND THE LIVER
Other hepatic disorders associated with AASs include toxicant-associated fatty liver disease (TAFLD), 
and possible increased risk of hepatitis B and C infections due to unsafe administration of AASs[64]. In 
addition, a negative effect on lipoproteins with reduced HDL-cholesterol and increased LDL-cholesterol 
concentrations has been reported mostly in long-term steroid users[65,66], which contribute to increased 
risk of coronary disease with AAS use.

Another concerning issue is the increasing number of mislabeled over-the-counter dietary 
supplements sold legally and containing significant amount of AASs. This has also been associated with 
adverse effects, but remains underreported and poorly understood. However, new case reports have 
been published on DILI with jaundice, cholestasis, dyslipidemia, and elevated serum liver enzyme 
panels in patients directly associated with dietary supplement use. After discontinuation of 
supplements, liver function commonly returned to normal[67,68]. Consumers may unknowingly use 
AASs which can result in acute, but also chronic, health problems that are difficult to link to these 
products and lead to re-exposure[69-71].
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CONCLUSION
AAS use is closely linked to hepatotoxicity and serious hepatic conditions such as cholestasis, peliosis 
hepatis, and benign and malignant hepatic tumors, as well as steatohepatitis and dyslipidemia with 
multiple studies supporting a causal association. Several pathophysiological mechanisms have been 
proposed including AR receptor-mediated inflammatory response, disturbance of hepatic antioxidant 
factors, promotion of hepatocyte hyperplasia, and upregulation of bile acid synthesis. Most of these 
conditions have been reported with 17-alpha-alkylated steroids. Liver function usually returns to 
normal with discontinuation of use, but a higher HCC prevalence with AASs is concerning. Another 
important fact is the increasing number of case reports presenting patients with dietary supplements-
associated liver conditions that are still underreported. Given all of the above, screening for liver 
pathology in known AAS users should be considered in order to possibly reverse the condition. Also, if 
certain liver pathology is diagnosed incidentally, a history of AAS as potential causal agent should be 
actively sought, and if found, addressed promptly.
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Abstract
A relevant gradual reduction of both the incidence rate of acute hepatitis B (AHB) 
and prevalence of chronic hepatitis B has occurred in Italy in the last 50 years, due 
to substantial epidemiological changes: Improvement in socioeconomic and 
hygienic conditions, reduction of the family unit, accurate screening of blood 
donations, abolition of re-usable glass syringes, hepatitis B virus (HBV)-universal 
vaccination started in 1991, use of effective well tolerated nucleo(t)side analogues 
able to suppress HBV replication available from 1998, and educational mediatic 
campaigns against human immunodeficiency virus infection focusing on the 
prevention of sexual and parenteral transmission of infections. As an example, 
AHB incidence has gradually decreased from 10/100000 inhabitants in 1985 to 
0.21 in 2020. Unfortunately, the coronavirus disease 2019 (COVID-19) pandemic 
has interrupted the trend towards HBV eradication. In fact, several HBV chronic 
carriers living in the countryside have become unable to access healthcare 
facilities for screening, diagnosis, clinical management, and nucleo(t)side 
analogue therapy in the COVID-19 pandemic, mainly for anxiety of becoming 
infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
movement restrictions, and reduced gains from job loss. In addition, one-third of 
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healthcare facilities and personnel for HBV patients have been devolved to the COVID-19 
assistance.

Key Words: Hepatitis B virus; Hepatitis B virus epidemiology; Acute hepatitis B; COVID-19

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: An impressive reduction in the spread of hepatitis B virus (HBV) infection has been observed 
over the past 5 decades in Italy. This review article analyzes, in Italy, the effects of various events on HBV 
endemicity: Reduction of the impact of several risk factors, HBV-universal vaccination started in 1991, 
the nucleo(t)side analogue therapy started in 1996, the increased immigration flows from countries at high 
HBV endemicity, and the restrictions generated by the coronavirus disease 2019 (COVID-19) pandemic. 
Particular attention has been directed at the negative effects of the COVID-19 pandemic that threaten to 
interrupt the favorable trend towards HBV eradication.

Citation: Sagnelli C, Sica A, Creta M, Calogero A, Ciccozzi M, Sagnelli E. Epidemiological and clinical aspects of 
hepatitis B virus infection in Italy over the last 50 years. World J Gastroenterol 2022; 28(26): 3081-3091
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3081.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3081

INTRODUCTION
Hepatitis B virus (HBV) infection is a global health problem with 3.61% of the world population 
chronically infected and 890000 deaths per year for cirrhosis, liver failure, or hepatocellular carcinoma 
(HCC)[1,2]. Despite the availability of an effective recombinant HBV vaccine from 1991[3] and of 
effective well-tolerated nucleo(t)side analogues since 1998, the rate of individuals persistently infected 
with HBV does not decrease worldwide and, unfortunately, it is increasing in some developing 
countries[4]. Several factors support the level of endemicity of HBV infection: (1) Most patients with 
chronic infections are asymptomatic and undiagnosed for years[5]; (2) 70% of the individuals with 
chronic HBV infections live in developing areas where HBV vaccination does not have the character of 
universality, with 95.3 million in Western Pacific areas and 75.6 million in Africa, where there is a 
prevalence of hepatitis B surface antigen (HBsAg) chronic carriers of 5.26% and 8.83%, respectively[6]; 
and (3) Nucleo(t)side analogues suppress but do not eradicate chronic HBV infection. Instead, in the last 
30 years, a trend to HBV eradication has been observed in northern America, western Europe, and Japan
[7].

As far as Italy, HBV endemicity has progressively decreased over the last 50 years, due to universal 
HBV vaccination since 1991, the improvement in socioeconomic conditions correlated to better standard 
of hygiene, substantial reduction of the family unit, and continuous mediatic human immunodeficiency 
virus (HIV) campaigns organized and financed by the Italian government[8].

Italy is experiencing a continuous migratory flow, more frequently from eastern Europe and sub-
Saharan Africa for 20 years and today migrants represent about 9% of the resident population. As an 
effect of immigration, some HBV genotypes previously rare in Italy are currently responsible for about 
40% of acute hepatitis B (AHB) cases[9-12]. There is the fear that the continuous immigrant flows from 
countries with high or intermediated HBV endemicity will adversely affect the low endemicity level of 
Italy. As an example, of 882 asymptomatic undocumented migrants or refugees observed in southern 
Italy in 2015, 78 (9%) were HBsAg positive. This rate was 14% in 444 sub-Saharan Africa subjects, 6% in 
198 eastern Europe subjects, and 2%-3% in the 240 migrants from northern Africa, Bangladesh, India, 
Pakistan, or Sri Lanka, percentages much higher than the 0.8% registered in the people born and living 
in Italy[13]. The regional office of the World Health Organization (WHO) for Europe reported that a 
high percentage of immigrants are not vaccinated against HBV upon their arrival in host countries[14] 
and therefore at risk of becoming infected even in geographic areas with a low HBV endemicity level; 
accordingly, in Italy one fifth of the new AHB cases are represented by the immigrant population.

Like for numerous other sectors of medicine, the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) pandemic reduced care levels also for HBV-related diseases. A recent web-based survey 
performed in Italy registered that a quarter of healthcare centers and personnel dedicated to liver 
diseases had been intended for coronavirus disease 2019 (COVID-19) and that 23% of cases with chronic 
hepatitis B (CHB) undergoing HBV suppression with nuclo(t)side analogues have suffered interruptions 
of therapeutic plans[15]. There is therefore a suggestion for the healthcare institutions of Italy not to 
neglect the need of patients with HBV infection throughout this long terrible COVID-19 pandemic, not 
to lose in short time the advantages obtained with decades of considerable efforts and economic 
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commitment.

EPIDEMIOLOGICAL AND CLINICAL CHANGES OF AHB IN ITALY OVER LAST FIVE 
DECADES
HBV is a non-cytopathic virus that induces liver cell necrosis through cytolytic action of human 
cytotoxic T cells made able to recognize the viral antigens expressed on the surface of infected 
hepatocytes from a previous pre-sensitization to HBV. The degree of immune response depends on the 
age of the host at the acquisition of HBV infection, being absent or low in infants and young children 
who often develop an asymptomatic acute hepatitis frequently progressing to an HBsAg chronic 
carriage, but high in young adults and adults who usually develop a self-limiting symptomatic acute 
hepatitis, progressing to chronicity in only 2%-5% of cases. Fulminant hepatitis occurs in only 1%-3% of 
cases, more frequently in adolescents and young adults, with a mortality rate of 70%, and in most cases 
requiring liver transplantation[16-19]. In its classic form, AHB begins with generic symptoms such as 
fever, malaise, headache, nausea, anorexia, vomiting, and diarrhea, followed by jaundice common in 
adults and rare in children. The aminotransferases serum levels are usually normal or moderately 
increased in children and high in adults, reflecting the extension of liver damage. High serum titers of 
IgM to hepatitis B core antigen identify HBV as the etiological factor, simultaneously with serum HBsAg 
positivity. Hepatitis B e antigen (HBeAg) and serum HBV DNA are signs of high infectivity; they can be 
found in the early stage of the disease and are no more detectable in the elimination phase of the virus, 
event accompanied by seroconversion to anti-HBe. A Cochrane’s review of seven randomized 
controlled trials involving a total number of 597 participants found that antiviral treatment has no 
benefit for AHB[20], since any evolution to chronicity is strongly determined by the reactivity of the 
patient’s immune system. Some more severe cases, however, may require supportive therapy.

All yearly AHB cases occurred in Italy in the sixties were registered by the Italian Institute of Statistic 
(ISTAT) under one single entry, with an incidence rate of 98 cases per 100000 inhabitants, followed by a 
subsequent gradual decline to 20 cases per 100000 inhabitants until 1987[8]. Reliable data on AHB 
incidence in Italy are reported since 1985, when the surveillance of the integrate epidemiological system 
of acute viral hepatitis (SEIEVA) registered 12 cases per 100000 inhabitants. This incidence gradually 
decreased in subsequent years, driven by two important events: (1) The beginning in 1985 of mediatic 
HIV educational campaigns that advised the condoms for sexual intercourses at risk and to avoid 
syringe sharing[21]; and (2) since 1991, the national universal HBV vaccination continued so far without 
interruption; currently all Italian people aged 0 to 41 have been vaccinated[22]. The AHB incidence in 
1987 decreased to 10.4 cases per 100000 inhabitants, 5.4 in 1990, 0.9 in 2012, 0.6 in 2016, and 0.21 in 2020 
(Table 1).

These data testify the strong contribution of the HBV vaccination to reduction of AHB incidence, but 
it is equally evident that this reduction had already begun before the universal HBV vaccination 
campaign had started in 1991. The reason for this is that other factors have contributed to the decrease 
of AHB incidence in Italy, such as the obligation to test blood donations for HBV markers and not to 
transfuse the samples testing positive, improvement of socioeconomic and hygienic conditions, and 
some behavioral changes that have led to the reduction of domestic contacts with a chronic HBsAg 
carrier and not to use non-disposable or improperly sterilized instruments for medical and surgical 
practice, piercings, tattoos, manicures, pedicures, acupuncture, and barber’s shop[23-25]. Vertical 
transmission of HBV is no longer a route of HBV transmission in Italy from 1991, due to the mandatory 
screening for HBV infection among women in pregnancy or at delivery, and to the mandatory, in babies 
born of HBsAg-positive mothers, active and passive immune prophylaxis. Two routes of HBV 
transmission remain active, the parenteral one because of the exchange of syringes or other objects 
between intravenous drug users and the sexual one because of the unusual use of condom in sexual 
intercourses. It should also be underlined that the impact of these two risk factors on HBV endemicity 
has progressively lowered, due to the positive effect of universal HBV vaccination which currently 
covers the Italian population aged 0-41.

Analyzed by the age classes, 0-14 years, 15-24 years, and 25 years or more, the data registered by 
SEIEVA in 1985 showed 6 subjects with AHB per 100000 inhabitants in age class 0-14, 41 in age class 15-
24, and 7 in age class 25 or more. The progressive decline was observed in subsequent years in all the 
three age classes: (1) In 1990: 1, 17, and 4 cases per 100000 inhabitants, respectively; (2) in 1995: 1, 6, and 
3 cases, respectively; (3) in 2000: 0.1, 2, and 2 cases, respectively; (4) in 2005: 0, 5, and 1.8 cases, 
respectively; and (5) in 2011: 0, 0.5, and 1.2 cases per 100000 inhabitants, respectively[26] (Table 1).

Patients with acute viral hepatitis B registered by SEIEVA from 2009 to 2020 were allocated in five age 
classes (0-14, 15-24, 25-34, 35-54, and 55 or more), with an incidence close to zero in age classes 0-14 and 
15-24 and with a continuous downtrend in older age classes up to 2020[26] (Table 1). The cases of AHB 
in SEIEVA in the period 1991-2019 have been also analyzed by their geographical distribution[26,27], 
northern + central Italy vs southern Italy + main islands (Sicily and Sardinia), a distribution reflecting 
historical events and the behaviors of the respective inhabitants (Figure 1).
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Table 1 Incidence rate of acute hepatitis B in Italy: Cases per 100000 inhabitants per year, according to age classes

Age classes 1985 1990 1995 2000 2005 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

0-14 6.00 1.00 1.00 0.10 0.00 0.00 0.00 0.00 0.04 0.10 0.03 0.05 0.00 0.00 0.03 0.03 0.00

15-24 41.00 17.00 6.00 2.00 5.00 0.50 0.50 0.45 0.40 0.30 0.28 0.30 0.20 0.15 0.32 0.08 0.08

> 25 7.00 4.00 3.00 2.00 1.80 - - - - - - - - - - - -

25-34 - - - - - 1.20 1.20 1.20 0.80 0.70 0.46 0.33 0.30 0.23 0.34 0.26 0.26

35-54 - - - - - 1.90 1.80 2.00 1.70 1.90 1.76 1.40 1.10 1.04 0.76 0.69 0.34

> 55 - - - - - 0.70 0.50 0.50 0.60 0.70 0.51 0.46 0.60 0.48 0.39 0.38 0.20

Total 12.00 5.00 3.00 2.00 1.30 1.00 0.90 1.00 0.85 0.90 0.80 0.70 0.60 0.51 0.44 0.38 0.21

Figure 1 shows a clear trend towards an overtime reduction of the total number of cases in Italy, and 
moderate changes in cases distribution, increased in northern and central regions and decreased in 
southern and island areas[26,27].

In Italy, the uninterrupted flux of migrants over the last 20 years brought that about 9% of resident 
population are composed of immigrants, more frequently from eastern Europe and sub-Saharan Africa. 
Out of the 4981 AHB cases reported to SEIEVA from 2004 to 2019 by 10 of the 20 Italian regions, 849 
(17.0%) occurred in immigrants, of whom 53.4% had come from eastern Europe, 14.6% from Asia, 21.6% 
from Africa, 8.9% from central/southern America, 0.1% from North America, and 0.1% from Oceania. 
The comparison between the AHB incidence rates among people born in Italy and foreigners, reported 
by the “Strong Migratory Pressure Countries”, report among foreigners values up to 4 times higher 
until 2008, a difference progressively decreased from 2009 to 2019, when the standardized rates were 0.4 
per 100000 for Italians, and 0.6 for foreigners[26,27].

In Italy, the uninterrupted flux of migrants modified the AHB molecular evolution, where, for 
decades, genotype D was observed in 95% of patients. Coppola et al[28] showed that in 123 AHB-
patients, a significant increase in HBV genotypes non-D, from 11% in 1999-2003 to 41.1% in 2004-2008, 
associated with unsafe sexual habits. In good agreement, Ferraro et al[10] showed a high rate of cases 
with acute hepatitis B due to HBV genotypes non-D in Sicily in 2012 (44% genotype A, 3% genotype E), 
infected mainly through unsafe sexual intercourses.

In 2015, Zuccaro et al[11] reported that HBV genotypes non-D were responsible of nearly half of 103 
consecutive cases of acute hepatitis B, mainly HBV genotypes A and F, associated with unsafe sexual 
exposure. In addition, mutations of antiviral resistance or viral mutants in the antigenic determinant “a” 
of HBsAg have been reported in AHB-patients[28].

Even clinical presentation and outcome of AHB have changed over time in Italy since, in abolishing 
the circulation of the virus in subjects aged 0-41, the universal HBV vaccination has confined acute 
hepatitis B to older ages when the disease is more severe[28,29].
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Figure 1 Geographic distribution of 15117 new cases of acute hepatitis B registered in the surveillance of the integrate epidemiological 
system of acute viral hepatitis (SEIEVA) system from 1991 to 2019, according to the time of occurrence.

EPIDEMIOLOGICAL AND CLINICAL CHANGES OF CHB IN ITALY IN THE LAST 50 YEARS
The worldwide prevalence of subjects with chronic HBV infection is estimated at around 5%, with wide 
differences from a geographic area to another, 0.1%-2.0% in northern America and northwestern 
Europe, 1.0%-8.0% Japan and African countries overlooking the Mediterranean sea, and 8.0%-20.0% in 
Southeast Asia/sub-Saharan regions[16,17]. HBV genotype A prevails in northern America and 
northwestern Europe, HBV genotypes B and C in Asia, genotype D in southern Europe, northern Africa, 
India, and Middle East, HBV genotype E in western Africa, HBV genotype F in southern/central 
America, HBV genotype G in the USA and France, and genotype H in Mexico and some countries of 
South America[30]. CHB, defined as the persistence of HBsAg in serum for more than 6 mo, is a 
dynamic process which develops through five main phases: (1) “Immune tolerant” phase with 
mild/absent necroinflammation with normal/low aminotransferase levels, high HBV DNA levels, and 
HBeAg positivity, with no/slow evolution to fibrosis; (2) “immune reactive phase” characterized by 
liver necroinflammation, increased or fluctuating aminotransferase serum values, low or intermediate 
HBV-DNA level, HBeAg positivity, and progression to liver fibrosis or cirrhosis; (3) “inactive HBV 
carrier state” with low/absent necroinflammation, low/normal aminotransferase serum levels and with 
very low or undetectable serum HBV DNA, commonly, seroconversion to anti-HBe; (4) “HBeAg-
negative CHB” characterized by mild to severe necroinflammation, fluctuating serum levels of 
aminotransferases and HBV-DNA, linked to e-minus HBV variant unable to express HBeAg[31]; and (5) 
“occult HBV infection” with HBsAg negativity and low HBV replication with detection of HBV DNA in 
the liver cells and also in serum (some cases) which clinical impact needs further investigation[32,33].

A complete clinical history should always be the first approach to patients with chronic hepatitis B, 
including family history, alcohol consumption analysis, metabolic risk assessment, and vaccinations 
performed. Physical examination should be complete and especially directed at identifying signs 
indicative of cirrhosis[1]. The laboratory tests useful to define the degree of viral replication and the 
stage of chronic hepatitis include the search for HBeAg/anti-HBe in serum, HBV DNA load, the blood 
count, the detection of aminotransferases, total bilirubin, and alkaline phosphatase serum values, and 
any other tests eventually necessary for the patient under examination[1].

For untreated adult patients, the 5-year cumulative incidence of developing cirrhosis varies between 
8% to 20% across studies, and the risk of HCC from 2% to 5%[1]. Among the instrumental investig-
ations, liver biopsy is needed to evaluate the degree of inflammation and fibrosis, a technique, however, 
sometimes burdened by serious complications, while transient elastography is considered sufficient for 
the evaluation of fibrosis alone; hepatic ultrasound is of great use for monitoring the clinical course of 
liver cirrhosis and, in particular, for the early identification of intrahepatic nodules of HCC. Better 
definition of HCC can be obtained with computed tomography and magnetic resonance imaging.
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Drugs recommended and most frequently used to treat CHB are nucleus(t)side analogues tenofovir 
disoproxil fumarate or tenofovir alafenamide and entecavir, chosen in relation to their high genetic 
barrier, antiviral potency, and excellent profiles of resistance, tolerability, and safety[1,34]. The duration 
of treatment remains indefinite because these drugs suppress HBV replication but do not eradicate viral 
infection and reactivation of both viral replication and chronic disease occurs frequently upon treatment 
suspension, sometimes with a serious clinical impact[1,34].

At the end of 1970s, the HBV endemicity was considered intermediate, with a prevalence of HBsAg 
chronic carriers nearly 3%[35,36] and with an increasing gradient from North to South of Italy, where 
5% of people were HBsAg positive[37,38]. At that time, the main routes of transmission were vertical 
transmission at delivery, intravenous drug use (IVDU), and living with an HBsAg chronic carrier, 
mainly between siblings.

As a result of the reduced HBV circulation, the percentage of HBsAg chronic carriers has decreased 
overtime in Italy. An impressive decline in HBsAg prevalence in children and teenagers has been 
observed even before the universal HBV vaccination had been introduced. As an example, the rate of 
HBsAg positivity decreased from 2.2% in 1980 to 0.8% in 1988 in schoolchildren aged 7-12 years in the 
city of Naples[39]. This decline has been confirmed in subsequent studies in pregnant women tested at 
the delivery[40], and in young adults at their enrolment in the army[41].

The rate of HBsAg positivity in patients with chronic hepatitis of all etiologies, either inpatients or 
outpatients of numerous Italian liver units, was: 61% in 1975[42], 44% in 1980, 34% in 1989[43], and 
12.2% in 2001[43-45]. At present, only 0.8% of subjects born in Italy are HBsAg positive, also thanks to 
the universal HBV vaccination. Additional evidence of efficacy of HBV vaccination in Italy was the 
increase in the mean age of patients with CHB, from 30.8 years in 1980-1989[42] to 57.3 years in 2019[46].

The positive effects of HBV vaccination to reduce levels of HBV endemicity were also observed in 
countries with a high level of endemicity. About that, it seems interesting to evaluate the data reported 
by some authors from China, a nation that like Italy has achieved a remarkable socio-economic 
improvement in the last decades, where an extensive vaccination campaign against HBV infection has 
been conducted. A national cross-sectional epidemiological study performed in China in 1992 reported a 
9.8% rate of HBsAg chronic carriers[47]. A reduction of this prevalence to 7.2%, due also to a series of 
measures implemented by the Chinese government, has been reported by Tedder et al[48] in 2006. A 
tendency to a further decline has been shown by a meta-analysis by Wang et al[49] who, analyzing the 
data published in 27 studies from January 2013 to December 2017, estimated a 6.89 HBsAg prevalence in 
the Chinese population, with more than 90% of HBV infected subjects aging more than 20 years[49]. The 
data reported by the above-mentioned studies indicate that even starting from very high level of 
endemicity, the correct application of general and special prophylactic measures, including a wide 
vaccination campaign against HBV, can yield significant results.

Italy, as mentioned above, has now a country of migration from geographical areas with high or 
intermediate HBV endemicity in the last two decades. Currently, nearly 9% of the 60 million of 
inhabitants are immigrants, of whom the major part has not received HBV vaccination and 250000 are 
estimated to be HBsAg chronic carriers with a 30% rate of HBeAg positivity[50]. The integration of 
immigrants is proceeding slowly, and it is unlikely that their continuous flow could not impair the 
favorable results obtained in Italy in the last five decades. El-Hamad et al[23] observed 3.728 migrants, 
mainly undocumented, 12.4% from northern Africa, 21.4% from sub-Saharan Africa, 16.8% from Asia, 
44% from eastern Europe, and 5.4% from Central/South America, have come to Italy from 2006 to 2010. 
The mean rate of HBsAg positivity was 6%, different in the various geographic groups as well as the 
prevailing HBV genotype, both reflecting those of the country of origin. Coppola et al[13] studied 882 
undocumented migrants/refugees who lived in the South Italy (period of study January 2012-June 
2013), of whom 9% were HBsAg positive. This percentage was 14% in 444 individuals from sub-Saharan 
Africa, 6% in 198 individuals from Eastern Europe, and 2%-3% in the remaining 240 migrants from other 
geographic areas[13]. Zermiani et al[51] found a 3.5% HBsAg positive rate in migrant female sex 
workers. A cross-sectional Italy study[50] carried out in 3760 HBV chronic carriers from February to July 
2008, reported that 37.1% (932 cases) were migrants from Far East, 35.4% from eastern Europe, 17.5% 
from sub-Saharan Africa, 5.5% from northern Africa, and 4.5% from other sites. HBV genotype D was 
detected in 40% of migrants and in 87% of subjects born in Italy. Migrants more frequently than subjects 
born in Italy were HBV-inactive carriers and less frequently showed CHB, cirrhosis, and HCC.

Sagnelli et al[52] evaluated 53 HBsAg chronic carriers with genotype E, immigrated in Southern Italy, 
of whom 47 (88.7%) were from sub-Saharan Africa, 4 (7.5%) from eastern Europe, and 1 (1.9%) from 
Asia. The molecular epidemiology study disclosed four statistically supported clusters and traced the 
genetic evolution and phylogenesis. In addition, phylogenetic analysis on a time scale considering the 
year of arrival in Italy showed that 52 immigrants had contracted genotype E infection in their country 
of origin before they arrived in Italy[52].

CONCLUSION
In Italy, the level of HBV endemicity has progressively decreased over the last 50 years. The main 
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contribution to the downward trend of AHB incidence and of the prevalence of their chronic sequelae is 
mainly attributable to improvement in socioeconomic and hygienic conditions, the effective educational 
HIV infection campaigns, and the HBV vaccination since 1991 continued without interruptions until 
now[43]. There was a consequent strong reduction in the impact of major risk factors for HBV infection 
acquisition. Vertical transmission from HBsAg positive mother to their newborn babies is just a 
memory, due to mandatory determination of serum HBsAg in pregnant women, and to passive and 
active immunization of babies born of HBsAg positive mothers. Besides, the impressive reduction in 
size of families, particularly in the South Italy regions and islands, has strongly impaired HBV 
transmission through household contacts with HBsAg-positive chronic carriers. A strong contribution to 
the significant reduction of HBV endemicity in Italy has been also given by the mandatory screening of 
blood donations for HBV markers and by the remarkable reduction or abolition of improperly sterilized 
instruments for medical, surgical, and cosmetic procedures. Also, the role of IVDU has progressively 
reduced by extension of vaccination to persons aged up to 41. Currently, sexual transmission plays the 
major role in HBV transmission in Italy, due to infrequent use of condom in unsafe sexual activity[53].

As a consequence of the reduced impact of risk factors for HBV infection acquisition, the prevalence 
of HBV chronic carriers in the general population has undergone an impressive continuous decrease 
and to date is 0.8%; similarly, the current AHB incidence B has been reduced to 0.21 per 100000 
inhabitants, higher in males than in females, most of cases occurring in Italian citizens with unsafe 
sexual habits aged over 41 and in unvaccinated migrants[27]. In this regard, most immigrants who come 
to Italy are not vaccinated against hepatitis B and are three times more likely to acquire HBV infection 
than Italian citizens[13,26,52,53]. The WHO Regional Office for Europe strongly motivated the national 
health authorities of the host countries to set up national hepatitis B vaccination protocols for all 
unvaccinated migrants and instruct local health authorities how to apply them[14]. It should be also 
emphasized that HBsAg positive migrants should be entrusted to local healthcare facilities for further 
diagnostic information and clinical therapeutic follow-up.

Like for numerous other sectors of medicine, SARS-CoV2 pandemic has reduced care level also for 
HBV related diseases. In this period, nearly half people worldwide have not been able to enter clinical 
center for HBV prevention, diagnosis, and treatment due to breakdowns or other restrictions on the 
movement imposed by individual governments, absence, or reduction of earnings due to loss of work 
activities and for the subject’ fear to acquire SARS-CoV-2 infection in clinical environments[54]. 
Furthermore, the activity of clinical structures dedicated to HBsAg positive patients has been greatly 
reduced, with a sharp contraction in the number of beds for hospitalization, day hospital facilities and 
healthcare personnel, devolved to assistance for SARS-CoV-2 patients. In Italy, recent web-based survey 
performed by the Italian Association for the Study of the Liver (AISF) registered that a quarter of 
hepatology centers have been transformed into divisions for the management of COVID-19 patients and 
also a quarter of other health services for liver outpatients have been suspended[15]. A continuous 
clinical/therapeutic follow up has been provided only to 32.5% of patients with decompensated 
cirrhosis and to 18% of those with HCC; in addition, 23% of CHB patients treated with nuclo(t)side 
analogues have undergone temporary interruptions of therapy[15]. In this regard international 
guidelines give clear indications on how to apply therapy with entecavir or tenofovir for an effective 
long-term suppression of viral replication in CHB patients: Start therapy at first diagnosis, and then 
continue without interruption to avoid serious and sometimes life-threatening virus reactivations[55,56].

The percentage of subjects vaccinated against COVID-19 in developing countries is decidedly low. In 
addition, many children have not yet been vaccinated and a minority of adults has refused vaccination 
in countries with a high socioeconomic level. All this has favored the development of viral variants 
more and more infectious that is leading the pandemic to its fifth wave. Nevertheless, by reducing 
SARS-CoV-2 circulation, COVID-19 vaccination is exerting a favorable effect on CHB management, 
whose consistency, however, is not yet fully assessable because liver units and transplant centers are 
still suffering severe limitations. Furthermore, most of the damages produced by COVID-19 to patients 
with liver diseases will come both from the delays in screening, diagnosis and start of treatment and 
from the interruptions of clinical activities for outpatients, damages not yet calculable. However, the 
consequences of the first 3 waves of the COVID-19 pandemic have been analysed by Tapper et al[57] 
who reported that all screening procedures were significantly delayed and that this has resulted in a 
substantial increase in early diagnoses in the advanced stages of liver diseases or at the onset of complic-
ations. Analysing the events following the pandemic waves, these Authors identified three phases: The 
first one taking place in lockdown and other social distances, characterized by high priority for the 
needs of COVID-19 patients and a strong delay for elective and routine activities regarding other 
pathologies; the second one following abolition of physical distancing, with a rapid increase in 
morbidity and decompensation of non-COVID-19 diseases and by a crowding of health facilities forced 
to solve old and new problems; a long third stage heavily burdened by consequences of delays in 
diagnosis and start of treatment and by the interruptions of clinical-therapeutic follow-up[57]. More 
tuned with the problems of HBsAg positive subjects, Mandel et al[58] analysed the effect of three waves 
of COVID-19 pandemic on HBV testing volume in Ontario, a state of Canada with a high socioeconomic 
level. Test volume for HBV DNA decreased by 37% during the first pandemic wave, by 27% in second 
one and by 20% in the third one, reflecting reduction in HBsAg testing, 33%, 18% and 15%, respectively. 
These reductions are most likely due to both an adaptation of citizens to subsequent pandemic waves, 
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and a favorable effect of an overtime increase in COVID-19 vaccination coverage.
In numerous developing countries, the COVID-19 pandemic is also severely damaging the programs 

of the HBV-vaccination, as demonstrated by an analysis by the Institute for Health Metrics and 
Evaluation which showed in 2020 a dropped of vaccination activity to 1990s levels[59].

In clinical practice, telemedicine was increased over the past 20 years[60], with a sharp increase in 
2020 and 2021 due to social distancing measures mandatory to curb COVID-19. Consent to the use of 
telemedicine was expressed by American Association for the Study of Liver Diseases and EASL-
ESCMID experts who recommended it in COVID-19 emergency for the care of chronic hepatitis 
patients, those on waiting for liver transplantation, and those already transplanted[61,62]. On the 
strength of the experiences gained in waves of COVID-19, telemedicine can usefully be introduced in 
programs of prevention and screening, diagnosis, clinical, and therapeutic follow-up of HBV patients, 
with particular advantage for those living in rural areas and for those who have serious trouble getting 
to a liver unit.

The COVID-19 has caused quickly significant damage to hepatitis B setting that has lost some of the 
beneficial impact of several scientific research on clinical practice and on technological application, and 
huge economic investments. Local health authorities should monitor the damages inflicted to HBV 
patients by COVID-19 pandemic and work to reduce and, when possible, abolish them. Also, a greater 
spread of telemedicine could reduce the impact of COVID-19 pandemic.

To prevent onset of new SARS-CoV-2 variants highly infectious, nations with high economic levels 
should contribute to increase the coverage of COVID-19 vaccination in low- or moderate-income 
nations; the development of new low-cost vaccines suitable for countries with limited health resources 
will be of help in solving this problem. As far HBV infection, the HBV-universal vaccination must 
continue worldwide without interruption and health authorities should extend their HBV vaccination 
protocols to all unvaccinated migrants.
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Abstract
The rapid progress of research into inflammatory bowel disease (IBD) has 
resulted in increasingly more treatment options. Different options have different 
advantages and disadvantages, and the preferences of patients may also differ. If 
patients can be invited to the formulation of medical decision-making, their 
compliance and satisfaction would be improved, thus possibly achieving better 
therapeutic results. The present review aims to summarize the current literature 
on shared decision-making (SDM) in the management of IBD, with the goal of 
promoting the application of SDM.
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Core Tip: It is often challenging to make therapeutic decisions for patients with inflam-
matory bowel disease (IBD), given the uncertainty of therapeutic options and diverse 
patient values. Shared decision-making (SDM) is a process to formulate treatment with 
patients, trying to clarify and take account of the preferences of patients, increasing their 
compliance and satisfaction. We summarize current evidence and illustrate the necessity 
of applying SDM in IBD management.
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INTRODUCTION
Inflammatory bowel disease (IBD) refers to a group of chronic inflammatory diseases of the 
gastrointestinal tract, mainly including Crohn’s disease (CD) and ulcerative colitis (UC), which are 
lifelong diseases that tend to affect individuals aged 20–40 years[1,2]. IBD affects nearly all aspects of 
living, including patients’ private, occupational and social lives. In total, 50%–80% of UC patients and 
about 67% of CD patients suffer from relapses and remissions, which is a clinical feature of IBD. Around 
15%–30% of UC patients fail to achieve sustained remission, while only 13% of CD patients have a 
relapse-free course[3,4]. Therefore, IBD has a large socioeconomic burden, and direct and indirect costs 
caused by UC reach 0.81–1.49 billion dollars per year in the United States[5].

Previous research on the mechanism of IBD suggests that genetic susceptibility, intestinal microbiota, 
environmental factors (such as diet and stress), and the association between proinflammatory and anti-
inflammatory cells and factors are involved in the occurrence and development of IBD[6,7]. An 
increasing number of therapeutic agents have been investigated, including the tumor necrosis factor 
(TNF)-α antagonist infliximab, and the effectiveness of these agents has been confirmed[8]. Although the 
large number of treatment options available for IBD is a positive aspect, it complicates the choice of 
optimal treatment for individual patients.

TRADITIONAL THERAPEUTIC STRATEGIES
The primary therapeutic aim for IBD is to induce and maintain remission[9], of which mucosal healing 
is the most important target[10]. Besides clinical remission, the most important objective is to achieve 
mucosal healing under endoscopy[1,2,9,11], which is associated with reduction in recurrence, surgical 
interventions, intestinal damage and steroid dependence[12,13]. The current treatment regimens for UC 
and CD are stratified according to severity. A step-up strategy is usually used to treat mild-to-moderate 
IBD[1,2,14]. For example, mild-to-moderate UC would be first subjected to 5-aminosalicylic acid (5-
ASA). When efficacy is unsatisfactory, treatments are escalated to glucocorticoid and/or immunosup-
pressants, while biologicals are usually used as the final resort. By contrast, for severe IBD or steroid-
refractory IBD, immunosuppressants or biologicals may be considered in the earlier stage.

Although the majority of patients with mild-to-moderate UC who receive 5-ASA achieved 
symptomatic relief within 8 wk, 41% of patients who achieve induced remission eventually experience 
relapse[15,16]. Thus, daily medication over a longer period of time is necessary to maintain remission. In 
addition, multiple daily doses of 5-ASA are required in the stage of induced remission, which may 
impair compliance, particularly for outpatients without regular medication reminders. Additionally, 
when 5-ASA administration is reduced to once daily during the induction or maintenance of remission 
stage[16,17], patient compliance may drop to 40%[18]. Poor compliance is a key obstacle for the 
induction and maintenance of remission[19].

Glucocorticoids constitute an important treatment for the induction of remission in active disease, 
particularly in CD. However, about 16% of CD patients do not respond to glucocorticoids after 
treatment for 30 d[20]. In addition, glucocorticoid therapy is often accompanied by a variety of side 
effects, including diabetes, hypertension, opportunistic infections, and osteoporosis[21,22]. More than 
28% of patients with CD develop steroid dependence[20]. Glucocorticoids are not effective in 
maintaining remission, and the risks associated with long-term use are marked; thus, the dose of 
glucocorticoids needs to be tapered at the onset of clinical remission[9,16]. When mucosal remission is 
not achieved, complications such as fistula and stenosis can easily occur[23,24].

Contrary to traditional step-up therapy, the TOP-DOWN trial[25] confirmed that early combination 
of immunosuppressants led to a higher remission rate than standard step-up therapy in patients 
without steroids. Evidence has confirmed that the early use of biologicals may benefit certain patients 
with mild-to-moderate IBD[26]. The CHARM[27], SONIC[24], PRECISE 2[28] and GEMINI 2[29] trials 
demonstrated the advantages of early biological treatment over step-up therapy in patients with CD, 
involving anti-TNFα (infliximab and certolizumab) and anti-integrins (vedolizumab). Without sufficient 
evidence in patients with UC, previous studies showed lower remission rates in patients who had a 
shorter course of the disease[30], while other studies suggested that early use of vedolizumab increased 
remission in patients with UC[31].

However, no consensus has formed regarding the early use of biologicals for patients with mild-to-
moderate IBD. The Pharmaceutical Benefits Scheme (PBS) of Australia specifies that biologicals should 
be considered only when the disease remains clinically active after 6 wk of steroids and 3 mo of 
immunosuppressants[9]. Despite current evidence supporting early use of biologicals, particularly for 
patients with CD, clinical decision-making needs to involve patients when treatment is economically 
demanding. It would be improper for clinicians to use biologicals at an early stage solely relying on the 
personal opinion of the physician, as it could generate conflicts between physicians and patients.

Refractory IBD patients with severe complications (uncontrolled hemorrhage, perforation, abscesses 
or malignancy) are candidates for surgery[1,2]. However, a previous study showed that gastroentero-
logists might differ from IBD patients in the willingness to surgery. Patients were more willing than 
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gastroenterologists to take risks to undergo surgery, and surgeons agreed with patients in the majority 
of cases[32]. The differences in perceptions among physicians and surgeons have a marked impact on 
patients, including the timing of referral for surgery.

Due to the convenience of wide access to information, patients may have their own ideas about 
treatment. Ignoring patients’ values or preferences may lead to patient dissatisfaction, poor compliance, 
and eventually reduced treatment efficacy. Therefore, it is advisable to involve patients in decision-
making and to discuss patients’ preference after they have been fully informed about the treatment 
options, which can share the risks and improve patients’ compliance. This is called shared decision-
making (SDM).

SDM
SDM is an approach where clinicians and patients share the best available evidence when faced with 
decision-making, and that patients are supported to consider options to achieve informed preferences
[33]. Different from traditional diagnosis and treatment procedures, SDM requires that clinicians 
provide alternative choices of examinations and treatments, and describe the associated risks and 
benefits, while patients express their preferences and values, and both sides ultimately make decisions 
that are appropriate and are consistent with patients’ best interests[34].

SDM consists of three key steps: (1) Clinicians inform patients of alternative decisions and provide 
relevant, high-quality, accessible information; (2) Clinicians consider the patients’ values and 
preferences, particularly the most desired therapeutic targets; and (3) Physicians integrate the patients’ 
preferences and values into the decisions to be made[34-36]. The three-talk model is practical to 
distribute the aforementioned three steps into three conversations, including team talk, option talk and 
decision talk[37,38]. In the team talk, physicians first actively promote patient participation, inform 
patients of the current options available for consideration, help patients realize that this is a bidirectional 
treatment requiring their own participation, and allow patients to think about the primary therapeutic 
target. In the options talk, physicians introduce each choice to the patients in detail, including the 
associated advantages and disadvantages, so that patients can compare each option based on their 
values. For example, for patients with CD, it is necessary to discuss treatment options, such as medical, 
surgical, and endoscopic therapy, and evidence-based information should be used to explain the 
remission rate, risks, and costs of each option, so as to objectively demonstrate the advantages and 
disadvantages of each choice to allow the patients to balance the pros and cons of each approach 
according to their own preferences and values. In the decision talk, physicians should elicit the patients’ 
preferences and values; thus, the physicians need to understand what is most important to the patients, 
and make the appropriate decision together with the patients based on the patients’ preferences and 
values. It should be emphasized that it is a course of patients’ deliberation, from the stage of being 
aware of the options to that of understanding those options and having sufficient time to think about 
what is most important to them with the support of the physicians.

Decision aids can be used for patient education during SDM[39,40]. Decision aids are tools based on 
evidence-driven medical information. For example, patients can be intuitively told of the clinical 
remission rate of CD under infliximab monotherapy, and the approximate increased infection rate as 
well. These tools can be accessed online, on paper, or in video form[34,41,42], and aim to help patients to 
make deliberate choices among various treatment alternatives[43]. These tools can help patients to 
obtain relevant clinical evidence, include patients’ preferences when medical decision-making dilemmas 
occur, allow patients to understand the possible long- and short-term results, and promote high-quality 
decision-making. In terms of decision aids for biological agents, Almario et al[44] designed the online 
decision aid tool IBD and me, which covers the commonly used cetuzumab, viduzumab, adalimumab, 
infliximab, galimumab and eutecumab; and introduces the timing and frequency of biological use, route 
of administration, side effects (mainly infectious and oncogenic risks), and common adverse effects of 
hormones and immunosuppressants. A personalized decision preference report can be obtained after 
finishing the questionnaire online.

SDM IN IBD
Surveys have shown that the majority of IBD patients agree to be involved in decision-making, and 
want to be informed about alternative treatments[45-48]. The majority of patients who participate in 
SDM experience improved clinical satisfaction, higher trust in doctors, and better compliance[49-51]. 
However, SDM is not suitable for all cases. Medical decisions include effective decisions and preference-
sensitive decisions[52]. For effective decisions, it has been demonstrated that the benefits outweigh the 
risks, so the decisions are undoubtedly the best strategy. For example, coloproctectomy is required in 
UC patients with complicated colorectal cancer. However, for preference-sensitive decisions, there is no 
sufficient evidence to demonstrate which treatment is the best, as there may be multiple reasonable 
treatment options (even including follow-up observation); thus, the judgement of the benefit/risk ratio 
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falls upon patients, such as whether the treatment target they value has been achieved, or whether the 
side effects they are concerned about have occurred in the past. Of the two decision types, SDM only fits 
in the preference-sensitive decisions, which is often present in the management of IBD. IBD is a complex 
disease with large individual variation, and each treatment has particular advantages and 
disadvantages. Therefore, SDM is suitable for the management of IBD.

In addition to the aforementioned selection of step up therapy or top-down early intervention 
treatment strategy, SDM can be used for choosing biologicals. A number of biologicals are currently 
available for the treatment of IBD, including infliximab, adalimumab, certolizumab, golimumab, 
natalizumab, vedolizumab and ustekinumab, with differences in the mechanism, route of adminis-
tration, and side effects[53]. However, it was not until 2019 that the first head-to-head VARSITY trial[54] 
compared the efficacy and safety of intravenous vedolizumab to subcutaneous adalimumab. Other 
head-to-head trials of different biologicals are still awaited[55]. Clinicians’ selection of biologicals 
especially for CD patients is varied, because the majority of real-world data on CD show no significant 
differences in clinical remission rate[56]. Under these circumstances, it is a preference-sensitive decision 
to choose biologicals. For example, infliximab is administered intravenously, while adalimumab is 
administered subcutaneously, thus the length of hospital stay varies. While infliximab is administered at 
intervals of 0, 2 and 6 wk to induce remission, and then administered every 8 wk, adalimumab is 
administered every 2 wk. In such a case, some patients may be more concerned with the frequency or 
route of administration due to the distance to the hospital, and therefore may choose infliximab 
treatment at longer intervals, whereas other patients may give priority to side effects. In a study 
involving 640 patients with IBD[44], factors that influenced the choice of biologicals for patients with 
UC were in the following order: long-term remission rate, route/frequency of administration, and risk 
of lymphoma. For patients with CD, these factors were short-term remission rate, risk of lymphoma, 
and route/frequency of administration. Of note, a small percentage of patients (3.6%) cited the 
mechanism of action as the primary factor for their selection of a given biological. At the same time, 
physicians’ assumption of patients’ acceptance of biologicals and their preferred route of administration 
differs from the patients’ opinion[57]. If doctors impose on their patients what they think is universally 
applicable instead of incorporating the patients’ preference into the decision-making process, patients 
may be forced to agree to a treatment plan against their own values. Patients who do not trust their 
doctors may develop a self-protective mechanism of rejection, thus leading to poor compliance. This 
awkward situation can be avoided to a large extent by involving patients in the decision-making 
process.

For the past 20 years, it has been discussed whether biologicals alone or in combination with 
immunosuppressants should be used for the treatment of IBD. The results of the SONIC study showed 
the advantages of the combination treatment[58]. Infliximab combined with immunosuppressants 
achieved higher rates of clinical remission and mucosal healing compared with infliximab or 
azathioprine alone in corticosteroid-free patients with CD. This may be associated with the fact that 
immunosuppressants reduce the generation of antidrug antibodies and increase the blood concentration 
of biological agents[58,59]. Although there is increasing evidence that combination treatment is superior 
to single-drug treatment[59-61], and the early use of infliximab with azathioprine or methotrexate for ≥ 
1 year has been recommended[62], to date, not all the studies support the use of combination treatment, 
particularly in the case of biologicals other than infliximab[63-67]. In terms of safety, previous studies 
have shown that biologicals combined with immunosuppressants can increase the incidence of infection 
and malignancy[68-72]. Therefore, the benefit/risk ratio remains unclear regarding the combination of 
biological agents with immunosuppressants; thus, clinicians need to explain the benefits and risks to 
patients. More importantly, the preferences of the patients need to be considered to determine whether 
the patients would be willing to accept the risk of increased infection and tumor incidence to achieve an 
increase in remission rate. By involving patients in the decision-making process, the risk of increased 
side effects can be shared by both doctors and patients.

IBD patients have a risk of relapse after reduction or withdrawal of 5-ASA, glucocorticoids, 
immunosuppressants, biologicals, or combination therapy. Approximately 30% of patients with CD or 
UC who stop immunosuppressant monotherapy relapse within 2 years, while 50%–75% relapse within 5 
years. By contrast, the risk of relapse after stopping anti-TNF therapy is 30%–40% at 1 year and > 50% at 
2 years[73]. The therapeutic cost associated with the long-term use of aforementioned drugs is high, and 
some side effects may be related to the duration of use, such as the risk of cancer after the use of 
biologicals. Therefore, whether the treatment should be stopped or the dose tapered needs to be 
weighed with regard to the possible benefits, costs and risks, and decisions must be made individually. 
Given the high recurrence rate of IBD and the uncertainty about the optimal timing for clinical, 
biochemical and endoscopic follow-up, follow-up plans after drug withdrawal or dose reduction should 
also be made together with patients, taking their preferences into account[73].

As mentioned above, in addition to requiring informed consent, whether patients with IBD should 
undergo surgery also requires SDM. Controversies exist regarding the choice of surgery[74]. Ileal 
pouch–anal anastomosis (IPAA) has become the standard surgical option offered to patients with UC, 
with endoanal mucosal resection being the second choice. IPAA preserves the anal transition zone, 
which improves fecal continence. However, the elimination of colonic mucosa is the goal of surgical 
intervention; thus, what IPAA preserves will put the patient at risk of developing dysplasia and 
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Figure 1 The reasons and fields of application for shared decision making in inflammatory bowel disease treatments. IBD: Inflammatory 
bowel disease; SDM: Shared decision making.

residual disease in the remaining anal canal epithelium, while mucosectomy can decrease dysplasia 
risk. Therefore, doctors and patients should balance the benefits against potential relapse and malignant 
change in the retained mucosa.

DISCUSSION
In multiple aspects of IBD management, SDM has shown potential. We believe that SDM can and 
should be used in IBD therapy (Figure 1). As mentioned, the treatment of IBD is a preference-sensitive 
choice; the advantages and disadvantages of which need to be weighed by the patients. Clinicians need 
to invite patients to the decision-making process, even though not all situations are suitable for SDM. 
For example, when perforation occurs in a UC patient with toxic megacolon, there is no doubt about the 
choice of treatment, but patients still need to be aware of the need to undergo surgery. Therefore, 
clinicians must determine whether it is a preference-sensitive decision and whether SDM is required. If 
patients decline to participate in the SDM even after multiple invitations by doctors, clinicians may not 
have to continue spending their time on persuading patients.

SDM is a type of informed consent based on evidence-based medicine, putting forward certain 
requirements for doctors and patients. Challenges inevitably exist in the implementation of SDM. From 
the aspect of clinicians, as mentioned above, it is important to consider whether doctors are fully aware 
of the pros and cons of the drugs they choose as new treatments emerge and research advances rapidly. 
Although it can be resolved with the help of decision aids tools, the tools also should be updated 
continually. In addition, clinicians should have the awareness and techniques of SDM, and need to 
receive professional education. With the SDM skills, physicians’ willingness to impart relevant 
knowledge to patients should be emphasized. In addition, different perceptions of IBD between 
physicians and surgeons may influence patients’ perceptions. However, it is worth mentioning that 
diagnosis and treatment after discussion with a multidisciplinary team is a model that will help bridge 
the cognitive gap between physicians and surgeons. IBD patients’ preferences and disease patterns vary
[44], meaning that no SDM plan fits all patients once and for all. Doctors need to be flexible, and patients 
need to have unlimited access to information and they should be actively invited to the decision-making 
process. The implementation of SDM undoubtedly needs policy support. For example, biologicals 
obtained in a first-tier city may not be available in other less-developed cities, which is a restriction for 
SDM. Unfortunately, SDM is not adequately addressed in current medical education, leading to less 
awareness of what it is and how to implement it. Therefore, we can’t emphasize it too much that the 
healthcare providers should be trained in their early stage of career to increase the benefits of 
implementing of SDM. And the early stage training hopefully will cultivate physicians’ habit 
unconsciously to take advantage of SDM in the medical practice.

These challenges need to be carefully considered before SDM can be implemented. Although SDM is 
theoretically suitable for patients with IBD, studies comparing SDM with traditional decision-making 
methods remain sparse and are eagerly awaited in the future. We hope that this review will promote the 
use of SDM in the management of IBD.
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CONCLUSION
The investigations delineated in the present article revealed the dilemma of choosing individualized 
treatments for patients with IBD. We also discussed the advantages of SDM and the aspects in which 
SDM can be used. Current evidence showed the limitations of conventional step-up therapy for IBD. 
However, lack of head-to-head clinical trials and diverse treatment preferences of patients lead to 
difficulty of individualized decision-making. We demonstrate the latest advance of SDM with the 
support of clinical data, hoping that SDM will be better used by physicians caring for IBD patients.
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Abstract
Liver is the most common site of metastases of colorectal cancer, and liver 
metastases present with distinct histopathological growth patterns (HGPs), 
including desmoplastic, pushing and replacement HGPs and two rare HGPs. 
HGP is a miniature of tumor-host reaction and reflects tumor biology and 
pathological features as well as host immune dynamics. Many studies have 
revealed the association of HGPs with carcinogenesis, angiogenesis, and clinical 
outcomes and indicates HGP functions as bond between microscopic character-
istics and clinical implications. These findings make HGP a candidate marker in 
risk stratification and guiding treatment decision-making, and a target of imaging 
observation for patient screening. Of note, it is crucial to determine the underlying 
mechanism shaping HGP, for instance, immune infiltration and extracellular 
matrix remodeling in desmoplastic HGP, and aggressive characteristics and 
special vascularization in replacement HGP (rHGP). We highlight the importance 
of aggressive features, vascularization, host immune and organ structure in 
formation of HGP, hence propose a novel "advance under camouflage" hypot-
hesis to explain the formation of rHGP.

Key Words: Colorectal cancer liver metastases; Histopathological growth pattern; 
Desmoplastic histopathological growth pattern; Replacement histopathological growth 
pattern; Prognostic value; Vessel co-option
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Core Tip: Histopathological growth pattern (HGP) reflects tumor–host interaction, vascularization, 
aggressiveness and immune infiltration. Remarkable performance on predicting survival and recurrence 
and distinct response to therapies makes HGP a promising prognostic biomarker and stratification 
parameter in pretreatment decision-making. Exploiting on mechanism of HGP would provide potential 
therapeutic targets. In this context, we propose one novel “advance under camouflage” hypothesis to 
interpret formation of replacement HGP.
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INTRODUCTION
Colorectal cancer (CRC) is the third most frequent tumor worldwide and the second most common in 
Europe. In diagnosed CRC, 20%–25% of patients are classified as stage IV and 15%–25% of those 
develop liver metastases[1]. For these whose metastases are confined to the liver, the only opportunity 
to cure is radical surgical resection. However, not all patients are fit for surgery and there is still a high 
rate of intrahepatic recurrence after curative resection. Therefore, the attempt on seeking for more 
comprehensive prognostic and stratification markers is of utmost importance. Deriving from this aim, 
the invasive margin as one pathological variable was selected to construct a prognostic system for rectal 
cancer patients[2]. There, tumor margin was classified into expanding type (pushing or well circum-
scribed) and infiltrating type. Based on these studies, the histopathological growth pattern (HGP) 
initially came into shape.

In 2016, international consensus guidelines[3] for scoring HGPs of liver metastasis were produced. 
Three common HGPs, i.e., desmoplastic HGP (dHGP), pushing HGP (pHGP) and replacement HGP 
(rHGP), and two rare HGPs, i.e., sinusoidal HGP and portal HGP are described in these consensus 
guidelines. In principle, HGPs could be distinguished according to the character of the invasive margin 
and morphology of the tumor, which is usually observed in light microscopy on standard hematoxylin 
and eosin (H&E)-stained tissue sections. Distinct biological and invasive patterns are presented in 
different HGPs. The key histopathological characteristic of dHGP is that there is a broad desmoplastic 
rim at the tumor periphery, which separates tumor cells from normal liver tissue. rHGP tumor cells 
mimic the liver architecture and replace the hepatocytes within liver plates, and the tumor displays an 
infiltrative border and irregular contours. pHGP tumor expands in a pushing way and the adjacent liver 
is compressed. Its interface is as sharp as that of dHGP but without a desmoplastic rim[3]. Figurative 
knowledge of dHGP and rHGP is presented in Figure 1.

PROGNOSTIC VALUE OF HGPS
Frequently, HGP predicts overall survival and recurrence in patients resected for CRC liver metastasis 
(CRCLM). HGPs have been extensively characterized not only in liver metastases but also in the 
primary cancer and metastases in lung, brain and skin; therefore, there are different categorization 
about HGPs in different tissues. They are ordinarily classified into dHGP and non-dHGP or expanding 
and infiltrative HGP[2] when used as prognostic biomarkers. In this fashion, dHGP refers to pure dHGP 
with a 100% desmoplastic interface on every section, while non-dHGP actually includes pushing, 
replacement and a mixed (pushing-replacement) pattern. As the major form in most cases, rHGP 
represents non-dHGPs and infiltrative HGP. One of the most important findings from studies on 
predictive value of HGP is that CRCLM patients with dHGP, especially pure dHGP, are prone to longer 
overall survival. dHGP is verified as an independent factor for superior overall survival (OS) and 
progression-free survival (PFS)[4-8], while non-dHGPs are strong prognostic indicators of worse 
survival[8-14]. More than in CRCLM, a similar trend has been observed in liver metastases from 
cutaneous melanoma[15], which implies that the prognostic value of HGP is generally applied in 
various liver metastases.

For CRCLM patients who have undergone hepatectomy, high recurrence rate may cause repeat 
resection and impair their survival. Non-dHGP might be responsible for this damage from intrahepatic 
as well as overall recurrences[12]. Compared with dHGP, rHGP and pHGP more frequently experience 
multiorgan recurrence, while dHGP has more liver-limited disease recurrence[16-18]. Evidence supports 
that dHGP predicts good outcomes, but the infiltrative pattern or rHGP indicates poorer outcomes and 
higher recurrence. In this context, we provide an overview of studies focusing on prognostic and strati-
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Figure 1 Formation and mechanism of desmoplastic histopathological growth pattern and replacement histopathological growth pattern. 
A: Cancer cells originating from colorectal cancer arrive in the liver via portal vein, adhere to lumen of liver sinusoid and migrate with extravasation through fenestrae 
on liver sinusoidal endothelial cells (LSECs); B: There is a desmoplastic rim in interface of tumor with desmoplastic histopathological growth pattern, with tumor cells 
destroying liver plate, causing immune infiltration and extracellular matrix remodeling induced by activated fibroblasts and deposited fiber. Both angiogenesis and 
necrosis are presented in the tumor; C: In replacement histopathological growth pattern, tumor cells with highly migration and invasion replace hepatocytes and co-
opt LSECs but without disturbing the liver structure and extensive immune infiltration. dHGP: Desmoplastic histopathological growth pattern; rHGP: Replacement 
histopathological growth pattern.

fication value of HGPs in Table 1.
Apart from predicting survival, the growth pattern of primary CRC was also found to predict the 

HGP of liver metastases. The primary CRCs with expanding growth pattern significantly tend to form 
dHGP liver metastasis, while CRC patients presenting with infiltrating growth pattern are more likely 
to have rHGP liver metastasis[19]. It seems that some invasive characteristics are inherited from primary 
tumor to secondary metastases. However, there are few reports about this. Wu et al[19] found several 
specific gene mutations, among which representative gene mutation PIK3CA appearing in 40% of 
primary CRC patients with dHGP liver metastasis was speculated to mediate vascular development and 
angiogenesis through the vascular endothelial growth factor (VEGF) signaling pathway, further 
supporting dHGP. Nevertheless, these findings have not revealed the genomic correlation between 
growth pattern in primary CRC and HGP in liver metastases.

Some relevant factors such as surgical margin, immunoscore[20] and glucose uptake[21,22] were also 
widely investigated as predictor in outcomes of CRC. The combination of HGP with resection margin, 
parameters of immune status, genes and metabolism also paves the way for creating comprehensive 
and accurate predictive models. Surgical margin in tumorectomy is a critical but controversial issue as 



Kong BT et al. Implications and mechanism of CRCLM HGP

WJG https://www.wjgnet.com 3104 July 14, 2022 Volume 28 Issue 26

Table 1 Studies on stratification value of histopathological growth pattern in colorectal cancer liver metastasis

Year Factors Prediction Distribution of HGPs Ref.
Survival stratification

2018-
2019

dHGP and rHGP (based on 
radiomics)

dHGP vs rHGP and mixed HGP: longer PFS 
(no detail)

119 patients: dHGP (206 lesions), rHGP (140 lesions) Wei et al
[43]

2004-
2019

Pushing GP and infiltrative 
GP

Infiltrative GP vs pushing GP: Worse OS (50.2 
mo vs 92 mo) and DFS (10.5 mo vs 21.5 mo), 
higher intrahepatic recurrence (75% vs 20%)

266 patients: Infiltrative (n = 182, 68.4%) and 
pushing (n = 84, 31.6%)

Jayme et al
[16]

2005-
2017

dHGP and non-dHGP group; 
metabolic-clinical risk score 

dHGP vs non-dHGP: Longer 5 yr OS (83.3% 
vs 34.3%) and 10 yr OS (62.5% vs 22.8%) and 
DFS (14.4 mo vs 8.3 mo)

108 patients: dHGP (26, 20%), non-dHGP (38, 35%) Bohlok et al
[23]

2000-
2015

dHGP and non-dHGP; 
positive resection margins 
(R1) and negative resection 
margins(R0)

Non-dHGP vs dHGP: worse OS (50 mo vs 80 
mo), higher risk of positive resection margins 
(76.6% vs 23.4%)

1302 patients:  dHGP (305, 23%) and non-dHGP 
(997, 77%); R1 (170, 13%) and R0 (1132, 87%)

Nierop et al
[9]

2004-
2017

dHGP and non-dHGP, 
clinical risk score, the 
immunoscore

dHGP vs non-dHGP: Higher immunoscore 
(51.9% vs 33%), longer relapse free survival 
(32 mo vs 12 mo) and OS (not reached vs 40 
mo)

166 patients: dHGP (54, 32.5%), non-dHGP (112, 
67.5%)

Liang et al
[4]

2012-
2017

Expanding GP, infiltrating 
GP; low tumor budding 
score, and Crohn's disease-
like response 

Expanding GP in primary CRC: dHGP liver 
metastasis and better OS (no detail); infilt-
rating GP in primary carcinoma: rHGP liver 
metastasis and worse OS (no detail)

29 patients; primary CRC: expanding GP (11, 37.9%) 
and infiltrating GP (18, 62.1%); liver metastasis: 
dHGP (15, 51.7%) and rHGP (14, 48.2%)

Wu et al[19]

2000-
2015

dHGP and non-dHGP dHGP vs non-dHGP: More liver-limited 
disease recurrence (43% vs 31%); less 
frequently experience multi-organ recurrence 
(19% vs 34%)

690 patients:  dHGP (173, 25%) and non-dHGP (517, 
75%) 

Nierop et al
[17]

2000-
2009

Infiltrative and pushing 
tumor margin

Infiltrative margin vs pushing margin: poorer 
5 yr DFS (20.2% vs 40.5%)

91 patients:  infiltrative margin (54, 59.3%) and 
pushing margin (37, 40.7%)

Pinheiro et 
al[12]

2007-
2011

dHGP, rHGP, pHGP, mixed 
HGP

rHGP vs dHGP, pHGP and mixed HGP: 
Poorer OS (22.8 mo vs > 60 mo, 44.2 mo and 
40.3 mo)

217 patients:  pHGP(33%), dHGP(32%),  rHGP(11%) 
and mixed HGP(24%)

Nielsen et al
[8]

1997-
2005

dHGP, rHGP, pHGP, mixed 
HGP

pHGP vs dHGP, rHGP and mixed HGP: 
Poorer 2 yr OS (43.8% vs 72.5%, 70.2%, and 
54.3%)

205 patients:   pHGP (15.6%), dHGP (34.6%), rHGP 
(27.8%) and mixed HGP (17.6 %)

Van den 
Eynden et al
[13]

Therapy response stratification

2000-
2016

dHGP and non-dHGP Non-dHGP: Superior response to adjuvant 
systemic chemotherapy on improving OS and 
DFS but only in patients that were not treated 
with chemotherapy

1236 patients; 580 not pretreated patients (46.9%): 
dHGP (91, 15.6%) and non-dHGP (489, 84.4%); 656 
pretreated patients (53.1%), dHGP (189, 28.8%) and 
non-dHGP (467, 71.2%). 

Buisman et 
al[27]

2000-
2015

dHGP and non-dHGP dHGP vs non-dHGP: Better 5-year PFS (50% 
vs 19%) and 5 yr OS (70% vs 37%) but only in 
chemo-naive patients with resecting CRCLM

732 patients; in the chemo-naive patient cohort (n = 
367), dHGP (68, 19%) and non-dHGP (299, 81%); in 
the neoadjuvantly treated patient cohort (n = 365), 
dHGP (109, 30%) and non-dHGP (256, 70%)

Galjart et al
[6]

2010-
2013

dHGP, rHGP, pHGP, mixed 
HGP

pHGP: Worse OS and DFS; significantly 
associated with Oxaliplatin-based 
chemotherapy

110 patients: pHGP (33, 30%), dHGP (23, 21%), 
rHGP (19, 18%) and mixed HGP (34, 31%)

Falcao et al
[11]

HGP: Histopathological growth pattern; GP: Growth pattern; dHGP: Desmoplastic histopathological growth pattern; rHGP: Replacement histopathological 
growth pattern; pHGP: Pushing histopathological growth pattern; OS: Overall survival; DFS: Disease-free survival; PFS: Progression-free survival.

biologic factors driving margin-based differences may lead to the need for larger surgical margins, 
which indicate less chance of residual tumor cells and recurrence. Nierop et al[9] found that patients 
with non-dHGP are at higher risk of positive resection margins. It seems to be necessary to enlarge 
resection margin size when tumors present more aggressive borders or worse HGPs. Partly answering 
this question, Jayme et al[16] found that those with infiltrative-type borders indeed presented with 
worse overall and disease-free survival, and had a 2.32 higher risk of hepatic recurrence than patients 
with pushing borders. However, a larger resection margin (> 10 mm) in patients with infiltrative 
borders did not affect the prognosis. It could be pointed out that what really counts is tumor biology 
rather than tumor size. In parallel with HGPs, high preoperative glucose uptake representing high 
metabolism rate is associated with poor prognosis in CRCLM[21,22]. When integrating preoperative 
metabolic parameters with HGPs, the postoperative prognostic value could be improved[23]. As 
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expected, similar results appeared in studies on correlation between HGPs and immunophenotype and 
genomic mutation[19,24].

HGPS AND THERAPIES
HGP is also a useful tool to stratify patients for their response to therapy. For both resectable and 
unresectable patients, additional chemotherapy and angiogenesis inhibitors (AIs) are regarded as 
essential adjuvant therapy, however, their timing of administration and effect remains a matter of 
debate. Previous studies showed perioperative chemotherapy was not that beneficial as expected[25,
26]. Retrospective analysis on long-term outcomes of 236 resectable CRCLMs suggested that there were 
no measurable differences between groups receiving adjuvant and perioperative chemotherapy[26]. 
Whereas an interesting phenomenon is that the effectiveness of adjuvant therapies varies with different 
HGP subgroups. For patients who were not pretreated with chemotherapy, non-dHGP subgroup have 
longer OS and disease-free survival (DFS) after adjuvant chemotherapy[27]. dHGP and pHGP are more 
sensitive to triplets + cetuximab and triplets + bevacizumab, respectively, while rHGP has poor 
response to the both therapies[28]. In other words, HGPs may determine the sensitivity to 
chemotherapy and AIs. Besides, chemotherapy somehow changes the component of HGPs. One study 
found more than half (55%) of chemonaive resected CRCLMs showed rHGP, while patients with 
neoadjuvant therapy presented the opposite phenomenon, in which dHGP comprised the major 
proportion (66%)[6]. Chemotherapy as an independent relevant factor induced an HGP phenotypic 
change with an increase of dHGP. A similar trend was shown in another study in which Nierop et al[29] 
evaluated the effect of preoperative systemic chemotherapy on the HGPs of CRCLM, and obtained 
multiple verification in three independent cohorts. Conclusively, HGP could be a stratification factor 
when considering the effectiveness of adjuvant chemotherapy after resection.

The remarkable results with AIs in preclinical studies brought hope to patients; however, with 
passing decades, AIs have failed to demonstrate a survival advantage. Increasing findings strongly 
imply that rHGP is insensitive to AIs and increasing proportion of rHGP furtherly drives reactive 
resistance after AIs therapy, all of which is mainly due to vessel co-option being as predominant 
vascularization. Serial clinical studies in patients with liver metastases verified that rHGP is prevalent in 
post-treatment patients and rHGP subgroup poorly responds to AI therapy[30]. Whereas, supple-
mentary inhibition of rHGP through suppressing cancer cell motility and migration facilitated effect-
iveness of AIs in vivo. Other direct evidence supporting vessel co-option (rHGP) as a mechanism of 
acquiring resistance to AI therapy was obtained from an orthotopic human hepatocellular carcinoma 
(HCC) model[31]. The researchers paid more attention to vascularization within the tumor instead of 
the interface between the tumor and liver, and found the number of co-option vessels was elevated from 
23.3% in untreated controls to 75% in resistant tumors, along with a shift from angiogenesis (dHGP) to 
vessel co-option (rHGP)[31]. These observations make it clear that rHGP induces resistance to AI 
therapy in in vivo and in vitro.

Collectively, HGPs determine the sensitivity to therapy, and both chemotherapy and AIs somehow 
change the components of HGPs. Chemotherapy tends to the change with increase of dHGP, while AIs 
make a shift from angiogenesis (dHGP) to vessel co-option (rHGP). Considering prognostic significance 
and drug response of HGP in liver metastases, HGP could be used to guide treatment for CRCLM 
patients, select out ideal subgroup, design precision therapy for individual patient, even develop 
approaches to transform HGP of drug-resistant group to one sensitive type so that they can benefit from 
current therapy.

HGPS AND VASCULARIZATION
Tumors adopt various forms of vascularization, among which, angiogenesis occupies a dominant 
position. Yet, increasing evidence shows that vessel co-option is a crucially alternative nonangiogenic 
strategy by which tumor cells hijack the pre-existing vessels instead of creating new vessels and gain 
access to nutrients to support tumor survival, growth and metastasis. Different HGPs correspond with 
distinct vascularization patterns, which also vary with metastatic organs. In CRCLM, rHGP and dHGP 
obtain blood supply via different routes, i.e., the former is vessel co-option while the latter is sprouting 
angiogenesis. This difference of vascularization contributes to distinct therapy response.

For a long time, dHGP has been known to represent an angiogenic growth pattern. Different from 
rHGP, tumors with dHGP completely destroy liver architecture and form neovascularization. 
Chemotherapy and antiangiogenic agents caused 100% necrosis and few surviving carcinoma cells left 
under the desmoplastic rim[32]. It is believed that leakiness of immature vascular allows cytotoxic 
agents sufficient interaction with malignant cells contributing to more efficient of chemotherapy on 
dHGP. In the process of sprouting angiogenesis, with extracellular matrix (ECM) and basement 
membrane degrading, endothelial cells and pericytes proliferate, migrate and eventually form immature 
vasculature[33,34]. Like a double-edged sword, abnormal basement and loose pericytes of new vessels 
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lead to leakiness and heavily impair blood supply to the whole tumor which causes hypoxia and 
acidosis[35]. This leakiness may affect drug delivery and only after normalizing the abnormal tumor 
vasculature can chemotherapy as well as oxygen efficiently penetrate throughout tumor[35]. AIs has 
been verified with the ability to prune proliferating vessels, render tumor vasculature normalized and 
enhance the delivery and efficacy of cytotoxic agents[36,37]. Collectively, sprouting angiogenic vascular-
ization contributes to favorable effect of chemotherapy on dHGP.

In contrast, rHGP tumors expand in a “conventional way” by replacing liver cells, attaching liver 
sinusoidal endothelial cells (LSECs) and co-opting liver vessels with liver structure preserved. The data 
from Frentzas and colleagues[30] provide direct evidence supporting cancer cells utilizing pre-existing 
sinusoidal blood vessels in rHGP liver tumors. They found invading tumor cells followed the “RR” rule 
that tumor cells replaced hepatocytes in the liver parenchyma but respected the sinusoidal blood 
vessels, leaving the sinusoidal space complete. Sinusoidal vessels with one end embedded in the tumors 
were frequently observed, with the other end originating from normal liver. Different from dHGP, there 
were more mature vessels in continuity with the sinusoidal network in rHGP. rHGP lesions preserve 
more viable carcinoma cells, more microvascular density (MVD) and showed no necrosis after 
chemotherapy and antiangiogenic agents[32].

These vascularization characteristics could partly explain why rHGP tumors initiate less response to 
chemotherapy and antiangiogenic therapy than dHGP tumors do, and even resistance to antiangiogenic 
therapy. Tumor with rHGP lacks proliferating vasculature, while the co-opted liver sinusoidal capillary 
network as a mature and endogenous vascular network does not respond to AIs. Current studies on 
vascularization of HGPs extensively pay attention to tumor periphery other than central region, and 
particularly co-option vessels were only observed in interface. In this case, what the vascularization in 
central region of rHGP tumor requires further investigation.

IDENTIFYING HGPS IN NONINVASIVE METHODS
In spite of strong prognostic and stratification value, HGP has not been put into clinical decision-
making, which is mainly because of its limitation of requiring histopathological assessment of surgical 
resection specimens. Thus, a noninvasive method identifying HGP is urgently needed, especially when 
selecting optimal therapies for patients with untreated and unresectable liver metastasis and predicting 
their survival for long-term healthcare. Rim enhancement as a hotspot topic has attracted much 
attention. Radiomics stands out with a remarkable performance in identifying HGPs and predicting 
outcomes and several novel predictive models combining morphological score or not have superior 
ability to conventional response evaluation criteria.

Over the years, several noninvasive approaches, such as computed tomography (CT), magnetic 
resonance imaging (MRI) and ultrasound, were used to identify HGP and explore their correlation with 
response to therapy and even survival forecasting. There are some common imaging features of HGPs, 
e.g., a significantly enhanced rim and clear tumor–liver interface in dHGP, compared with an indefinite 
margin and no rim enhancement in rHGP. Earlier studies on the correlation between radiology images 
and morphological features concentrated on rim enhancement since knowledge on HGP was 
insufficient. In the 1990s, scientists studied the enhancing rim through comparing radiology images 
with histopathological slides, attributed this phenomenon to blood flow and perfusion and believed that 
the morphological substrate of rim enhancement of colorectal metastases seen by CT was compressed 
liver parenchyma[38]. The compressed liver parenchyma lacked a portal blood supply but was 
compensated by an increase in the arterial blood supply, and the rim enhancement of metastases could 
only be seen during hepatic arteriography. Similarly, Terayama et al[39] found two-way blood flow 
between the tumor and the adjacent liver tissues contributed to peritumoral enhancement. This 
abnormal blood circulation and occlusion in the tumoral–peritumoral area caused sinusoidal 
congestion, the thickness of which reflected thickness the perilesional hyperintense rim[40]. The 
findings from Semelka et al[41] implied that the level of compression of hepatic parenchyma was not 
positively correlated with the degree of perilesional enhancement. The concomitant reactions such as 
peritumoral desmoplastic reaction, vascular proliferation and peritumoral inflammation contributed a 
lot to the increase in rim enhancement. Above all, these findings on the mechanism of rim enhancement 
focusing on inflammatory infiltration and reactive vascularization step forward to comprehensive 
knowledge on HGP.

Nevertheless, in some cases, it is difficult to recognize some minor differences in rim enhancement 
because distinct vascularization for HGPs cannot be exactly and quantitatively identified visually. 
Current studies have focused on the correlation between HGPs and radiomics. Radiomics is a promising 
tool to predict HGPs but still faces great challenges. Radiomics containing pre- and post-contrast 
(arterial and portal venous phase) multidetector CT images were demonstrated to improve distin-
guishing accuracy on HGPs in the training cohort[42]. Importantly, the performance predicting HGPs of 
radiomics models alone did not differ from combining clinical and qualitative imaging factors[42]. 
Given the diagnostic performance of this model with area under the curve > 0.9, another study verified 
its potential for predicting survival[43]. In unresected patients additionally treated with bevacizumab-
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containing chemotherapy, the dHGP subgroup had > 1-year PFS, which was in line with HGP 
prediction on resected specimens[43].

CT criteria based on morphological forecast outcomes superior to Response Evaluation Criteria In 
Solid Tumors (RECIST) based on tumor size and number[44,45]. A radiomics model based on tumor-
liver interface exhibited better predictive value compared with a model based on tumor zone; 
nevertheless, combination of the two models was superior to any single one, even clinical model[46]. 
Some evaluative and predictive models, e.g., SPECTRA-score[47] based on a radiomic nomogram, 
displayed superior sensitivity and accuracy to standard evaluation with RECIST 1.1. Even though CT, 
MRI and positron emission tomography/CT have comparative diagnostic value in detecting CRCLM, 
gadoxetate-disodium-enhanced MRI was found to have greater accuracy in a systemic review[48]. These 
imply that the combined prediction model of morphological characteristics and imaging studies 
perform better than the mono-model.

UNDERLYING MECHANISM OF HGPS
dHGP: Immune infiltration and ECM remodeling
Immune infiltration: The tumor microenvironment not only carries out major tumor-relevant activities 
including antitumor response and stromal remodeling but also involves in formation of distinct 
pathological phenotypes. The immunoscore of patients with dHGP remains high, which implies that 
dHGP is an abundant immune status. As unique marker of dHGP tumor, the desmoplastic rim usually 
indicates active antitumor response meanwhile rim itself is a product of matrix deposition and immune 
infiltration. Here, adaptive lymphocytes participate in both cytotoxic and immunosuppressive effects. In 
dHGP, there was an increase of CD3+ T cells, CD8+ T cells, CD20+ B cells and CD8/CD4 ratio; all of 
which enhance antitumor immunity, while decrease of CD4+ T cells[4,5]. That this phenomenon 
appeared in peritumoral and intratumoral regions and even distant tumor-free liver but not peripheral 
blood suggested local immune situation instead of systemic immunity drove and determined the HGP 
phenotype. In dHGP, Eefsen et al[49] observed macrophages accumulating at the tumor border in 
patients given neoadjuvant chemotherapy and higher level of urokinase-type plasminogen activation 
receptor in chemonaive patients. As part of the plasminogen activation system, urokinase-type 
plasminogen activation receptor is mainly expressed in macrophages and myofibroblasts and some 
cancer cells[50], and induces changes in the macrophages during tumor invasion. Therefore, higher 
urokinase-type plasminogen activation receptor expression in desmoplastic metastases may be a 
secondary reaction of the tumor cells to the desmoplasia.

ECM remodeling: Desmoplasia is also a host-specific reaction to protect against malignant cells 
invasion of adjacent parenchyma and plays a protective role in tumor progression. On formation of 
desmoplasia, cancer-associated fibroblasts (CAFs) play a pivotal role through producing collagen and 
fiber, coupled with the role of self-produced cytokines and growth factors, thereby remodeling the ECM
[51]. When stromal content automatically decreases within tumor microenvironment or inducing 
stromal depletion with medication, e.g., type I collagen, the tumor will become more aggressive, with 
lower tissue stiffness and rapid growth, leading to poorer overall survival of the host[52]. This 
desmoplastic capsule mainly consists of collagen fibers originating from activated myofibroblasts. 
Capsule formation typically occurs when there is a high level of infiltration by CD4+, CD45RO+ and 
CD8+ T cells in the near stromal region[53]. However, the distant stromal area with low density of 
immune cells hardly ever forms a capsule. The desmoplastic rim may be a complicated collection of 
several components, e.g., fibers, blood vessels, fibroblasts and immune cells. This rim originates from the 
antitumor response, and functions as a barrier separating malignant cells from normal tissues.

rHGP: Aggressive characteristics and special vascularization 
Metastatic capability: Cell motility, invasion and migration: To our knowledge, rHGP was initially 
described as infiltrating growth pattern[2] other than replacement growth pattern, implying that this 
type of tumor has aggressive biology and is prone to adopt an infiltrative growth patten. Tumor cells 
with rHGP present a highly motile, invasive and adhesive phenotype, which accelerates infiltration of 
the adjacent liver and utilizes the pre-existing vasculature.

For molecules involved in cancer cell motility supporting rHGP, the actin-related protein 2/3 
(ARP2/3) complex is indispensable. It has been demonstrated ARP2/3 mediates the nucleation of actin 
filaments at the frontier cells to drive cell movement and facilitate the motility and invasion of breast 
and colorectal cancer cells[54]. ARP2/3 subunit ARPC3 is highly expressed in rHGP human CRCLM 
specimens, and its knockdown results in a significant decrease of rHGP in animal models[30]. In vitro 
data have shown that ARPC3 silencing suppresses migration other than proliferation of CRC cells. 
Apart from ARP2/3, Runt-related transcription factor (RUNX)1 also regulates motility and 
epithelial–mesenchymal transition (EMT) in cancer cells. As a key upstream transcriptional regulator of 
ARP2/3, RUNX1 is overexpressed in rHGP CRCLM lesions[55], and its inhibition could suppress tumor 
cell motility and EMT. Downstream proteins ARP2/3 and thrombospondin 1 are also reported to 
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facilitate cancer cell motility; however, whether RUNX1 support of rHGP is ARP2/3 dependent needs 
more investigation.

Tumor with strong adhesion to hepatocytes has potential to develop rHGP. Claudins as critical 
components of tight-junctional complexes that modulate carcinogenesis and metastasis[56]. Claudin-2 
acts as an essential determinant in the formation of rHGP liver metastases from either CRC or breast 
cancer[57]. During tumor metastasis to the liver, there is functional shift in claudin-2 from tight-
junctional complex to adhesion molecule between cancer cells and hepatocytes[58,59]. Claudin-2 
promotes tumor cell adhesion to hepatocytes and is specifically expressed at high levels in rHGP; at the 
same time, claudin-8 is specifically expressed at high levels in dHGP[57].

Co-opting vessels: Different HGPs are associated with different types of tumor vascularization. In 
rHGP, tumor cells replace hepatocytes to spread and co-opt liver vessels to obtain blood. Since rHGP 
corresponds with vessel co-option, those regulating vascular factors should be paid attention. 
Angiopoietin (Ang)1 and Ang2 are vascular growth factors that act as agonists to active their ligand 
Tie2, which then together induce endothelial cell (EC) formation, survival, proliferation and migration. 
Ang1 has a distinct vascular-relevant effect, protects against EC apoptosis, and mediates vessel 
maturation by enhancing pericyte recruitment. Ang2 has a proangiogenic function through mediating 
pericyte detachment and blood vessel destabilization[60]. In human resected CRCLM specimens with 
rHGP, Ang1 supporting vessel co-option displays higher expression in the liver adjacent to tumor[61]. 
To demonstrate the critical role of Ang1, an animal model of Ang1 knockout was established and 
showed a change from rHGP to dHGP along with a decrease of liver metastases[61]. This verified that 
high expression of Ang1 in the host liver supported rHGP. Additionally, some inflammatory molecules 
partly participated in rHGP. RNA sequencing showed that two genes, CXCL6 and LOXL4, were 
significantly upregulated in rHGP tumors vs dHGP tumors, and were involved in cell migration and 
wound healing[62]. Neutrophils expressing LOXL4 concentrated at the tumor–liver interface and in 
areas of inflammation in rHGP lesions, and circulating neutrophil expression of LOXL4 protein is 
increased in CRCLM patients. It indicates that the chemoattraction and subsequent activation of 
neutrophils may be vital in promoting rHGP in CRCLM[62].

Hypothesis for HGPs
Liver injury hypothesis: When coping with exogenous or endogenous injuries, the liver has both the 
potential for healthy regeneration following acute injury and the potential for repair toward fibrosis 
under persistent damage[63]. Given malignant cells proliferate within the liver, causing injury and 
activating host reactions, van Dam et al[64] proposed the hypothesis that HGPs represent the response 
patterns of the liver to injury.

Development of liver metastases has similar pathological changes to those in liver injury. In liver 
fibrosis, portal fibroblasts and hepatic stellate cells transform to activated myofibroblasts, binding with 
components of ECM (crosslinking collagen), and together induce fibrogenic activation and support 
fibrogenic units based on activation and reorganization of cholangiocytes, accounting for fibrotic 
progression[65]. For dHGP, the peripheral desmoplastic rim shares one common ECM remodeling and 
ductular reaction with liver fibrosis, among which the activated cholangiocytes proliferate and form 
small nonfunctional bile ducts. Differently, rHGP adopts an analogous pattern with liver regeneration 
where the process of new cells replacing older hepatocytes takes place. In the context of vascularization, 
in liver regeneration, regenerating liver cells co-opt pre-existing sinusoidal capillaries instead of 
sprouting angiogenesis which is akin to rHGP. Even though it is far from reaching a certain conclusion 
that dHGP and rHGP exemplify liver fibrosis and regeneration, but there is still similarity between 
formation of liver metastasis and liver development and regeneration; knowledge of which would 
enable us to determine the underlying mechanism of HGPs.

Advance under camouflage hypothesis: Researchers have detailed knowledge of the mechanism of 
dHGP, but there is little ideal explanation for the formation of rHGP. Except for some tumoral 
phenotypic and molecular drivers observed in rHGP, there is still no systematic model to support the 
explanation. We put forward a hypothesis that malignant cells benumb and educate the immune 
system, and advance by an unknown path under camouflage (Figure 2).

The tumor cells with an infiltrative pattern paralyze or tame the local immune system via interaction 
with LSECs and induce immune tolerance. LSECs are a major group of hepatic cells that specialize in 
detection and capture of pathogens from the blood. However, in some cases, this group also downreg-
ulates T-cell response through crosstalk with immune cell subsets, leading to immune escape[64,66]. 
Through programmed death (PD) ligand 1 on T cells binding to PD-1 on LSECs, CD8+ T cells are 
activated to a dynamic but nonlicensed type, which fails to produce effector cytokines (e.g., interferon-γ) 
and have decreased cellular cytotoxicity[67]. Similar suppressive immune activity takes place with 
mediation of another specific surface protein LSECtin, through which LSECs directly identify activated 
T cells and inhibit immune-response-mediated T cells[68]. These strongly imply that LSECs are 
important players in immune tolerance, which enhances invasive and metastatic potential of tumor 
cells. Taking advantage of this point, tumor cells obtain sufficient interaction with LSECs and 
hepatocytes, so that tumor cells educate these normal liver cells and remodel the immune microenvir-
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Figure 2 “Advance under camouflage” hypothesis for replacement histopathological growth pattern. A: “Advance under camouflage” hypothesis 
of replacement histopathological growth pattern (rHGP) includes four elements. Embryonic features, motility, migration and adhesion contributes to aggressiveness of 
tumor, which drives tumor progression as an intrinsic factor. Tumor cells interact with liver sinusoidal endothelial cells (LSECs) and hepatocytes, so that tumor cells 
educate these normal liver cells and remodel the immune microenvironment into a tolerance state via CD8+ T cells. In this manner, under camouflage of LSECs, 
tumor cells are able to survive and slowly progress. Co-opting LSECs enable the tumor to obtain sufficient blood supply and less chance of exposure to immune 
system. With its unique parenchymal and vessel structure, organ architecture of liver supports the whole advance process; B: Immunosuppressive microenvironment 
in tumor with rHGP. Under cross interaction of cancer cells and LSECs and other immune cells (unknown mechanism), programmed death (PD) ligand 1 on LSECs 
and antigen presenting cells binds to PD-1 on T cells making CD8+ T cells activated to a dynamic but nonfunctional type which fails to produce effector cytokines and 
has decreased cellular cytotoxicity, or is apoptostic. LSEC: Liver sinusoidal endothelial cell; PD: Programmed death.

onment into a state of tolerance. In this manner, under camouflage of LSECs, tumor cells are able to 
survive and slowly advance. To expand further, the leading cells at the tumor border also initiate 
adaptive changes, e.g., enhanced metastatic capacity including cell motility, adhesion and migration. 
Many of them are driven by some embryonic features that are relevant to co-option-type metastases[69,
70]. As a whole, embryonic characteristics, interaction between tumor and normal liver cells, and 
immunological inertia allows efficient and safe advance of tumor cells. Two other factors must be paid 
attention: (1) Co-opting normal hepatic vasculature reduces the chance of direct exposure of the tumor 
to the immune system and achieves normalization of the blood supply. In this case, the intratumoral 
microvessel keep their normal structure and evenly perfuse the whole nodule, which reduces hypoxia 
and necrosis and is conducive to overall development of the tumor; and (2) Organ structure is another 
essential aspect. In an organ with a clear and distinct architecture such as the lungs and liver, the 
metastatic foci can often expand and develop along with its structure[71,72], which implies that organ 
architecture sometimes directs how tumor cells expand. We propose a complex axis that ‘embryonic 
characteristics playing a primitive driving role - tumor hepatic sinusoidal endothelial cell interaction as 
the mediator - organ structure as the support’ and advance under camouflage hypothesis to explain the 
underlying mechanism of rHGP.

CONCLUSION
We proposed a novel hypothesis to explain the mechanism of rHGP formation. We denoted four 
elements, i.e., intrinsic features of cancer cells, tumor vascularization, immunosuppressive microenvir-
onment and host organ structure in the HGP formation. Vascularization and tumor microenvironment 
have been emphasized in previous studies while the pivotal role of organ structure is addressed for the 
first time in this review. Common features in angiogenic HGP, for instance, desmoplastic reaction, 
immune infiltration and sprouting angiogenesis, have been shown. Organ specific morphology was 
only observed in non-angiogenic HGP, exhibiting angio-tropism and structure-dependent properties. It 
was observed that non-angiogenic HGP metastases in brain[73] and skin[74] adopted pericytic mimicry 
and extravascular migratory behavior to get access to the blood. Similarly, metastatic cells remained the 
mesenchymal structure (pulmonary alveoli and hepatic plate) and presented with alveolar HGP, 
interstitial HGP and perivascular cuffing HGP in the lung[75], as well as rHGP in the liver. Thus, it 
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Table 2 Characteristics of desmoplastic histopathological growth pattern and replacement histopathological growth pattern in 
colorectal cancer liver metastasis

Aspects dHGP rHGP

Morphology Sharp desmoplastic rim separating tumor cells from 
adjacent liver

Ill-defined border; Tumor cells replace normal hepatocytes along with the 
architecture of liver plate

Invasion pattern Expanding and mild Infiltrative and aggressive

Immune 
phenotype

Abundant Desert 

Vascularization Angiogenesis Non-angiogenesis (vessel co-option)

Organ-specific No, widely appears in brain, lung and liver Yes, only appears in liver

Therapy response Superior response Inferior response and drug resistance

Clinical outcome Longer OS, DFS and PFS Poorer survival and high recurrence

dHGP: Desmoplastic histopathological growth pattern; rHGP: Replacement histopathological growth pattern; OS: Overall survival; DFS: Disease-free 
survival; PFS: Progression-free survival.

could be hypothesized that the organ architecture provides metastatic tumor cells with attachment and 
support for their growth. We also highlight the specific interaction of tumor cells with LSECs in rHGP 
which might indirectly contribute to tumor progress. However, it is still a pure conceptual idea and it 
remains to be verified.

Clinical implications of HGP are as follows: (1) The association of HGP with clinical outcomes 
suggests that HGP can be used to stratify patients by survival risk. Early risk stratification helps provide 
individualized care and guide long-term follow-up; (2) Patients with dHGP are more likely to benefit 
from systematic therapy, those with rHGP are prone to acquire resistance to AIs and those with non-
dHGP are at high risk of positive surgical margin, indicating that HGP can serve as a biomarker for 
therapy. Based on pre-treatment prediction of HGP, stratification of patients may help clinicians in 
treatment decision-making and surgical planning for CRCLM patients. The patients with non-dHGP 
tumor are at higher risk of hepatic recurrence, therefore radical surgery may be of utmost importance. 
Furthermore, combination therapy would be an inevitable choice for the subgroup with rHGP. 
Nevertheless, the above benefit from HGP is on the premise of identifying HGP by a non-interventional 
method. In this regard, radiomics aiming to distinguish HGP in combination with other markers may be 
a powerful tool in classification of patients; and (3) Studies of mechanism of HGP favor development of 
therapeutic approaches, and it is encouraging that there have been relevant preliminary trails. For 
instance, vessel co-option was found to be inhibited through suppressing cancer cell motility and 
migration in rHGP tumor, and inhibitors targeting both angiogenesis and vessel co-option were more 
effective in vivo[30]. Considering the enrichment of fibrotic and angiogenic reaction of dHGP tumors, 
anti-angiogenic and anti-fibrotic therapies may be effective for these tumors. However, even though 
both anti-fibrotic[76,77] and anti-VEGF[78] treatment could restore the immune response, these 
treatments should be used with caution due to the unsatisfying results shown in trials[79].

In addition, we put forward our perspectives on some hot topics. HGP is a miniature of tumor-host 
reaction and reflects tumor biology and pathological features as well as host immune dynamics. In this 
sense, HGP builds a bridge between microscopic characteristics and clinical implications. Is HGP 
plastic? With existence of spatial and temporal heterogeneity, tumors utilize different vascularization at 
different stages, and their HGP also changes with development of tumor, but knowledge about this is 
still lacking. What is the key motivation shaping HGP? In addition to motility, invasion and migration 
giving rise to formation of HGP, the association between HGP and other biological characteristics such 
as embryonic features, stemness, and spontaneous mutation should be explored. In summary, HGP is a 
paradox involving several dimensions: malignant and normal cells, central and peripheral sites, 
angiogenesis and non-angiogenesis, and aggressive and mild characteristics (the summary on character-
istics of dHGP and rHGP is listed out in Table 2). Combination of AIs with immune checkpoint 
inhibitors and AIs with vessel co-option inhibitors showed better effects, suggesting that complex 
targeted treatment would be a direction for the precision therapy in the future.
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Abstract
Locoregional treatments, as alternatives to surgery, play a key role in the 
management of hepatocellular carcinoma (HCC). Liver magnetic resonance 
imaging (MRI) enables a multiparametric assessment, going beyond the traditi-
onal dynamic computed tomography approach. Moreover, the use of hepato-
biliary agents can improve diagnostic accuracy and are becoming important in the 
diagnosis and follow-up of HCC. However, the main challenge is to quickly 
identify classical responses to loco-regional treatments in order to determine the 
most suitable management strategy for each patient. The aim of this review is to 
provide a summary of the most common and uncommon liver MRI findings in 
patients who underwent loco-regional treatments for HCC, with a special focus 
on ablative therapies (radiofrequency, microwaves and cryoablation), trans-
arterial chemoembolization, trans-arterial radio-embolization and stereotactic 
ablative radiotherapy techniques, considering the usefulness of gadoxetate 
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disodium (Gd-EOB-DTPA) contrast agent.

Key Words: Carcinoma; Hepatocellular; Magnetic resonance imaging; Gd-EOB-DTPA; Radiofrequency 
ablation; Catheter ablation; Ablation techniques
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Core Tip: Ablation techniques are useful tools in the treatment of patients with hepatocellular carcinoma, 
both in case with a small lesion and as a bridging option prior to surgical resection or liver transplantation 
and in addition to palliative treatment in advanced disease. In clinical practice it is of utmost importance to 
acquire a specific skill to identify classical magnetic resonance imaging appearance of the treated lesion 
and for early detection of tumor recurrence, to guarantee the best possible management for each patient.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common primary liver cancer and represents a major 
public health issue worldwide[1]. Treatment of patients with HCC is closely related to Barcelona Clinic 
Liver Cancer (BCLC) stage. Locoregional treatments, as alternatives to surgery, play a key role in the 
management of HCC. Percutaneous thermoablation strategies are considered as an alternative to 
surgery in patients with BCLC 0-A, transcatheter embolization therapies are essential in patients with 
more advanced disease (i.e., BCLC B) and both together with Stereotactic Body Radiation Therapy 
(SBRT) are useful in patients who are not a surgical candidate[2].

The evaluation of both short- and long-term treatment outcomes is crucial for patient management. 
According to the guidelines, this evaluation should be performed using either dynamic computed 
tomography (CT) or magnetic resonance imaging (MRI)[2].

Liver MRI enables a multiparametric assessment, going beyond the vascularity assessment provided 
by traditional dynamic CT[3,4]. In recent years, liver MRI has made significant advances in the 
evaluation of HCC thanks to the introduction of new sequences for non-contrast evaluation (e.g., 
diffusion-weighted sequences), the high temporal resolution sequences for optimal contrast 
enhancement assessment[5,6] and finally, the use of hepatobiliary contrast agents (gadoxetate disodium: 
Gd-EOB-DTPA, Eovist/Primovist; gadobenate disodium: Gd-BOPTA, Multihance). Gd-EOB–DTPA 
combines the properties of an extracellular agent, allowing for conventional contrast-enhanced 
multiphasic imaging, and a hepatocyte agent, allowing for hepatocyte uptake and biliary excretion 
evaluation, with the added benefit of tumor assessment in the transitional phase (TP) and delayed 
hepatobiliary phase (HBP) (20-min)[4,7,8]. This contrast agent improves the diagnostic accuracy and is 
becoming increasingly important in the detection of HCC[9].

The use of liver MRI with hepatobiliary contrast agents has become critical in patients with HCC. 
Therefore, understanding the typical and atypical features of treatment outcomes and recurrences is of 
paramount importance for proper treatment strategy.

The purpose of this review is to provide a comprehensive overview of locoregional therapies and to 
describe how to assess treatment outcomes using contrast-enhanced hepatobiliary MRI.

ABLATIVE THERAPIES
There are several ablation techniques available for the treatment of HCC as reported in a recent 
literature review by Makary et al[10], such as radiofrequency ablation (RFA), microwaves (MWA), 
cryoablation (CA), irreversible electroporation (IRE), laser-induced interstitial thermotherapy (LITT), 
and high-intensity focused ultrasound (HIFU). The process of choosing among alternative techniques is 
principally based on institutional expertise and should be fitted to each patient. The main target for the 
abovementioned treatment methods is an early-stage HCC with a maximum axial diameter of 3 cm with 
BCLC class 0 or A. Moreover, this approach may lead to better clinical outcomes in patients with larger 
HCC lesions (axial diameter of 3 cm to 5 cm), when combined with trans-arterial chemoembolization 
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(TACE)[10].
Even though the ablation techniques are widely performed, they are not risk-free: it is important to 

underline that the treated patients can present post-ablation syndrome, loco-regional bleeding, and 
adjacent organs injuries. The ablative therapy shows similar outcomes to surgical resection in the 
treatment of HCC with a maximum diameter of 3 cm, with a remarkable advantage of no pre-and post-
surgical complications[10].

Most published studies on electronic medical databases including PubMed and Web of Science are 
strictly linked to RFA and MWA, while CA, IRE, LITT, and HIFU are not deeply evaluated and 
consequently data regarding response to therapy are lacking. On this basis, we’ll present the most 
common MR imaging findings regarding RFA, MWA and CA therapies.

RFA
RFA technique relies on the destruction of tumoral tissue by producing frictional heat using rapidly 
alternating electrical current thanks to the application of at least one electrode inside the region of 
treatment. The ablation zone includes a wider region than the tumor itself, of at least 5 mm to 10 mm[8]. 
The use of RFA results in hyperthermia-induced coagulation necrosis and represents a heterogeneous 
low or mixed signal intensity on T1-weighted (T1w) and homogeneously low signal intensity on T2-
weighted (T2w) images.

After contrast media administration (extracellular or hepatobiliary agents), the RFA zone manifests as 
a well-demarcated hypointense area with the absence of contrast enhancement[8]. The presence of slight 
rim signal intensity on T2w images and contrast enhancement especially in the equilibrium phase 
should be considered as a physiological response to thermal injury, mainly during early follow-up[11]. 
The typical appearance of HCC recurrence is the hypervascularity on arterial phase [arterial phase 
hyperenhancement (APHE)], hypointensity on portal-venous and HBPs. However, in clinical practice, 
the discrimination between hyperemia and residual HCC might be difficult. This aspect was 
demonstrated by Mikami et al[12], who reported a typical enhancement pattern in only 17.5% of 
recurrent HCCs, while 40.6% with APHE without washout in the portal venous phase and 11.9% with 
portal venous phase washout without APHE.

In this setting, the use of Gd-EOB-DTPA can help to distinguish vascular pseudolesions from 
hypervascular tumors including recurrent HCC[13]. Since 2013, it has been reported[14] the efficacy of 
EOB-MRI in the decision-making of curative treatment for HCC: it was demonstrated that the HBP 
improves the diagnostic accuracy and treatment decision making in the early-stage HCC and these 
results can perfectly fit candidates to RFA. Imai et al[15], by enrolling 97 patients who underwent RFA, 
revealed that EOB-MRI had higher diagnostic accuracy and sensitivity for detection of recurrent 
hypervascular HCC (44 vs 24, P < 0.001) in comparison to CT. They also reported a good inter-observer 
agreement between the 2 readers, underlying the effectiveness of EOB-MRI.

As known, the main advantage of EOB-MRI is the HBP, where the radiologist can face a hypointense 
nodule without significant hypervascular appearance. On this basis, it is important to determine the risk 
of non-hypervascular HCC recurrence after loco-regional treatment. The systematic review and meta-
analysis by Kim et al[16] demonstrated the post-ablation recurrence of HCC: they showed that 
hypointense nodules in the HBP represent a high-risk factor for recurrence (hazard ratio = 1.74-3.07), 
underlying the importance of EOB-MRI in the detection of HCC recurrence post-RFA.

More recently, a retrospective study by Bae et al[17] on 183 patients who underwent different 
treatments including RFA, showed that satellite nodules and peritumoral hypointensity on HBP images 
were associated with poor disease-free survival and overall survival (P = 0.018 and P = 0.016, 
respectively).

On the other hand, the study by Rimola et al[18], on 49 patients who underwent locoregional 
treatment, determined that MRI with extracellular agents has a similar specificity in detecting viable 
HCC in comparison to EOB-MRI (84% vs 85%, respectively), with a higher AUROC (0.80 vs 0.72, 
respectively). These findings are not in line with most studies, however, should be carefully considered 
due to the small sample size and the remarkable risk of bias, since different ablation techniques were 
evaluated.

Finally, EOB-MRI was found efficient not only in the evaluation of treatment response but also in the 
feasibility of ablative margin grading before RFA. Koda et al[19] by enrolling 124 HCCs, showed that 
EOB-MRI enables an early assessment of RFA effectiveness in the majority of HCC nodules with the 
tumor size as an independent predictor factor for local tumor progression.

To conclude, EOB-MRI can be considered as a useful tool in the detection of HCC recurrence after 
RFA treatment, however, large prospective studies are needed to determine a more accurate evaluation 
of diagnostic performance.

Figure 1 depicts a liver MRI after RF treatment with no evidence of disease persistence or relapse, and 
Figure 2 depicts its evolution. Figure 3 depicts a case of HCC recurrence after RF treatment.

Microwave ablation
MWA technique is based on analogous physical principles of RFA, however, it employs an antenna that 
produces electromagnetic waves which can interact with water molecules and, consequently, raises the 
temperature[20].
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Figure 1 hree-month follow-up liver magnetic resonance imaging of a 69-yr-old male post radiofrequency ablation of right hepatic lobe 
hepatocellular carcinoma (segment VII). A: Out-phase T1-weighted image; B: In-phase T1-weighted image; C: T2-spectral attenuated inversion recovery; D: 
T2-weighted image; E: High b-value diffusion weighted imaging; F: Apparent diffusion coefficient map; G: Arterial phase magnetic resonance imaging (MRI); H: 
Arterial phase MRI with image subtraction technique; I and J: Hepatobiliary phase MRI. Follow-up MRI (A-I) after 3 mo post treatment revealed a good outcome 
characterized by inhomogeneous high signal hyperintensity in T1 sequences due to the presence of coagulative necrosis with associated signal hypointensity in T2 
weighted sequences and the absence signal hyperintensity in diffusion weighted imaging. Dynamic study showed no enhancement in arterial phase with 
inhomogeneous hypointensity during hepatobiliary excretion. Findings are suggestive of complete tumor ablation also when compared to the similar pre-treatment 
sequences (J).

Figure 2 The evolution of the ablation zone shown in Figure 1. A: Hepatobiliary phase (HBP) phase magnetic resonance imaging (MRI) prior to 
radiofrequency ablation (RFA); B: HBP MRI 3 mo after RFA; C: HBP MRI 9 mo after RFA; D: HBP MRI 19 mo after RFA. Liver MRIs demonstrate a progressive 
reduction of ablation zone together with fibrotic changes.

MR findings after MWA are like those reported for RFA. On unenhanced T1w images, the ablated 
lesion shows a target-like appearance: linear hypointensity in the center of the ablation zone surrounded 
by hyperintense region due to coagulative necrosis, and outer hypointense areas of signal intensity 
corresponding to a slight to high signal intensity on T2w images due to inflammation[21]. After 
injection of contrast media, no APHE should be seen to consider a complete response. However, only a 
few studies evaluated the usefulness of EOB-MRI in the detection of HCC recurrence after MWA. Imai 
et al[15] reported that the diagnostic value of EOB-MRI is better than CT to evaluate HCC after 
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Figure 3 Two-years liver magnetic resonance imaging follow-up of a 71-yr-old male with liver cirrhosis and previous subcapsular 
hepatocellular carcinoma in segment VIII underwent radiofrequency ablation. A: T2-spectral attenuated inversion recovery; B: High b-value diffusion 
weighted imaging; C: Arterial phase magnetic resonance imaging (MRI); D: Arterial phase MRI with image subtraction technique; E and F: Hepatobiliary phase MRI. 
Liver MRI showed recurrent hepatocellular carcinoma (8 mm) located infero-lateral to the radiofrequency scar, characterized by moderate to high signal hyperintensity 
in T2, hyperintensity in high b-value diffusion sequences, with arterial “wash in” and hypointensity in hepatobiliary excretion phase.

treatment by image-guided tumor procedures, including patients who underwent both ablation and 
chemoembolization.

CA
As reported by Song[22], CA should be included in the family of thermal ablation in HCC patients. The 
physical bases are like RFA and MWA, however, the employed temperature is not hot but cold, thanks 
to chemical agents such as liquid nitrogen. According to a recent meta-analysis[23], the effects of MWA 
and CA appeared to be similar to those of RFA, but there were lower rates of local tumor progression 
and higher rates of complete thermal ablation in large tumors compared to RFA (P < 0.05). MR imaging 
findings after the CA procedure are similar to RFA and MWA, as reported above: the ablation zone at 
24h appears hypointense and heterogeneously hyperintense on T1w and T2w images, respectively[24]. 
Foci of inhomogeneous signal intensities on T1w and T2w images should be principally due to blood 
products and can be present in further follow-up examinations[24]. The peripheral zone shows a slight 
to hyper- signal intensity on T2w images, due to inflammation and granulation tissue formation. The 
residual tumor presents analogous imaging features to the treated lesion, while the recurrence can be 
seen as an area of APHE with consequent hypointensity on portal-venous and HBP. Even if not fully 
reported in the literature, a focal hypointense area of HBP images without APHE might be referred to a 
suspected recurrence.

TACE AND TRANS-ARTERIAL RADIOEMBOLIZATION
Treatment options for HCC depend on tumor burden and extent, patient's performance status, liver 
function, extra-hepatic disease, and co-morbidities, according to the BCLC system[10]. Intra-arterial 
therapies, including TACE and trans-arterial radio-embolization (TARE), come into play to improve 
survival and quality of life where curative treatments like ablation, liver resection, or liver 
transplantation are not applicable[10,25]. TACE and TARE are regarded as a standard of care for a 
patient with intermediate-stage HCC (BCLC class B, Child-Pugh A-B) not eligible for surgical resection 
or transplantation and without portal vein thrombosis or extrahepatic spread. Moreover, the application 
of these techniques range from curative-intent for small tumors, to downstaging or bridging to resection 
and transplantation for early and intermediate disease, and locoregional control and palliation for 
advanced disease[26].

The main contraindications to TACE and TARE are decompensated liver cirrhosis, bilobar liver 
involvement, and technical infeasibility; absolute contraindication specific to TARE is the presence of 
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hepato-pulmonary shunt or hepato-enteric shunts[10].
In the case of portal vein thrombosis, in clinical practice, TACE is contraindicated, even if Patidar et al

[27] described a good outcome of patients with segmental-branch or first-border branch portal vein 
thrombosis treated with TACE. On the contrary, TARE may have applications even if there is portal 
vein thrombosis because of the reduced embolic effect of the technique[10].

TACE
TACE is performed by cannulation of the arteries that feed the HCC through a catheter or a 
microcatheter and releasing both the chemotherapeutic agent and embolic particles. The treatment may 
be performed in two ways, conventional TACE that uses lipiodol, an oily radiopaque material mixed 
with one or more chemotherapeutics agents, followed by administration of an embolic agent and drug-
eluting beads TACE (DEB-TACE) with slowing releasing of chemotherapy by particles[26].

Multiphasic MRI is performed to evaluate the response to treatment and to detect new HCCs from 1 
mo to 3 mo after treatment for the first imaging study, followed by every 3 mo for 2 years[28]. As 
previously mentioned, MRI may use gadolinium-based extracellular contrast agents, or gadolinium-
based hepatobiliary agents[28,29].

MRI imaging after TACE is related to tumor necrosis caused by ischemic injury from arterial 
embolization and chemotoxic injury from the administered chemotherapy[28]. Gd-EOB-DTPA allows 
similar dynamic acquisition of extracellular agents in arterial and portal phases, essential in detection of 
a viable tumor. If the treatment is successful the expected findings are: absence of APHE, associated 
with surrounding perfusion changes related to edema and arterial embolization, a thin APHE phase due 
to inflammatory, that may persist up to a year, and a volumetric reduction of the treated lesion over 
time[28]. The HBP contributes to the diagnosis of complete response to treatment, showing a corres-
ponding hypointensity of the lesion if complete necrosis occurs. A thin, continuous, and smooth APHE 
rim associated with a corresponding isointense area in the HBP defines a benign finding[30].

After treatment, the damage of the liver parenchyma around the treated lesion may cause geographic 
perfusion changes and corresponding hypointensity on the HBP, a feature that needs careful evaluation 
and examination of additional sequences to avoid diagnostic mistakes of infiltrative disease[31]. If 
pseudolesions related to treatment occur (arterial-venous shunt and portal vein obstruction), they 
usually don’t show hypointensity on the HBP, an element that helps in the diagnosis of benignity, 
although hypointense pseudolesions on the HBP mimicking malignancy have been described by 
Motosugi et al[32].

The sign of residual and/or recurrent disease is represented by the presence of thick, peripheral, 
irregular, eccentric, nodular APHE with or without washout within the treated lesion, or enhancement 
similar to pre-treatment tumor. Aslam et al[30] showed findings suggestive of the presence of viable 
tumor after thermoablation, applicable for TACE too: the presence of thick, nodular and eccentric 
hypointense signal on HBP or a discontinuous hypointense rim. Considering these findings on the HBP-
like viable tumor is much more important when there is equivocal APHE, consisting of viable 
isoenhance or hypoenhance tumor in arterial phase[33].

Figure 4 depicts a pre-treatment CT images and subsequent TACE treatment of an HCC nodule, the 
results of which are illustrated in Figure 5.

TARE
TARE is a trans-arterial catheter treatment based on delivering microspheres (glass or resin) coated with 
90Y. 90Y is an unstable isotope that releases a beta particle during its decay into a stable element, 
zirconium 90, inducing destruction of the target tumor with a limited depth of penetration to minimize 
radiation exposure of surrounding parenchyma[33].

90Y microspheres have a main radiant effect and a small microembolic effect due to the little diameter 
of microspheres; therefore, tumor necrosis related to TARE is mostly radiation-induced and the arterial 
flow to adjacent parenchyma is largely conserved, which is an important advantage in the case of portal 
venous thrombosis (i.e., contraindication for TACE)[33].

Multiphasic MRI after TARE is performed at 3-mo intervals even for the first examination, because 
imaging performed earlier may show exuberant arterial phase involving the treated lesion and the 
surrounding parenchyma with consequently difficult interpretation[29]. MRI imaging findings in TACE 
and TARE are not similar because of the different mechanisms of action: TARE induces modifications 
that evolve because of the impact of radiation on the liver parenchyma surrounding the lesion[28,30].

The expected Gd-EOB-DTPA imaging findings of TARE-treated HCC are persistent APHE or portal 
washout that can persist for at least one year, geographic peri-tumoral APHE, complete loss of APHE, 
thin rim of peripheral APHE, transitory growth in the size of the tumor due to edema, and cytostatic 
effect of radiation, a delay in tumor decreasing size. In TARE, in the immediate post-treatment setting, 
the penetration of beta particles in the surrounding liver parenchyma causing inflammation, edema, 
hemorrhage, leads to a heterogeneous enhancement, more accentuated than TACE. Even in this case, 
Gd-EOB-DTPA may show a related hypointensity on the HBP, an important element to be assessed 
since it can be misdiagnosed with an infiltrative disease. This finding may usually resolve after 6 mo, so 
in the early phase is very important to consider other sequences to make the differential diagnosis, 
especially T2w and DWI images. The changes in the lesion diameter should be characterized with 
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Figure 4 A 62-yr-old male with typical hepatocellular carcinoma in segment IVa who underwent trans-arterial chemoembolization with 
microparticles (Lifepearl 100 +/- 25 microns) preloaded with 50 mg of Farmorubicin and later with non-loadable Hydropearl 400 +/- 75 
microns microparticles. A: Pre-treatment computed tomography (CT) images: arterial phase; B: Pre-treatment CT images: portal phase; C: Pre-treatment CT 
images: delayed phase; D: Pre-trans-arterial chemoembolization (TACE) angiographic image; E: Post-TACE angiographic image; F: Post-TACE cone beam CT.

Figure 5 Post-trans-arterial chemoembolization follow-up magnetic resonance imaging with hepatospecific contrast agent in the same 
patient described in Figure 4. A: In-phase T1-weighted image; B: T2-weighted image C: High b-value diffusion weighted imaging (DWI); D: Apparent diffusion 
coefficient map; E: Arterial phase magnetic resonance imaging (MRI); F: Arterial phase MRI with image subtraction technique; G: Portal venous phase MRI; H: 
Hepatobiliary phase MRI; I: Ten-month computed tomography (CT) follow-up: arterial phase; J: Ten-month CT follow-up: delayed phase. Liver MRI shows an 
inhomogeneously hyperintense nodule in T1WI in its right posterior portion, coexisting with a more hyperintense area in T2WI with high signal intensity in high b-value 
DWI in the left anterior portion. Dynamic study showed no arterial enhancement confirmed with the subtraction technique image, absence of vascularization in the 
portal phase and inhomogeneous hypointensity in the hepatobiliary phase. The findings are suggestive of good treatment outcome with presence of both coagulative 
and colliquative necrosis and no residual disease and CT scans control after 10 mo confirmed the outcome.

caution based on the persistent APHE and typical washout of the lesion after TARE. Viable tumor 
manifests itself with an increase in the size of the treated nodule with new or growing nodular 
enhancement within or beyond the margin of the post-radiation zone with hypointense signal on the 
HBP[28,30].

For both TARE and TACE techniques the use of Gd-EOB-DTPA implies knowledge of some technical 
concerns. An optimal arterial phase may be more difficult to obtain compared to extracellular-contrast 
agents because of acute transient severe motion artifacts affecting EOB-MRI. Several approaches have 
been applied to reduce motion artifacts: (1) Lowering thecontrast injection rate; (2) Using multiple 
arterial phasetechnique; (3) Shortening the scanning time; and (4) Using a modified breathing 
command, and dilutingcontrast medium[5,34]. Moreover, "washout" evaluation of the nodule has to be 
assessed in the portal phase because hypointensity during the TP could be related to true washout or 
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pseudo-washout resulting from the hyperintensity of the surrounding parenchyma[34]. Another 
element to be considered is the adequacy of the HBP, strictly linked to the assessment of the degree of 
contrast uptake in the liver parenchyma relative to the hepatic vessels and of the presence of contrast 
excretion into the biliary system. A signal intensity ratio of 1.8 between liver and vein, with the maximal 
enhancement of liver parenchyma and hypointensity of the veins, is the best predictor of the ideal 
phase. In a functional liver, this ideal condition is achieved at 15-20 min after contrast injection[35]. In 
this setting, the main limitation of Gd-EOB-DTPA is the necessity of a functional liver for an optimal 
HBP; the cirrhotic liver may have diminished or delayed parenchymal enhancement leading to failure of 
the mechanism of contrast uptake and excretion. Therefore, in a situation with deeply compromised 
liver function (Child-Pugh B-C) acquisition of delayed HBP beyond the 20 min is necessary.

At present, the treatment response algorithms used in the clinical practice, such as Modified Response 
Evaluation Criteria in Solid Tumors (mRECIST), European Association for the Study of the Liver 
Disease Criteria, and Liver Imaging and Reporting Data System Treatment Response Algorithm are 
enhancement-based classification systems that don’t include transitional or HBP obtained by Gd-EOB-
DTPA[28-30]. However, many authors have analyzed the contribution of EOB-MRI in follow-up after 
TACE and TARE with promising results. To the best of our knowledge the actual studies published in 
the literature, have analyzed the impact of Gd-EOB-DTPA in the follow-up of loco-regional therapy 
group (for example both ablation and TACE) without examination of the single procedure, therefore 
next considerations are almost effective for both TACE and TARE.

In a recent study, Kim et al[33] showed an increased sensitivity in the detection of viable tumor 
considering all ancillary features (HBP hypointensity, restricted diffusion, and intermediate signal on 
T2w) with growing sensitivity into the LI-RADS-TR viable category of 57%-87% vs 39%-65% without 
changing in specificity. Park et al[36] obtained similar results for TACE and ablation, with increased 
sensitivity of 84% vs 76%.

Kim et al[37] first, in a recent retrospective study, analyzed the impact of the incorporation of the 
individual ancillary feature instead of multiple ancillary features on the diagnostic performance of the 
LI-RADS-TR for viable tumor. They found that hypointense signal during the transition and/or HBP 
can improve the sensitivity than contrast dynamic assessment alone.

Conversely, Rimola et al[18] show a small contribution of HBP in the evaluation of tumor response 
after loco-regional therapy, with greater accuracy, sensitivity, and inter-reader agreement using 
extracellular agents in comparison with Gd-EOB-DTPA[37]. These results may depend on better 
conspicuity of the APHE with extracellular agents and to the misdiagnosis of viable tumor for 
hypointense areas on the HBP related to damaged liver parenchyma, an avoidable mistake considering 
additional sequences[18,30].

Another important fact is that EOB-MRI in follow-up after TACE and TARE significantly contributes 
not only to determination of viable tumors on the treated cavity but also for detection of new HCC 
lesions, that may be disguised by the post-treatment changes of the surrounding hepatic parenchyma
[30].

The use of EOB-MRI after TACE and TARE is widespread in the clinical practice and its contribution 
with transitional and HBP to identify the viable tumor, necrotic cavity, damaged liver tissue, and new 
HCC has been shown in the literature, although it still has not been included in treatment response 
algorithms.

Figure 6 depicts the pre-treatment liver MRI and preoperative planning for TARE of a patient with 
voluminous infiltrating HCC. Figure 7 illustrates the outcome of treatment.

STEREOTACTIC ABLATIVE RADIOTHERAPY
Recent improvements in image guidance and conformal radiation techniques have made it possible to 
administer high doses of radiation to liver tumors with minimal damage to adjacent parenchymal tissue
[38]. Although SBRT is not part of the current BCLC system, it is included as a treatment option in the 
most recent version of the National Comprehensive Cancer Network (NCCN) for primary liver cancer 
for unresectable disease or medically inoperable patients[38,39].

Indications for SBRT are applicable in the following cases: (1) Early-stage HCC, not eligible for 
surgical resection, liver transplantation, or local ablation; (2) Intermediate or advance stage HCC not 
eligible or not responsive to TACE; (3) Palliative purpose for symptomatic end-stage HCC; and (4) 
Bridging or downstaging therapy for liver transplantation in patients not eligible for other locoregional 
therapies[40].

Factors that generally hinder percutaneous ablative therapies, such as proximity of the tumor to 
vascular structures, bile ducts or the diaphragmatic surface are not contraindication to treatment[41]. 
SBRT is most appropriate in patients with cirrhotic disease in Child-Pugh class A. Treatment is available 
for patients up to Child-Pugh B7, for whom close clinical monitoring and dose reduction are 
recommended due to the increased risk of radiation-induced liver disease (RILD). From a technical 
point of view, the number of target lesions, together with their intraparenchymal location, are potential 
limitations during treatment planning and dose delivery.
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Figure 6 A 62-yr-old patient with infiltrative hepatocellular carcinoma with associated neoplastic portal vein thrombosis. A: High-b-value 
diffusion-weighted image; B: Arterial phase magnetic resonance imaging (MRI); C: Arterial phase MRI with image subtraction technique; D: Portal venous phase MRI; 
E and F: Hepatobiliary phase MRI; G: Pre-treatment arteriography; H: Pre-treatment cone beam computed tomography (CT); I and J: Post trans-arterial radio-
embolization single photon emission computed tomography (SPECT) images. Left panel shows pre-treatment liver MRI, illustrating the cranial portion of the lesion 
with portal branch infiltration; whereas the right panel shows pre-treatment arteriography, the cone beam CT of the cranial portion of the lesion with the portal vein 
infiltration, and preoperative planning with SPECT images post administration of Tc-99m-labeled albumin macroaggregates with hyperfixation at both lesion site and 
portal thrombosis.

Figure 7 Post-trans-arterial radio-embolization images in the patient mentioned in Figure 6. A: T2-spectral attenuated inversion recovery; B: High 
b-value diffusion weighted imaging; C: Apparent diffusion coefficient (ADC) map; D: Arterial phase magnetic resonance imaging (MRI); E: Arterial phase MRI with 
image subtraction technique; F: Hepatobiliary phase (HBP) MRI; G: T2-spectral attenuated inversion recovery; H: High b-value diffusion weighted imaging; I: ADC 
map; J: Arterial phase MRI; K: Arterial phase MRI with image subtraction technique; L: HBP MRI. The liver MRIs reveal almost no signal restriction in DWI and no 
enhancement in dynamic study in the caudal portion of the lesion (left panel) which are suggestive of a good outcome. Whereas in the cranial infiltrating part of the 
lesion (right panel) at portal branch level, the high signal in DWI with arterial enhancement is suspected for residual disease.

Ionizing radiations directly impairs the DNA replication process by causing breaks and thus 
preventing cancer cells from replicating, most powerfully on tissues with a high cell turnover. After 
radiotherapy, centrilobular hepatocytes die by a hypoxic process secondary to vascular congestion, 
which does not recover until several months later[42]. Furthermore, proinflammatory mechanisms will 
be set on the treated region. These histological changes initially lead to an acute reduction in cellular 
vascular supply, with peripheral hypervascularization induced by the proinflammatory mechanisms, 
while over time, fibrosis leads to a reduction of tumor size and vascular supply[43]. Damage also occurs 
in the surrounding liver parenchyma with the evolution of the chronic inflammatory context, charac-
terized initially by edema and subsequently by fibrosis, leading to capsular retraction[42].

Acute, subacute and chronic stages can be distinguished by assessing the evolution of histological 
changes. In the acute stage (1-3 mo) typical peripheral hyperarterialization, defined as a ring-like 
enhancement during the arterial and portal venous phases, can be observed. In the subacute stage (3-6 
mo), the involved parenchyma shows relative hypointensity before and after contrast media injection 
especially on the portal-venous phase, with progressive enhancement in the late phases, concerning the 
occlusion of the centrilobular veins and to the reduced clearance of intravenous contrast. In the chronic 
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stage (> 6 mo), imaging will reveal changes caused by radio-induced fibrosis. The subcapsular location 
of the target lesions also correlates with the progressive occurrence of capsular retraction. This reaction 
typically appears as a band-like finding, a typical appearance that can help the differential diagnosis 
with residual or recurrent tumor[44]. Finally, the classic RILD generally occurs within 4 mo of total or 
subtotal hepatic irradiation, and manifests with hepatomegaly, ascites, and increased alkaline 
phosphatase levels, without a radiological intrahepatic progression disease. Nowadays, this 
complication is effectively prevented by sparing a sufficient portion of the parenchyma during therapy.

Patients with pre-existing chronic liver disease undergoing this type of treatment tend to experience a 
different spectrum of toxicity than with classic RILD, including a general decline in liver function, a 
marked increase in transaminases or jaundice within 3 mo of the end of therapy, collectively referred as 
"non-classic" RILD[44].

The radiological findings of SBRT treated lesions differ from the imaging of other locoregional 
therapies. Indeed, while the latter results in immediate tumor devascularization, SBRT leads to gradual 
histological changes in the lesion and surrounding parenchyma over time, which may lead to the 
incorrect assumption of a lack of efficacy.

As previously mentioned, different algorithms are employed to determine the response evaluation, 
such as mRECIST, applied to CT and MRI[45]. The intensity of arterial enhancement may appear quite 
early (15-45 d after SBRT) and may persist over time. Therefore, lesions dimensionally stable over time 
with a reduced arterial hypervascularization should be considered as a responder. The decrease in size 
occurs more slowly, over 22-24 mo, due to progressive necrosis up to 12 mo after treatment, which 
results in a slower evolution of structural changes.

In post-SBRT MRI examinations it is common to find a hyperintense perilesional halo on T2w due to 
the inflammatory reaction and venous congestion induced by veno-occlusive disease or, in subsequent 
follow-ups, a slight signal hyperintensity on T2w in the whole irradiated field, a direct sign of 
parenchymal fibrosis. Moreover, the application of DWI sequences can provide information on tissue 
cellularity and the integrity of cell membranes. In fact, during the early phase after treatment, hepatic 
edema occurs due to decreased venous outflow secondary to centrilobular obstruction, and there may 
be mild restricted diffusion and a slight increase in apparent diffusion coefficient (ADC).

Finally, tumor response after SBRT can be challenging, as described above: tumor shrinkage may not 
happen in the immediate months after SBRT. Even in the absence of volumetric reduction, progressive 
reduction in tumor enhancement is consistent with treatment response. This is typically accompanied by 
a corresponding increase in ADC. An increment in ADC of 20%-25% was found to be an indicator of 
SBRT response in a few small retrospective studies[46,47]. Thus, in stereotactic radiotherapy, a statist-
ically significant increase in ADC values measured in HCC undergoing radiofrequency was found to be 
the most important independent factor in recurrence and survival rates.

The use of hepatobiliary contrast agents allows the assessment of both lesion and the adjacent 
hepatocytes: The presence of a hypointense nodular lesion during HBP nearby an SBRT-treated HCC 
may signify either the presence of neoplastic cells or a scar. The picture is further complicated by the 
manifestation in such sequences of the focal hepatic reaction induced by radiotherapy. This alteration 
can be demarcated as a band-like area of signal hypointensity, such as hyperintensity on T2w, related to 
altered hepatocyte function in the irradiated field[48].

Figure 8 depicts the radiotherapy treatment plan; Figure 9 shows the SBRT treatment outcomes; 
Figure 10 depicts the treated zone's evolution; and Figure 11 illustrates the outcome 20 mo after 
treatment.

LIVER MRI ACCURACY AND LIMITATIONS
Although MRI is notably known as a highly sensitive and accurate imaging technique in detection and 
characterization of focal liver lesions, there is still no consensus regarding the best imaging follow-up 
modality for patients affected with HCC after locoregional treatments. Moreover, to date, only few 
studies have conducted a comparison among imaging techniques after locoregional treatments, and this 
raises the scientific interest in further investigations.

Kubota et al[49], by evaluating 84 HCCs underwent TACE treatment, showed the superiority of MRI 
to CT for early detection of lesion. Authors reported 76.0% sensitivity, 67.6% specificity and 72.6% 
accuracy for lipiodol-CT in comparison to 100% sensitivity, specificity and accuracy for dynamic MRI. 
Moreover, DWI and ADC values can help identify the early HCC recurrence: the presence of 
pathological tissues results in a higher signal intensity on DWI relative to normal liver parenchyma and 
a low signal on ADC maps, differentiating it from treated lesion (necrotic/edematous area) which 
manifests as high ADC values[50]. In these settings, the use of Gd-EOB-DTPA can maintain the highest 
diagnostic values, as mentioned above.

MRI was demonstrated to be useful also prior to treatment, especially by evaluating the HBP. Kim et 
al[16] found that HBP hypointense nodules without APHE are risk factors for intrahepatic distant 
recurrence in HCC patients treated with RFA or hepatectomy in a meta-analysis of 842 patients. In 
patients with HCC who have these nodules on pretreatment gadoxetic acid-enhanced MRI, stratification 
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Figure 8 Radiotherapy treatment planning of a 70-yr-old male patient with two hypovascular hepatocellular carcinomas in segment VIII 
(4.3 cm) and segment VI (1.3 cm). A-C: Hepatobiliary phase magnetic resonance imaging (MRI); D-F: Computed tomography (CT) simulation for radiation 
therapy planning. In the upper panel from A to C are reported hepatobiliary phase MRI images prior to stereotactic ablative radiotherapy treatment. In the bottom 
panel from D to F are reported CT images from radiotherapy treatment plan with isodose curve distributions.

of patient management in terms of performing additional tests or treatment for these nodules, as well as 
modification of proper follow-up strategies, may be required.

Considering the therapeutic response to RFA, literature may not be much of a help since the two most 
important studies in this field were published in the early 2000s[51]. Both studies reported that MRI 
may have an edge over CT in the early detection of local regrowth in particular after 4 mo of treatment
[51]. This aspect should be carefully considered according to readers' experience, MR image quality, and 
the scattered use of hepatobiliary contrast agents, which was not widely used 20 years ago.

Regarding therapeutic response to TACE, it is important to underline that beam hardening artifacts 
can lead to the underestimation of hyperenhancement during the CT arterial phase and thus reducing 
the sensitivity and accuracy dramatically[49,52]. On the other hand, the wider use of DEB-TACE can 
partially solve this issue due to the lack of beam hardening artifacts[53]. The abovementioned issues can 
be partially left out when using MR to detect recurrence. On the other hand, the use of dual-energy CT 
can help increase diagnostic accuracy, even if not widely available[54]. CT and MR diagnostic accuracy 
can be considered completely superimposable after TARE[26], although the added value of HBP 
imaging was not deeply evaluated.

In the recent years, perfusion techniques, both with CT and MR, were used to diagnose HCC and 
determine different treatment responses, especially after medical therapy: in this setting CT perfusion 
can be considered a reliable tool in the early detection of recurrence, as reported by Choi et al[55]. More 
recently the effectiveness of CT perfusion was evaluated by Ruff et al[56], demonstrating that residual 
tumor perfusion parameters are linked to HCC recurrence. However, both CT and MR perfusion 
imaging need an extra time, added costs and are not widely available to be considered convenient tool 
in daily clinical practice[57].

In the recent years, radiomics models based especially on texture analysis are showing promising 
results[58]. Zhang et al[59], by enrolling 132 patients who underwent locoregional therapies, 
demonstrated that radiomic features extracted from Gd-EOB-DTPA MR imaging associated with clinical 
data can predict the early tumor recurrence. Even if pioneering, radiomics analyses should be carefully 
evaluated, especially due to different types of software and MR techniques used which vary between 
centers. However, further studies should focus on these aspects to validate its potential values[60].

Overall, it is important to underline the presence of artifacts during MR acquisition, especially in the 
arterial phase when using Gd-EOB-DTPA studies. As previously reported and demonstrated[61], flow 
rate and acquisition protocol[5] can lead to the degradation of the arterial phase and should be carefully 
managed to avoid the leak of important data, linked to the risk of early recurrence.
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Figure 9 Four-months follow-up post stereotactic body radiation therapy liver magnetic resonance imaging of the hepatocellular 
carcinoma in segment VIII shown in the Figure 8. A: Non contrast T1-weighted high resolution isotropic volume examination; B: T2-weighted image; C: T2-
spectral attenuated inversion recovery; D: High b-value diffusion weighted imaging (DWI); E: Apparent diffusion coefficient (ADC) map; F: Arterial phase magnetic 
resonance imaging (MRI); G: Arterial phase MRI with image subtraction technique; H: Portal venous phase MRI; I: Delayed phase MRI; J: Hepatobiliary phase MRI. 
The liver MRI shows an ill-defined area of signal hypointensity in T1 in the treatment zone with a blurred and inhomogeneous signal hyperintensity with evidence of 
increased signal hyperintensity in the residual nodule. A shaded signal hyperintensity on DWI without signal hyperintensity of the previous lesion, with higher ADC 
values relative to the surrounding liver parenchyma. No areas of enhancement are shown, and a coarse hypointense signal in the hepatobiliary phase due to the 
initial fibrotic evolution of the treated zone is evident.

Figure 10  The evolution of the hepatocellular carcinoma stereotactic body radiation therapy treatment zone in patient shown in Figures 8 
and 9. A: Hepatobiliary phase (HBP) magnetic resonance imaging (MRI) prior to stereotactic body radiation therapy (SBRT); B: SBRT plan with isodose curve 
distributions; C: HBP MRI 4 mo after treatment; D: HBP MRI 8 mo after treatment; E: HBP MRI 20 mo after treatment. The MRIs demonstrated the progressive fibrotic 
evolution of the treatment area.

Finally, the use of CT or MRI is strictly linked to each institution's flow charts: it is important to 
underline the low CT associated costs, the need for less patient cooperation, and its usefulness when 
ascites is present[62]. Also in these settings, a direct comparison with MR with HBP imaging is lacking 
and further studies are needed to validate the abovementioned data.

CONCLUSION
Locoregional therapy is critical in the treatment of patients with HCC. The accurate evaluation of tumor 
response using imaging modalities is essential for optimal management. Gadoxetic acid-enhanced liver 
MRI is an important radiological tool in these patients because it allows for optimal non-invasive tissue 
characterization using a multiparametric approach. For HCC patients to get proper therapeutic 
management, radiologists must know the usual post-treatment imaging findings associated with locore-
gional therapy, as well as a thorough comparison of imaging before and after therapy. Overall, 
gadoxetic acid-enhanced liver MRI is a critical modality in the assessment of results following locore-
gional HCC therapy, having a significant impact on patient management.
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Figure 11  Follow-up liver magnetic resonance imaging of abovementioned patient (Figures 8-10), 20 mo after stereotactic body radiation 
therapy. A: Out-phase T1-weighted image; B: Non contrast T1-weighted high resolution isotropic volume examination; C: T2-spectral attenuated inversion recovery; 
D: High b-value diffusion weighted imaging; E: Apparent diffusion coefficient map; F: T2-weighted image; G: Arterial phase magnetic resonance imaging (MRI); H: 
Arterial phase MRI with image subtraction technique; I: Portal venous phase MRI; J: Portal venous phase MRI with image subtraction technique; K and L: 
Hepatobiliary phase MRI. MRI revealed parenchymal retraction with signal hypointensity on T1-weighted images corresponding to inhomogeneous hyperintensity in 
axial and coronal T2 sequences, with no significant increase in diffusion signal. Dynamic perfusion study after contrast medium administration: no enhancement in 
arterial phase and a progressive enhancement in delayed phase with corresponding hypointense signal in the hepatobiliary excretion phase testifying the fibrotic 
evolution of the treated liver and the absence of locoregional recurrence.
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Abstract
BACKGROUND 
The development of venous thromboembolism (VTE) is associated with high 
mortality among gastric cancer (GC) patients. Neutrophil extracellular traps 
(NETs) have been reported to correlate with the prothrombotic state in some 
diseases, but are rarely reported in GC patients.

AIM 
To investigate the effect of NETs on the development of cancer-associated 
thrombosis in GC patients.

METHODS 
The levels of NETs in blood and tissue samples of patients were analyzed by 
ELISA, flow cytometry, and immunofluorescence staining. NET generation and 
hypercoagulation of platelets and endothelial cells (ECs) in vitro were observed by 
immunofluorescence staining. NET procoagulant activity (PCA) was determined 
by fibrin formation and thrombin–antithrombin complex (TAT) assays. 
Thrombosis in vivo was measured in a murine model induced by flow stenosis in 
the inferior vena cava (IVC).

RESULTS 
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NETs were likely to form in blood and tissue samples of GC patients compared with healthy 
individuals. In vitro studies showed that GC cells and their conditioned medium, but not gastric 
mucosal epithelial cells, stimulated NET release from neutrophils. In addition, NETs induced a 
hypercoagulable state of platelets by upregulating the expression of phosphatidylserine and P-
selectin on the cells. Furthermore, NETs stimulated the adhesion of normal platelets on glass 
surfaces. Similarly, NETs triggered the conversion of ECs to hypercoagulable phenotypes by 
downregulating the expression of their intercellular tight junctions but upregulating that of tissue 
factor. Treatment of normal platelets or ECs with NETs augmented the level of plasma fibrin 
formation and the TAT complex. In the models of IVC stenosis, tumor-bearing mice showed a 
stronger ability to form thrombi, and NETs abundantly accumulated in the thrombi of tumor-
bearing mice compared with control mice. Notably, the combination of deoxyribonuclease I, 
activated protein C, and sivelestat markedly abolished the PCA of NETs.

CONCLUSION 
GC-induced NETs strongly increased the risk of VTE development both in vitro and in vivo. NETs 
are potential therapeutic targets in the prevention and treatment of VTE in GC patients.

Key Words: Neutrophil extracellular traps; Gastric cancer; Platelet; Endothelial cells; Venous throm-
boembolism

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: We found that gastric cancer (GC)-induced neutrophil extracellular traps (NETs) strongly 
increase the risk of venous thromboembolism (VTE) development in GC patients. NETs are potential 
therapeutic targets in the prevention and treatment of VTE in GC patients.
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INTRODUCTION
Gastric cancer (GC) is one of the most prevalent gastrointestinal tumors and the third most fatal cancer 
in the world[1,2]. Additionally, venous thromboembolism (VTE) is a more common complication 
among GC patients when compared to healthy individuals[3-5]. Notably, VTE is associated with a high 
mortality in GC patients[6,7]. Several factors, such as tumor stage, neoadjuvant chemotherapy, and 
surgery, contribute to the development of VTE in GC patients[8,9]. Cancer cells exert a procoagulant 
activity (PCA) in their microenvironment, which is related to activation of the coagulation system[10]. 
However, the molecular mechanism underlying PCA in GC patients is poorly understood. Uncovering 
molecular targets associated with VTE in GC patients can help in the development of appropriate 
therapy, which can improve the clinical outcomes of these patients.

Neutrophil extracellular traps (NETs) are web-like structures composed of filamentous DNA and 
histones, decorated with antimicrobial protein granules and enzymes, including neutrophil elastase 
(NE), myeloperoxidase (MPO), matrix metalloproteinase-9 (MMP-9), and cathepsin G (CatG)[11,12]. 
They result from interactions between neutrophils and bacterial or other stimulating factors[13,14]. 
Overall, they protect the host from pathogen-related damage. NETs were initially described as an 
antimicrobial reaction, but some undesirable effects of NETs have been reported in autoimmune 
diseases[15-17]. Citrullinated histone H3 (citH3) is proposed as a biomarker reflecting NETs formation. 
Recent studies have linked NETs to the development of metastasis and cancer-associated thrombosis[18,
19]. In particular, NETs result in arterial and venous thrombosis, both of which are mediated by 
neutrophils[20]. Furthermore, using mouse models, it has been shown that thrombosis in breast cancer 
tissues is closely linked to the formation of NETs[21]. This finding suggests the potential relationship 
between NETs and cancer-associated thrombosis.

A recent study revealed that priming metastatic pancreatic cancer cells with platelets stimulates 
neutrophils to release NETs, which promotes thrombosis in both static and dynamic states[22]. We first 
reported that platelets derived from GC can stimulate neutrophils to release NETs. NETs enhance PCA 
in GC patients, which is positively correlated with the expression of the thrombin–antithrombin (TAT) 
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complex and the level of serum D-dimers[23]. Moreover, both human and animal studies suggest that 
enhanced thrombosis may result from increased activated platelets[24,25]. Nevertheless, little is known 
about the interaction between NETs and platelet activation in GC patients. Venous endothelial cell (EC) 
injury in cancer patients is also closely related to venous thrombosis[26,27]. Interestingly, the 
cytotoxicity of NETs against ECs enhances PCA in oral squamous cancer, even in patients with obstruc-
tive jaundice and inflammatory bowel disease[28-30]. Even so, the potential mechanism underlying EC 
injury in GC patients is poorly understood.

Our central hypothesis is that GC-induced NETs participate in VTE responses by platelet activation 
and endothelial injury. Therefore, we first explored the complex relationship between NET formation 
and platelet activation as well as EC injury. Furthermore, we showed the effect of NETs on thrombosis 
in an inferior vena cava (IVC) stenosis mouse model. In general, our results may indicate that NETs are 
potential therapeutic targets in the prevention and treatment of VTE in GC patients.

MATERIALS AND METHODS
Patients and tissue samples
Sixty-three patients newly diagnosed with primary GC and 13 healthy donors (HDs) attending the 
Second Affiliated Hospital of Harbin Medical University between October 2019 and April 2021 were 
enrolled in this study. GC diagnoses were performed based on pathological examinations. Pathological 
tumor-node-metastasis (TNM) staging and histological classification of GC were performed according 
to the 7th American Joint Committee on Cancer (AJCC) guidelines[31]. Patients who were < 18 years old 
or pregnant, those on antitumor or anticoagulant treatment before surgical treatment, or those with 
underlying complications such as endocrine, cardiovascular, hematological and other cancers or 
infectious disease were all excluded. The main clinical characteristics of the patients with GC and HDs 
are shown in Table 1. We extracted tumor and adjacent normal tissues from GC patients who consented 
to this study in writing. Blood samples of preoperative patients were obtained at first diagnosis before 
any clinical treatment, and blood samples of postoperative patients were obtained from 1 mo after 
surgery before adjuvant therapy to avoid errors caused by postoperative stress. The protocol for this 
study was approved by the Ethics Committee of the Second Affiliated Hospital of Harbin Medical 
University (No. KY2016-032).

Isolation of human plasma, platelets, and neutrophils
Fresh whole venous blood was collected into tubes containing 3.2% sodium citrate using 21-gauge 
needles. The patients underwent overnight fasting before blood collection. The blood was centrifuged at 
150 g for 20 min at room temperature (RT) to obtain platelet-rich plasma (PRP), within 1 h of collection. 
Clean top PRP layer was collected in a new tube, diluted with platelet wash buffer (TBD, Tianjin, 
China), and centrifuged at 460 g for 20 min at RT to obtain clean platelets and platelet-free plasma (PFP)
[32]. The platelets were resuspended in prewarmed modified Tyrode’s buffer (137 mmoL/L NaCl, 2.8 
mmoL/L KCl, 1.0 mmoL/L MgCl2, 12 mmoL/L NaHCO3, 0.4 mmoL/L Na2HPO4, 5.5 mmoL/L glucose, 
pH 7.4; Solarbio, Beijing, China). Neutrophils were isolated based on the density gradient centrifu-
gation, using the whole blood neutrophil isolation kit (TBD). After lysing erythrocytes based on the red 
blood cell lysis buffer (150 mmoL/L NH4CL, 10 mmoL/L KHCO3, 0.2 mmoL/L Na2EDTA, pH 7.4; 
TBD), the purity (> 96%) and viability (> 96%) of neutrophils were assessed using Wright–Giemsa 
staining and Trypan blue staining, respectively.

Cell lines and conditioned medium
The human metastatic GC KATO-III and MKN-45 cell lines, human primary GC AGS cell line, human 
gastric mucosal epithelial cell (GES-1) line, human umbilical cord endothelial cell (HUVEC) line, and 
mouse forestomach squamous carcinoma (MFC) cell line were purchased from PROCELL (Wuhan, 
China). All cell lines were characterized using short tandem repeat (STR) profiling. The GES-1, AGS, 
MKN-45 and MFC cells were cultured in RPMI 1640 (Gibco, USA), KATO-III cells were cultured in 
IMDM (Gibco), and HUVECs were cultured in DME/F12 (HyClone, Logan, UT, USA). All media were 
supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin–streptomycin solution 
(Beyotime, Beijing, China). Incubation was performed at 37°C under 5% CO2 in a humidified 
environment. To prepare conditioned medium (CM), the cells were cultured to 90% confluence in 
medium supplemented with 10% FBS, washed three times using 1 × PBS, and recultured for 48 h in 
medium without FBS. The supernatant was centrifuged at 1500 g for 10 min at 4°C to remove cell debris. 
The CM was collected and stored at -80°C until use.

Animal models
The animal protocol was designed to minimize pain or discomfort to the animals. Wild-type male 
C57BL/6 mice (7–9 wk old, weighing 20–26 g) were purchased from the Animal Experimental Center of 
Harbin Medical University, and all procedures were approved by the Animal Care and Use Committee 
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Table 1 Main clinical and laboratory features of 13 healthy subjects and 63 patients diagnosed with gastric cancer

Characteristics (n = 76, DF = 4) Control (n = 13) Stage I (n = 14) Stage II (n = 15) Stage III (n = 22) Stage IV (n = 12)

Male (%) 61.5 50 53.3 72.7 66.6

Age(yr) 58.46 ± 5.43 57.0 ± 10.07 63.07 ± 9.12 60.32 ± 11.54 63.64 ± 9.68

Erythrocytes (× 1012/L) 4.70 ± 0.57 4.46 ± 0.32 4.12 ± 0.83 4.13 ± 0.69 4.03 ± 0.81

Leukocytes (× 109/L) 6.87 ± 2.86 6.57 ± 2.04 8.60 ± 2.54a 8.58 ± 4.66a 10.60 ± 5.25b

Neutrophils (× 109/L) 4.36 ± 3.0 4.62 ± 2.54 6.36 ± 2.82a 6.75 ± 4.92a 8.53 ± 5.46c

Hb (g/L) 140.84 ± 20.31 137.23 ± 10.76 121.29 ± 26.65 121.23 ± 29.72 111 ± 33.23a

PLT (× 109) 259.15 ± 59.0 242.69 ± 52.19 293.29 ± 83.74 250.64 ± 104.63 302.0 ± 156.9

ALB (g/L) 44.84 ± 3.27 43.33 ± 4.84 38.06 ± 6.29 37.39 ± 9.23 35.59 ± 4.08a

PT (s) 11.24 ± 1.03 12.66 ± 4.16 12.42 ± 2.03 12.05 ± 0.86 12.24 ± 1.57

APTT (s) 35.06 ± 2.71 36.03 ± 7.54 34.52 ± 3.46 33.49±3.81 35.08±4.68

D-dimer (mg/L) 53.30 ± 48.16 238.46 ± 265.28c 280.21 ± 269.55c 291.23 ± 262.88c 950.0 ± 743.72d

Fibrinogen (g/L) 2.46 ± 0.43 2.69 ± 0.58 3.67 ± 0.98a 3.19 ± 0.61a 4.68 ± 2.61b

aP < 0.05 vs healthy control.
bP < 0.01 vs healthy control.
cP < 0.001 vs healthy control.
dP < 0.0001 vs healthy control.
Data are presented as numbers (percentages) or the mean ± SD. DF: Degree of freedom; Hb: Hemoglobin; PLT: Platelets; ALB: Albumin; PT: Prothrombin 
time; APTT: Activated partial thromboplastin time.

of the Second Affiliated Hospital of Harbin Medical University (No. KY2016-032). The animals were 
individually housed and maintained under standard conditions (12 h/12 h light/dark cycle, 22 ± 1 °C, 
50% humidity) and provided with a conventional laboratory diet and an unrestricted supply of drinking 
water. In the subcutaneous tumor models, mice were injected with MFC cells (2 × 107 cells/mL) 
subcutaneously into the right axilla, and the tumor volumes were measured every 3 d from 7 d after 
injection with MFC cells and allowed to reach 1000 mm3 (usually 28–35 d). The volume was calculated 
by measuring the length (L) and width (W) of the tumor: Tumor volume = π/6 × L × W2. Thereafter, a 
murine model of deep vein thrombosis (DVT) was developed as previously described[33]. The mice 
were anesthetized by intraperitoneal injection of 2,2,2-tribromoethanol (Sigma, St . Louis, MO, USA), 
and the intestines were removed to expose the IVC after entering the abdominal cavity through a 
median abdominal incision. The IVC was carefully separated below the left renal vein plane. After 5-0 (1 
mm) sutures passed through the IVC, 3-0 (2 mm) sutures were placed at the parallel part of the IVC as 
the blocking line. The IVC was ligated and 3-0 sutures were carefully extracted. This procedure has been 
shown to decrease the vascular lumen by approximately 90%. The other branches of the IVC were 
ligated to the level of the iliac vein. Thereafter, the abdominal incision was closed, mice were sacrificed 
after 6 or 48 h, and thrombi that had formed in the IVC were harvested. The IVC stenosis mice in the 
treatment groups were injected with DNase I (50 μg/mouse; Roche, Switzerland) intraperitoneally 
every 12 h until the time of death. All animals were killed for tissue collection. Blood (300 μL/mouse) 
was drawn from the periorbital eye plexus and stabilized with 0.5 mmoL/L EDTA. Plasma was 
obtained as described above. Thrombi of control and tumor-bearing mice were fixed in 4% paraformal-
dehyde for 24 h, embedded in Optimal Cutting Temperature (OCT) compound (SAKURA, Torrance, 
CA, USA), and cryosectioned at a thickness of 4 μm for immunofluorescence staining.

Quantification of plasma NETs marker
Plasma cell-free DNA (cf-DNA), MPO-DNA and citH3-DNA complexes were quantified using capture 
ELISA as previously described[34]. The quantification of cf-DNA was performed using the Quant-iT 
PicoGreen dsDNA assay kit (Invitrogen, Carlsbad, CA, USA). For detection of NET-DNA complexes, 5 
μg/mL anti-MPO (ab90810; Abcam, Cambridge, UK) or anti-citH3 antibody (ab5103; Abcam) was 
coated onto 96-well plates overnight at 4°C. After blocking in 1% bovine serum albumin (BSA), the 
plasma from GC patients or healthy individuals was added per well and incubated at RT for 2 h. After 
washing five times with PBST, Quant-iT PicoGreen dsDNA Reagent was added. The values were then 
read with a fluorometer with a filter setting of 480 nm/520 nm excitation/emission wavelengths.

Fibrin formation and TAT complex assay
Fibrin formation of platelets and ECs was detected by turbidity as previously described[35]. To assess 
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the fibrin formation in the setting of platelet or EC monolayers, cell monolayers in 96-well plates were 
stimulated by NETs with or without DNase I, activated protein C (APC), and sivelestat treatment alone 
or together for 4 h, followed by two washes with Hank’s balanced salt solution (137 mmoL/L NaCl, 5.3 
mmoL/L KCl, 4.17 mmoL/L NaHCO3, 0.33 mmoL/L Na2HPO4, 5.5 mmoL/L glucose, pH 7.4) and then 
150 μL PFP from HDs was cocultured with cells at 37°C for 2 min, followed by the addition of 50 μL 
prewarmed 25 mmoL/L CaCl2. The fibrin formation was tested using turbidity measurements and 
quantified as the maximum value by measuring the OD at 405 nm every 10 s for 30 min on a 
SpectraMax 340 PC plate reader. To assess the fibrin formation in the plasma of mice, 150 μL PFP from 
control, tumor-bearing mice, or DNase I infused tumor-bearing mice was cultured at 37°C for 2 min, 
followed by addition of 50 μL prewarmed 25 mmoL/L CaCl2. To detect the level of TAT complex, a 
human and mouse TAT complex ELISA kit (Jingkbio, Shanghai, China) was used as previously 
described[36].

Flow cytometry
Circulating NETs were measured using flow cytometry. Here, whole blood from HDs and GC patients 
was diluted with 1 × PBS and incubated in the dark at RT for 30 min with FITC-conjugated-citH3 
(eBioscience, San Diego, CA, USA) and PE-conjugated MPO (eBioscience) antibodies. For the assessment 
of phosphatidylserine (PS) and P-selectin expression on platelets, platelets (2 × 106 cells) isolated from 
the blood of HDs and GC patients were incubated with FITC-conjugated lactadherin (Haematologic, 
Essex Junction, VT, USA), APC-conjugated CD62P (Biolegend, San Diego, CA, USA), and PerCP-
conjugated CD41 (Biolegend) antibodies.

Immunofluorescence staining of NETs
Tumor and paratumor tissues of GC patients were fixed in 4% paraformaldehyde for 24 h, embedded in 
OCT compound (SAKURA), and cryosectioned into slices of 4-μm thickness. The samples were cultured 
overnight at 4°C with primary rabbit anti-histone H3 (1:500, ab5103; Abcam) and mouse anti-MPO 
(1:500, ab90810; Abcam) antibodies, and washed three times with PBS before incubation for 1 h at RT 
with Alexa Fluor 594-conjugated goat anti-rabbit (1:200; Proteintech, China) and Alexa Fluor 488-
conjugated goat anti-mouse (1:200; Proteintech) secondary antibodies. The tissues were stained for 5 
min at RT in the dark with 4’,6-diamidino-2-phenylindole (DAPI) and anti-fade mounting medium 
(Solarbio, Beijing, China). Thrombi in the IVC of tumor models or control mice were stained with 
primary rabbit anti-histone H3 (1:500, ab5103; Abcam) and rat anti-Ly6G (1:500, Novus, St. Charles, MO, 
USA), and the specimens were incubated with the Alexa Fluor 488-conjugated goat anti-rabbit (1:200; 
Proteintech) and Alexa Fluor 594-conjugated goat anti-rat (1:200; Proteintech) secondary antibodies as 
previously described[37]. The tissue images were captured using a confocal microscope (LSM 800; Zeiss, 
Germany).

Neutrophils (5 × 105 cells) isolated from HDs were seeded and incubated in glass-based poly-L-lysine-
coated 24-well plates for 1 h at 37°C under 5% CO2. Thereafter, cell suspensions of KATO-Ⅲ, MKN-45, 
AGS, and GES-1 (2 × 105 cells) or CM from GC cells were cocultured with neutrophils for 4 h at 37°C 
under 5% CO2. To detect and quantify NETs, the samples of the CM group were incubated with primary 
rabbit anti-histone H3 and mouse anti-MPO antibodies and then fluorescent secondary antibodies. For 
the samples of cell-cell contact groups, NETs were stained with Sytox Green (Solarbio) for 10 min in the 
dark at RT. All images were captured using a confocal microscope (LSM 800; Zeiss) and analyzed with 
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Preparation of cell-free NETs
Cell-free NETs were isolated from neutrophils of GC patients as previously described, with modific-
ations[38]. Neutrophils (107 cells/mL) were cultured for 4 h at 37°C under 5% CO2 in medium supple-
mented with 500 nM PMA (HY-18739; MedChemExpress, Monmouth Junction, NJ, USA). The 
supernatant was discarded, and ice-cold 1 × PBS was added to wash down the cell layer of neutrophils 
to obtain the NET medium and centrifuged at 1500 g for 10 min at 4°C to remove cell debris. Thereafter, 
1.5 mL supernatant (sterile DNA–protein complex) was centrifuged at 15 000 g for 15 min at 4°C. The 
resultant pellets were suspended in ice-cold 1 × PBS, followed by DNA concentration measurement in 
the medium obtained using spectrophotometry (Biospec-nano, Japan). An adequate DNA concentration 
in the medium should range between 50 and 100 μg/mL. The medium containing the NETs was stored 
at -80°C for subsequent experiments.

Platelet activation and adhesion assays
Platelet activation and adhesion assays were performed as previously described[22]. Glass-based wells 
of 24-well plates were coated with cell-free NETs after overnight incubation in the corresponding 
medium at 4°C in a humidified chamber. For controls, 1% denatured BSA was used. Denatured BSA 
was prepared by heating the solution in PBS without calcium or magnesium to 80°C for 3 min and 
immediately placing it on ice until cool; it was then stored at 20°C until use. Platelet suspensions (107 

cells/mL) were then seeded in the wells, cultured for 1 h at 37°C under 5% CO2, fixed for 15 min at RT 
with 4% paraformaldehyde, and washed three times using 1 × PBS before 20 min permeabilization 
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using 0.1% Triton-X 100. The platelets were then incubated for 30 min with Alexa Fluor 594-conjugated 
phalloidin primary antibody (1:300; Thermo Fisher, Waltham, MA, USA). To assess PS and P-selectin 
expression, the platelet suspension was incubated for 1 h at 37°C under 5% CO2, and the cells were 
stimulated with NETs for 1 h, followed by FITC-conjugated lactadherin (Hematologic) staining for 30 
min. Platelets were washed twice with PBS before fixation for 15 min at RT with 4% paraformaldehyde, 
permeabilized using 0.1% Triton-X 100 for 20 min, and then stained with primary rabbit anti-P-selectin 
(1:200; Proteintech) and mouse anti-CD41 (1:500; Novus) antibodies. Images were captured using a 
confocal microscope (LSM 800; Zeiss) and analyzed with ImageJ software (National Institutes of 
Health).

HUVECs stimulation assay
HUVECs were incubated with cell-free NETs or PBS in 24-well plates for 4 h when the cells grew to a 
confluent monolayer. The cells were fixed in 4% paraformaldehyde for 15 min at RT, washed three times 
using 1 × PBS, and blocked for 1 h using 10% goat serum with 1% BSA solution in PBS. For detection of 
tissue factor (TF) expression, ECs were incubated overnight at 4 °C with rabbit anti-TF (1:500, ab228968; 
Abcam) and mouse anti-CD31 (1:500, ab9498; Abcam) primary antibodies. The cells were washed with 
PBS and reincubated for 1 h at RT with Alexa Fluor 594-conjugated (Proteintech) goat anti-rabbit and 
Alexa Fluor 488-conjugated (Proteintech) goat anti-mouse secondary antibodies. For detection of 
intercellular junctions of cells, cells were incubated overnight at 4°C with rabbit anti-VE-cadherin (1:500, 
ab33168; Abcam) primary antibody, followed by Alexa Fluor 488-conjugated (Proteintech) goat anti-
rabbit secondary antibody, and were further incubated with Alexa Fluor 594-conjugated phalloidin 
primary antibody (1:300; Thermo Fisher, Waltham, MA, USA). They were stained with DAPI and fixed 
with mounting medium (Solarbio) for 5 min at RT in the dark. The cells were observed and 
photographed using a confocal microscope. The photos were analyzed with ImageJ software.

Platelet and HUVEC inhibition assays
For inhibition assays, platelets and HUVECs were cocultured with cell-free NETs for 1 h at 37°C in a 
humidifier chamber in the presence of DNase I (100 U/mL, Roche), APC (100 nM, HY-P1918; 
MedChemExpress), and sivelestat (100 nM, HY-17443; MedChemExpress) alone or together. DNase I 
cleaves NET DNA, whereas APC and sivelestat disrupt histones and NE functions, respectively.

Statistical analysis
Data are expressed as the mean ± SD. Data were analyzed to assess distribution normality. For normally 
distributed data, statistical significance was analyzed using Student’s t-tests and one-way analysis of 
variance. For non-normally distributed data, statistical significance was analyzed using the 
Mann–Whitney test and Kruskal–Wallis test. All analyses were performed using GraphPad Prism 
version 8.0 and SPSS 16.0 statistical software. Spearman’s correlation was used to evaluate the 
association between two variables. P < 0.05 was considered statistically significant.

RESULTS
GC patients display greater NET formation
The levels of plasma cf-DNA, citH3-DNA,and MPO-DNA complexes in GC patients (n = 63) and HDs (n 
= 13), which reflect the concentration of NETs, were measured using capture ELISA. The levels of NET 
markers were significantly higher in patients with stage II/III/IV GC than in HDs (Figure 1A–C). There 
was also a significant difference in preoperative and postoperative plasma NET marker levels in GC 
patients (Figure 1D–F). The levels of NET markers positively correlated with those of serum D-dimer 
(cf-DNA: r = 0.5595, P < 0.0001; citH3-DNA: r = 0.5469, P < 0.0001; MPO-DNA: r = 0.5479, P < 0.0001), 
suggesting that NETs were associated with hypercoagulation and VTE development in GC patients. The 
levels of NETs (MPO+/citH3+ neutrophils) in the circulation in GC patients and HDs were measured 
using flow cytometry. Circulating NETs were higher in the blood of patients with either GC stage 
(II–IV) than in their HD counterparts (Figure 1G and H). Furthermore, based on MPO and citH3 levels, 
immunofluorescence staining revealed that NETs were significantly higher in the tumor microenvir-
onment than in the paratumor tissue of the same patients (Figure 1I–M).

GC cells stimulate formation of NETs by neutrophils
To assess whether GC cells directly stimulated NET formation, we analyzed the expression of NETs in a 
coculture of GC cell lines and neutrophils. Immunofluorescence analysis revealed that compared with 
GES-1 cells, the rate of NET formation was significantly higher in GC cells (Figure 2A). However, the 
formation of NETs was greater in the metastatic GC cell line than in the nonmetastatic GC cell line 
(Figure 2B). We measured NET formation when normal neutrophils were cocultured with CM from 
KATO-III, MKN-45, AGS and GES-1 cells. Immunofluorescence analysis further revealed that the CM of 
KATO-III and MKN-45 cells exerted greater neutrophil activation for NET formation than the CM of 
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Figure 1 NETs are accumulated in samples of GC patients. A–C: Plasma levels of NET markers cf-DNA, citH3-DNA, and MPO-DNA in GC patients and 
healthy individuals were measured by ELISA. Healthy individuals, n = 13; stage I, n = 14; II, n = 15; III, n = 22; IV, n = 12; D-F: Comparison of cf-DNA, citH3-DNA and 
MPO-DNA in the plasma of patients with GC preoperatively and postoperatively by ELISA. n = 51; G and H: The rate of activated neutrophils in the circulating 
environment of GC patients and healthy individuals was measured by flow cytometry with APC-MPO and FITC-citH3 staining. Each group: n = 6; I and J: NET 
accumulation was detected by confocal microscopy with MPO and citH3 staining in paratumor and tumor samples from the same GC patient. Magnification 20×; scale 
bars: 50 μm. Red-citH3, Green-MPO and Blue-DAPI; K and L: Magnified (40×) part of MPO and citH3 colocation in paratumor and tumor samples from the same 
patient. Scale bars: 10 μm. Red-citH3, Green-MPO and Blue-DAPI; M: The percentage of area coverage of citH3 expression was defined as the rate of red area in 
total area and analyzed with ImageJ software; all values are the mean ± SD. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. NET: Neutrophil extracellular trap; GC: 
Gastric cancer; cf-DNA: Cell-free DNA; MPO: Myeloperoxidase; citH3: Citrullinated histone H3.

AGS cells. However, the CM of GES-1 cells had no effect on NET formation (Figure 2C and D). Overall, 
these findings demonstrate that GC cells stimulate NET formation through both intercellular contact 
and noncontact mechanisms.

NETs contribute to hypercoagulation of platelets
To examine the effect of NETs on platelet activation, we measured the levels of PS and P-selectin 
expression in these cells. Flow cytometry revealed that compared to HDs, the expression of PS and P-
selectin was significantly higher on platelets of patients with GC (Figure 3). In addition, platelets 
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Figure 2 GC cells can stimulate neutrophils to form NETs. A and B: Control neutrophils were cocultured with normal gastric mucosal epithelial cells (GES-
1) or GC cells (AGS, MKN-45 and KATO-III) and NET formation was measured by confocal microscopy with cell-impermeable Sytox-Green staining. Magnification 
20×; scale bars: 50 μm. Green: Neutrophils; C and D: Control neutrophils were cocultured with CM from GES-1 or GC cells, and stained with MPO and citH3. The 
percentage of NET-releasing cells was defined as the ratio of the calculated NET releasing neutrophils to the total number of neutrophils. Magnification 20×; scale 
bars: 50 μm. Red-citH3, Green-MPO, and Blue-DAPI. All values are the mean ± SD. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. GC: Gastric cancer; GES-1: 
Gastric mucosal epithelial cells; NET: Neutrophil extracellular trap; CM: Conditioned medium; MPO: Myeloperoxidase; citH3: Citrullinated histone H3.

isolated from HDs were cocultured with NET medium or PBS before analyzing PS and P-selectin 
expression. We found that NETs stimulated PS and P-selectin expression on platelets by confocal 
microscopy (Figure 4A–C). Flow cytometry also demonstrated this hypercoagulable phenotype of 
platelets which was stimulated by NETs (Figure 4D and E). In the inhibition assay, we added DNase I, 
APC and sivelestat alone or together to cleave DNA, histones and NE, which were the most functional 
factors of NETs. At the highest concentration of NETs (0.5 μg DNA/mL), flow cytometry revealed that 
DNase I, APC, sivelestat, or a combination of the three inhibited 60.2%, 47.1%, 41.9% and 83.2% of PS 
expression, respectively (Figure 4D), and 55.2%, 47.0%, 41.0%, and 91.76% of P-selectin expression on 
platelets, respectively (Figure 4E).

NETs promote platelet adhesion and prothrombotic state
Previous studies have shown that NETs promote thrombosis in murine late-stage breast cancer models 
and DVT models[19,39]. However, whether NETs derived from GC neutrophils have the ability to 
stimulate platelet adhesion under static conditions is unknown. To determine the effect of NETs on 
platelet adhesion, platelets isolated from HDs were seeded in NET-coated wells to measure the effects of 
NETs on the adherence of platelets to blood vessels. Confocal microscopy revealed that NETs enhanced 
adherence of platelets to glass slides (Figure 5A and B), indicating that NETs induce the development of 
thrombosis. Moreover, the results revealed that fibrin formation and TAT complex levels were increased 
when control plasma was cocultured with platelets activated by NETs (Figure 5C and D).

Inhibition assays revealed that digestion of NET DNA using DNase I modulated the adhesion of 
platelets on glass surfaces. Even so, a few platelets still adhered to the NET-coated well pretreated with 
DNase I (Figure 5A). This suggested that other protein components other than NET-DNA participated 
in the adhesion of platelets. NETs treated with DNase I, APC, sivelestat, or a combination of the three 
inhibited 67.1%, 56.6%, 38.9%, and 91.8% of platelet adhesion, respectively (Figure 5B). The degree of 
platelet adhesion in the combination group was comparable to that of the controls. We found that 
DNase I, APC, sivelestat, or a combination of the three reduced fibrin formation by 81.1%, 73.9%, 64.3%, 
and 90.7%, respectively (Figure 5C), and inhibited 78.9%, 57.4%, 51.2%, and 91.9% of TAT complex level, 
respectively (Figure 5D), at the highest concentration of NETs. Taken together, these findings 
demonstrate that NETs play a role in the development of thrombosis.

NETs drive hypercoagulation of ECs
To detect the effect of NETs on EC thrombogenicity, HUVECs were cocultured with NET medium. 
Confocal microscopy revealed that NETs destroyed the normal intercellular junctions between ECs 



Li JC et al. NETs contribute to cancer-associated thrombosis

WJG https://www.wjgnet.com 3140 July 14, 2022 Volume 28 Issue 26

Figure 3 Platelets are activated in patients with GC. A and C: Flow cytometry showed the rate of P-selectin-positive platelets from each stage GC patients 



Li JC et al. NETs contribute to cancer-associated thrombosis

WJG https://www.wjgnet.com 3141 July 14, 2022 Volume 28 Issue 26

and healthy individuals; B and D: Rate of phosphatidylserine-positive platelets from each stage GC patients and healthy individuals. All values are the mean ± SD. dP 
< 0.0001. PS: Phosphatidylserine; GC: Gastric cancer. CD62P: P-selectin; Lact: Lactadherin.

Figure 4 NETs contribute to hypercoagulation of platelets. A: PS exposure and P-selectin expression were measured when isolated platelets were 
cocultured with BETs (μg, DNA/mL) or in the presence of DNase I, activated protein C, and sivelestat alone or together by confocal microscopy. Magnification 63×; 
scale bars: 10 μm. Red-platelets, Green-Lactadherin, and Blue-P-selectin; B and C: PS exposure and P-selectin expression are indicated as MFI. MFI was defined as 
the ratio of total fluorescence intensity to the area; D and E: The rates of PS-positive platelets and P-selectin-positive platelets were detected by flow cytometry. All 
values are the mean ± SD. cP < 0.001; dP < 0.0001. PS: Phosphatidylserine; GC: Gastric cancer; DNase I: Deoxyribonuclease I; APC: Activated protein C; MFI: Mean 
fluorescence intensity; Lact: Lactadherin; CD41: Platelet; NET: Neutrophil extracellular trap.

(Figure 6A and C). NET treatment upregulated expression of TF on the surface membrane of ECs 
(Figure 6B and D). In addition, plasma fibrin formation and TAT complex levels were significantly 
increased when control plasma was incubated with EC monolayers activated by NETs (Figure 6E and 
F). Further inhibition assays were performed to assess the effect of NETs on ECs after pretreatment with 
DNase I, APC, sivelestat, or a combination of the three. We found that NET treatment after incubation 
with DNase I, APC, sivelestat, or all three drugs returned 47.5%, 36.3%, 33.4%, and 86.5%, respectively, 
of VE expression on ECs (Figure 6C), whereas similar treatment inhibited 60.4%, 44.8%, 38.6%, and 
95.5%, respectively, of TF expression (Figure 6D). Additionally, we found that NET treat-ment after 
incubation with the above inhibitors inhibited 59.7%, 54.4%, 54.0%, and 91.5% of fibrin formation level, 
respectively (Figure 6E), and inhibited 51.2%, 35.6%, 25.9%, and 84.3% of TAT complex level, 
respectively (Figure 6F). Taken together, these findings suggest that NETs promote hypercoagulation of 
ECs; thus, inhibiting NET function can protect against venous injury.

NETs promote formation of thrombi in tumor-bearing IVC flow restriction mice
Based on these findings in vitro and the pivotal role of NETs in thrombosis, we hypothesized that GC-
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Figure 5 NETs promote platelet adhesion and prothrombotic state. A: Isolated platelets were incubated on glass slides which were coated with 1% 
dBSA, NETs (μg DNA/mL), or NETs pretreated with DNase I, APC, and sivelestat alone or together, followed by the F-actin components of platelets with 594-
phalloidin staining. Magnification 63×; scale bars: 10 μm. Red-platelets; B: The percentage of area coverage of platelet adhesion was defined as the rate of red area 
in the total area and analyzed with ImageJ software; C: Isolated platelets were cocultured with different concentrations of NETs for 30 min with or without DNase I, 
APC and sivelestat treatment alone or together, and plasma fibrin formation was tested using turbidity measurements and monitored OD at 405 nm; D: TAT complex 
level of activated platelets was analyzed by ELISA. All values are the mean ± SD. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. dBSA: Denatured bovine serum 
albumin; NETs: Neutrophil extracellular traps; DNase I: Deoxyribonuclease I; APC: Activated protein C; TAT: Thrombin–antithrombin.

induced NETs can also promote thrombosis in vivo. Here, in a mouse IVC flow stenosis model, tumor-
bearing mice demonstrated more capacity to form thrombi and showed heavier weight and longer 
length of thrombi compared to control mice (Figure 7A–D). In the 6 h models, three of nine of control 
mice showed thrombi, whereas seven of nine of tumor-bearing mice formed thrombi. In the 48 h 
models, all mice demonstrated thrombi in the IVC. In addition, confocal images of thrombi formed in 
the tumor-bearing mice after 48 h of IVC stenosis showed that NETs were significantly accumulated 
compared to control mice (Figure 7E–H). The thrombi of control mice included some neutrophils 
(Ly6G+) but were not activated to form NETs (Figure 7E and G). Furthermore, tumor-bearing mice 
showed higher fibrin formation and TAT complex levels than control mice (Figure 7I and J).

In the inhibition assay, we infused DNase I into mice immediately after IVC stenosis and examined 
thrombosis after 6 or 48 h of surgery. We found that treatment with DNase I significantly inhibited 
thrombi formation in tumor-bearing IVC stenosis mice (Figure 7A–D). Furthermore, fibrin formation 
and TAT complex levels in tumor-bearing mice were significantly decreased by DNase I treatment 
(Figure 7I and J). These data suggest that NETs play a role in thrombosis in vivo, which was induced by 
GC, and inhibiting NETs by DNase I had a protective effect on thrombosis in this mouse model.

DISCUSSION
Inflammation is one of the hallmarks of cancer. Additionally, neutrophils are among the most important 
immune cells implicated in promoting tumor progression[40,41]. NETs participate in cancer progression 
by promoting the proliferation, invasion, metastasis and angiogenesis of cancer cells as well as 
thrombosis in numerous tumor types[42-44]. A recent study using mouse models with Jak2V617F knock-in 
revealed that most myeloproliferative neoplasms display NET formation and DVT[45]. Our previous 
studies revealed that NETs promote the migration and metastasis of GC cells both in vitro and in vivo 
through epithelial mesenchymal transition[46]. Intriguingly, inhibition of NETs promotes apoptosis and 
inhibits the invasion of GC cells by regulating the expression of Bcl-2, Bax and nuclear factor-κB 
proteins[47]. Our initial studies revealed that NETs released by neutrophils in GC patients promoted the 
conversion of thrombin and fibrin[23]. Accordingly, we hypothesized that NETs promote thrombosis in 
GC patients. We investigated the interactions between GC cells, neutrophils, platelets and ECs, with a 
keen focus on their role in cancer-associated thrombosis.
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Figure 6 NETs drive hypercoagulation of ECs. A: ECs were cocultured with NETs (μg DNA/mL) or PBS in the presence of DNase I, APC, or sivelestat alone 
or together for 4 h and analyzed by confocal microscopy. The intercellular junctions of ECs were stained with VE–cadherin and phalloidin. Magnification 63×; scale 
bars: 10 μm. Red-phalloidin, Green-VE, and Blue-DAPI; B: EC activation was stained with CD31 and TF. Magnification 63×; scale bars: 10 μm. Red-TF, Green-CD31, 
and Blue-DAPI; C and D: VE–cadherin expression and TF expression on ECs were detected by confocal microscopy and analyzed with ImageJ software (expression 
indicated as MFI). MFI was defined as the ratio of total fluorescence intensity to the area; E and F: EC monolayers were stimulated with various concentrations of 
NETs for 4 h, followed by determination of fibrin formation by turbidity measurement at 405 nm, and the TAT complex level was detected by ELISA. All values are the 
mean ± SD. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. NETs: Neutrophil extracellular traps; ECs: Endothelial cells; DNase I: Deoxyribonuclease I; APC: Activated 
protein C; TF: Tissue factor; TAT: Thrombin–antithrombin; MFI: Mean fluorescence intensity.
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Figure 7 Tumor-bearing mice show a greater ability to form thrombi by inferior vena cava flow restriction. A and B: The values for weight and 
length of thrombi present in control, tumor-bearing mice, DNase I infused tumor-bearing mice at 6 h after surgery. Each group, n = 9; C and D: Values for weight and 
length of thrombi present in mice at 48 h after surgery. Each group, n = 5; E and F: Confocal imaging of thrombi derived from control mice and tumor-bearing mice 
with Ly6G and citH3 staining. Magnification 10×; scale bars: 200 μm. Red-Ly6G, Green-citH3, and Blue-DAPI; G and H: Magnified (40×) part of thrombi derived from 
control mice and tumor-bearing mice. Scale bars: 50 μm. Red-Ly6G, Green-citH3, and Blue-DAPI; I and J: Fibrin formation levels in the plasma of control, tumor-
bearing mice, or DNase-I-infused tumor-bearing mice were detected by turbidity measurement at 405 nm, and TAT complex levels were detected by ELISA. Each 
group, n = 8. All values are the mean ± SD. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. DNase I: Deoxyribonuclease I; TAT: Thrombin–antithrombin.

In this study, we found that the levels of plasma NET markers and citH3-positive neutrophils were 
significantly higher in GC patients than in HDs. Expression of NETs decreased significantly after 
resection of GC tissues. Neutrophil infiltration and NET formation were upregulated in tumor tissues, 
relative to adjacent paratumor tissues of the same GC patient. The levels of serum D-dimer were 
positively correlated with tumor TNM stage, consistent with previous findings[48]. These findings 
suggest that the expression of NETs promotes GC development and thrombosis in the same group of 
patients.

It has been reported that hepatocellular cancer and hypoxic CM stimulate the production of NETs by 
neutrophils[44]. However, the relationship between GC cells and neutrophils is poorly understood. Our 
experiments demonstrated that both metastatic and nonmetastatic GC cancer cells directly stimulated 
production of NETs from neutrophils, contrary to GES-1 cells. CM of GC cells, but not that of GES-1, 
also induced the formation of neutrophil-related NETs. This suggests that NET formation is also 
mediated by factors secreted by GC cells. Inflammatory cytokines, such as interleukin (IL)-1β, IL-6, IL-8, 
and tumor necrosis factor-, as well as damage-associated molecular patterns, all overexpressed in tumor 
microenvironments, stimulate neutrophils to release NETs[49,50]. Although IL-8 is the cytokine with the 
highest overexpression in GC patients, whether it is the main mediator of NET formation and the 
subsequent underlying mechanism in GC remain to be validated.

A recent study showed that NETs promote thrombosis by activating and promoting the adhesion of 
platelets in the venous walls of pancreatic cancer patients[22]. Activated platelets express PS on their 
surface membranes[51]. Additionally, P-selectin expression on the surface membrane of platelets is also 
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associated with thrombosis[52]. In this study, we found that compared to HDs, PS and P-selectin 
expression on platelets was significantly higher in GC patients, particularly those with stage III/IV GC. 
NET treatment upregulated PS and P-selectin expression on platelets. Additionally, NETs stimulated 
the adhesion of normal platelets on glass slides. However, even though DNase I treatment modulated 
this phenomenon, some platelets still adhered to the glass slides, suggesting that other secretory factors 
participated in the adhesion property.

Previous studies have shown that histones in NETs promote thrombosis in colorectal cancer patients
[53]. NE is another most abundant protein that binds NETs. Although this potent protein stimulates 
tumor progression both in vitro and in vivo, the mechanisms underlying NE-mediated cancer-associated 
thrombosis remain to be clarified. A recent study on DVT using mouse models showed that NE 
deficiency or NE inhibition alone does not completely inhibit DVT[54]. In this study, we found that 
hypercoagulation of platelets was not completely mediated by NET DNA, but also by other secretory 
proteins in the NETs, such as histones and NE. Consequently, DNase I treatment of NETs had no 
complete effect on hypercoagulation of platelets. However, a combination of DNase I, APC and 
sivelestat treatment almost completely inhibited hypercoagulation of platelets. Although sivelestat did 
not show a strong antihypercoagulation effect similar to DNase I, it nonetheless modulated the 
activation and adhesion of platelets. This demonstrated that histones and NE also participate in the 
activation and adhesion of platelets.

DVT can be triggered by injury to vascular ECs. Previous studies have shown that under certain 
malignancies, NETs can induce dysfunction and apoptosis of ECs[35]. In patients with chronic 
pancreatic disease and pancreatic cancer, NETs exert their cytotoxicity against ECs via intercellular cell 
adhesion molecule-1 and vascular cell adhesion molecule-1 expression[26]. Recent studies have shown 
that treatment of ECs with NETs derived from patients with colorectal cancer promotes and enhances 
the production of fibrin and the corresponding coagulation[53]. In this study, we found that NET 
treatment inhibited the secretion of intercellular junctions in ECs and promoted hypercoagulation of 
platelets by upregulating TF expression. Moreover, NET treatment upregulated the expression of PS on 
ECs. ECs activated by NETs significantly increased the level of TAT complexes and fibrin generation in 
the plasma of HDs. Given that a combination of DNase I, APC and sivelestat treatment completely 
inhibited hypercoagulation, the process was regulated through numerous mechanisms. These findings 
strongly suggest that NETs contribute to GC-associated thrombosis.

In the late stage of murine mammary tumor models, thrombi were found in lung vessels, and NETs 
accumulated, indicating that cancer-induced NETs contribute to the cancer-associated thrombosis[19]. 
Here, we demonstrated that GC-bearing mice have a greater ability to form thrombi than control mice 
have and that NETs were abundantly present in the thrombi of tumor-bearing mouse IVC stenosis 
models. Most of this response can be blocked by DNase I treatment, which was similar to previous 
studies. In DVT models, flow restriction of the IVC may result in a hypoxic microenvironment to recruit 
neutrophils and stimulate NET release. In addition, cancer cells often secrete more inflammatory factors, 
which aggravate the recruitment of neutrophils to form NETs under a hypoxic conditions[50]. 
Therefore, neutrophils are exposed to two major triggers of NET release: A tumor hypoxic environment 
and IVC flow restriction, which then participate in the development of thrombi in GC.

CONCLUSION
Our findings demonstrate that GC cells can directly induce NET formation, which in turn strongly 
increases the risks of VTE development both in vitro and in vivo. In addition, we found that not only 
NET DNA but also histones and NE participate in the development of cancer-associated thrombosis. 
Accordingly, NETs are potential therapeutic targets against VTE in GC patients.

ARTICLE HIGHLIGHTS
Research background
The development of venous thromboembolism (VTE) is associated with high mortality among gastric 
cancer (GC) patients. Neutrophil extracellular traps (NETs) have been reported to correlate with the 
prothrombotic state in some diseases, but it was rarely reported in GC patients.

Research motivation
Cancer cells exert a procoagulant activity (PCA) in their microenvironment, which is related to 
activation of the coagulation system. However, the molecular mechanism underlying PCA in GC 
patients is poorly understood.
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Research objectives
The present study aimed to investigate the effect of NETs on the development of cancer-associated 
thrombosis in GC patients.

Research methods
The levels of NETs in blood and tissue samples of patients were analyzed by ELISA, flow cytometry, 
and immunofluorescence staining. NET generation and hypercoagulation of platelets and endothelial 
cells (ECs) in vitro were observed by immunofluorescence staining. NET PCA was determined by fibrin 
formation and thrombin–antithrombin complex assays. Thrombosis in vivo was measured in a murine 
model induced by flow stenosis in the inferior vena cava (IVC).

Research results
NETs were likely to form in blood and tissue samples of GC patients compared with healthy 
individuals. In vitro studies showed that GC cells and their conditioned medium, but not gastric 
mucosal epithelial cells, can stimulate NET release from neutrophils. Furthermore, NETs induced 
hypercoagulable state of platelets and ECs. In a model of IVC stenosis, tumor-bearing mice showed a 
stronger ability to form thrombi, and NETs abundantly accumulated in the thrombi of tumor-bearing 
mice compared with control mice. Notably, the combination of deoxyribonuclease, activated protein C, 
and sivelestat markedly abolished the PCA of NETs.

Research conclusions
Our findings demonstrate that GC-induced NETs strongly increase the risk of VTE development both in 
vitro and in vivo. NETs are potential therapeutic targets in the prevention and treatment of VTE in GC 
patients.

Research perspectives
The treatment strategies can consider the combination of traditional anticoagulant drugs and NETs 
inhibiting drugs, so as to reduce the risk of cancer associated thrombosis in patients with GC and 
improve the clinical treatment effect.
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Abstract
BACKGROUND 
As the main component of oral contraceptives (OCs), ethinylestradiol (EE) has 
been widely applied as a model drug to induce murine intrahepatic cholestasis. 
The clinical counterpart of EE-induced cholestasis includes women who are 
taking OCs, sex hormone replacement therapy, and susceptible pregnant women. 
Taking intrahepatic cholestasis of pregnancy (ICP) as an example, ICP consumes 
the medical system due to its high-risk fetal burden and the impotency of 
ursodeoxycholic acid in reducing adverse perinatal outcomes.

AIM 
To explore the mechanisms and therapeutic strategies of EE-induced cholestasis 
based on the liver immune microenvironment.

METHODS 
Male C57BL/6J mice or invariant natural killer T (iNKT) cell deficiency (Jα18-/- 
mice) were administered with EE (10 mg/kg, subcutaneous) for 14 d.

RESULTS 
Both Th1 and Th2 cytokines produced by NKT cells increased in the liver skewing 
toward a Th1 bias. The expression of the chemokine/chemokine receptor 
Cxcr6/Cxcl16, toll-like receptors, Ras/Rad, and PI3K/Bad signaling was 
upregulated after EE administration. EE also influenced bile acid synthase 
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Cyp7a1, Cyp8b1, and tight junctions ZO-1 and Occludin, which might be associated with EE-
induced cholestasis. iNKT cell deficiency (Jα18-/- mice) robustly alleviated cholestatic liver damage 
and lowered the expression of the abovementioned signaling pathways.

CONCLUSION 
Hepatic NKT cells play a pathogenic role in EE-induced intrahepatic cholestasis. Our research 
improves the understanding of intrahepatic cholestasis by revealing the hepatic immune microen-
vironment and also provides a potential clinical treatment by regulating iNKT cells.

Key Words: Natural killer T cell; Th1/Th2; IFN-γ; Estrogen; Cholestasis

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, we observed the production of both Th1 and Th2 cytokines by natural killer T 
(NKT) cells in the liver after 14 d of exposure to ethinylestradiol-induced cholestasis. The liver immune 
microenvironment was also skewed toward a Th1 bias mainly contributed by NKT cells. Invariant NKT 
cell deficiency robustly alleviated cholestatic liver damage and downregulated the associated signaling 
pathways, highlighting the pathogenic role and therapeutic potential of hepatic NKT cells in cholestatic 
liver diseases.

Citation: Zou MZ, Kong WC, Cai H, Xing MT, Yu ZX, Chen X, Zhang LY, Wang XZ. Activation of natural killer 
T cells contributes to Th1 bias in the murine liver after 14 d of ethinylestradiol exposure. World J Gastroenterol 
2022; 28(26): 3150-3163
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3150.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3150

INTRODUCTION
Cholestasis is a mild and common phenomenon during liver diseases but also a crucial triggering 
element of severe hepatopathy, such as fibrosis, cirrhosis, and hepatic venous thrombosis[1]. Both 
estrogen and oral contraceptives (OCs) can elicit intrahepatic cholestasis (IHC), whose effects manifest 
as retention of toxic bile acids in the liver and circulation[2]. 17α-ethinylestradiol (EE) is used as a model 
drug to induce murine IHC. As the predominant component of OCs and hormone replacement therapy, 
the clinical counterpart of EE-induced IHC includes women who are taking OCs, postmenopausal 
replacement therapy and susceptible pregnant women. Sex steroids may lead to alterations in bile 
components and the elevation of total bile acids (TBAs), which may induce apoptosis and oxidative 
stress and thus have harmful effects on hepatocytes and other organs[3]. In clinical studies, adminis-
tration of EE to both males and females leads to increased serum TBA levels and decreased clearance of 
sulfobromophthalein[4]. In murine studies, the mechanisms involve the activation of AMP-activated 
protein kinase[5] and estrogen receptor α[6], the inhibition of farnesoid X receptor (FXR), bile acid 
transporters, bile acid synthase and metabolism enzymes, and inflammatory reactions[7-9]. The first-line 
therapy ursodeoxycholic acid (UDCA) for cholestatic diseases is a naturally hydrophilic bile acid, 
although its potency is limited, as approximately 40% of patients are not responsive to UDCA treatment
[10].

Among these predisposing factors, the significance of the local immune microenvironment in the 
liver has been emphasized because sex hormones are immunomodulators that are metabolized in the 
liver. In a murine model of EE-induced cholestasis, hepatic expression of TNF-α and IL-6 was greatly 
upregulated[8]. Proinflammatory mediators can affect nuclear receptors and transporters and then 
cause bile acid equilibrium disorder, increased cytokine secretion, and further exacerbated cholestasis, 
forming a positive regulation loop[8]. In patients with intrahepatic cholestasis of pregnancy (ICP), an 
increase in Th1-type cytokines and a decrease in Th2-type cytokines suggest the involvement of 
proinflammatory and cytotoxic Th1 biases in ICP[11]. However, the impotency of corticosteroids in the 
treatment of cholestasis indicates that promising therapies or active agents are in heavy demand[12].

Natural killer T (NKT) cells are one of the most abundant lymphocytes in the liver, and their role in 
cholestasis is noteworthy[13]. NKT cells behave similarly to conventional T cells and function as both 
effector and regulatory immune cells. Jα18-/- mice are not prone to developing cholestatic liver injury 
after alpha-naphthylisothiocyanate (ANIT) administration due to the invariant NKT-cell (iNKT cell) 
knockout-related reduction in cytokines and the restored expression of transporters and bile acid 
metabolism enzymes[14]. Recent work also demonstrated that IL-4 secreted by type 1 NKT cells (iNKT 
cells) may inhibit type 2 NKT cells and upregulate immunoregulators, affecting the expression of bile 
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acid nuclear receptors, transporters, and CYP450 enzymes, thus exacerbating triptolide-induced 
cholestatic liver damage[15]. However, Jα18-/- mice showed aggravation of liver damage after bile duct 
ligation (BDL) surgery compared with wild-type mice due to the increase in neutrophils, chemokines 
and cytokines[16]. Moreover, knockout of the bile acid sensor FXR gene increases liver NKT cells and 
aggravates liver damage, indicating that FXR can regulate the activation of liver NKT cells[17]. Certain 
antigens that can activate NKT cells exist in the bile of patients with chronic liver diseases[18]. Thus, the 
aim of the present study was to investigate the effects and mechanisms of NKT cells in a murine model 
of EE-induced cholestatic hepatotoxicity.

MATERIALS AND METHODS
Reagents
17α-EE (CAS:57-63-6, batch number: E0037, contents > 98.0% (T) high performance liquid chromato-
graphy) was purchased from tcichemicals (Shanghai, China). EE was dissolved in an 80% 1,2-propylene 
glycol solution and diluted with physiological saline to a dosing concentration of 10 mg/kg before the 
experiment. Anti-CD16/32 antibody (clone: 2.4G2), which was used for blocking before staining, anti-
CD3e-FITC antibody (clone: 145-2C11), anti-CD49b-APC antibody (clone: DX5), leukocyte activation 
cocktail with BD GolgiPlugTM, anti-IFN-γ-PE antibody (clone: XMG1.2), and anti-IL-4-PE antibody 
(clone: 11B11) were purchased from BD Pharmingen (San Diego, CA, United States).

Animals and treatment
Male C57BL/6J mice (6-8 wk of age and 18-20 g of weight) were obtained from SLAC Laboratory 
Animal Co., Ltd. (Shanghai, China). iNKT cell-deficient Jα18-/- mice on a C57BL/6 background (6 to 8 
wk old) were kindly provided by Dr. Li Bai (University of Science and Technology of China). All mice 
were administered physiological saline or EE (10 mg/kg) subcutaneously (s.c.) for 14 continuous d. 
Each group contained 6 mice. All mice were maintained and bred under controlled conditions 
(pathogen-free, 22 ± 2 °C, 12:12-h light-dark regular photoperiod) with ad libitum mouse chow and 
water access. The animals were housed in the laboratory for 1 wk prior to experiments to acclimate. All 
procedures involved in this study were performed under the Ethical Committee of China Pharma-
ceutical University and the Laboratory Animal Management Committee of Jiangsu Province guidelines 
(Approval No.: 2021-10-003).

Nonparenchymal cell isolation and labeling 
After perfusing saline solution into the heart to eliminate blood, the mouse liver was minced through a 
200-gauge nylon mesh and washed with cold PBS. After centrifugation at 50 × g for 2 min in the crude 
solution, the separated supernatant was centrifuged for another 10 min at 800 × g. The cell pellets were 
resuspended in 40% Percoll for centrifugation at 1250 × g for 15 min. After nonparenchymal cell (NPC) 
isolation from the cell pellets by red blood cell lysis solution (0.15 M NH4Cl and 0.1 mmol/L Na2EDTA) 
treatment and 2 washes, NPCs were stimulated with leukocyte activation cocktail for 4-5 h (BD 
Pharmingen).

After stimulation, NPCs were blocked with anti-CD16/32 and then surface-labeled with FITC-
conjugated anti-mouse CD3e and APC-CD49b antibodies. NPCs were permeabilized with Cytox/ 
Cytoperm (Becton Dickinson) following the manufacturer’s instructions, and intracellular staining was 
performed by incubation with IFN-γ or IL-4 antibodies. After each step, unbound antibodies were 
excluded from the system by centrifugation. Then, the cells were analyzed using a FACSCalibur flow 
cytometer (Becton Dickinson, Palo Alto, CA, United States), with 50000 events recorded per tube. The 
results were processed using FlowJo version 10 software (FlowJo, Ashland, OR, United States). The 
gating strategy was as follows: first, NPCs were gated by FSC and SSC, followed by the gating of CD3e+ 
or CD3e- cells. CD49b+ IFN-γ+, CD49b+ IL-4+ or CD49b- IFN-γ+, and CD49b- IL-4+ cells were then gated and 
analyzed.

Blood biochemical analysis
Anticoagulant-free serum was collected and then analyzed for the levels of alkaline phosphatase (ALP), 
total bile acid (TBA), alanine transaminase (ALT), and aspartate transaminase (AST) using the ALP, 
ALT, and AST quantification kit (Whitman Biotech, Nanjing, China) and TBA quantification kit 
(Jiancheng Bioengineering Institute, Nanjing, China).

Histopathology and immunohistochemistry
The liver lobules were xed, parafn embedded, sectioned, and stained with hematoxylin and eosin for 
histopathological examination. Slides were coded, randomized, and assessed by pathologists who, 
during the evaluation of the slides, were blinded to the treatment groups. Scoring for liver injury was 
conducted according to the following criteria: no hepatocellular necrosis, proliferation of pseudocholan-
giolar duct, or inflammatory cell infiltration, 0; mild, 1; moderate, 2; severe, 3. The other sections were 
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Table 1 The primer sequence used for real-time polymerase chain reaction in mice

Name Forward (5’ to 3’) Reserve (5’ to 3’)

Gapdh CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

Tlr2 TGCTCCTGCGAACTCCTATC CAGACTCCAGACACCAGTGC

Tlr4 AGCTTCTCCAATTTTTCAGAACTTC TGAGAGGTGGTGTAAGCCATGC

Tlr6 AGCCAAGACAGAAAACCCATC GGGGTCATGCTTCCGACTAT

Tlr7 CACCACCAATCTTACCCTTACC CAGATGGTTCAGCCTACGGAA

Tlr9 GCTGTCAATGGCTCTCAGTTCC CCTGCAACTGTGGTAGCTCACT

Cxcr6 GGTTCTTCCTGCCATTGCTCAC GCAGGAACACAGCCACTACAAG

Cxcl16 GCAGGGTACTTTGGATCACATCC AGTTCACGGACCCACTGGTCTT

Ras TCGCACTGTTGAGTCTCGGCAG TATGCTGCCGAATCTCACGGAC

Raf CGCCAAGTCAATCATCCACAGAG CACCGAGATTTCACTGTGGCTAG

Pi3k CACCTGAACAGACAAGTAGAGGC GCAAAGCATCCATGAAGTCTGGC

Bad GGGAGCAACATTCATCAGCAGG CGTCCTCGAAAAGGGCTAAGCT

subjected to IHC for semiquantification of the expression of toll-like receptor (TLR) 9 (Novus, 26C593.2, 
dilution percentage: 1:200).

RNA extraction and real-time polymerase chain reaction
RNA was extracted from liver sections by TRIzol reagent (Vazyme Biotech, Nanjing, China). Isolated 
RNA was processed by the HiScriptTM Q RT SuperMix for quantitative polymerase chain reaction 
(qPCR) (+ gDNA wiper) kit (Vazyme Biotech) for cDNA synthesis. A 20 μL real-time PCR system was 
prepared according to the manufacturer’s instructions. The mRNA levels were normalized to the 
housekeeping gene Gapdh. The primer sequences used are shown in Table 1.

Statistical analysis
Values are expressed as the means ± SE. The groups were evaluated using Student’s t test. A P value < 
0.05 was considered statistically signicant.

RESULTS
EE promotes hepatic NKT-cell proliferation along with biased Th1 cytokine production
Increased activation of NKT cells, T cells, or NK cells has been reported to contribute to the 
pathophysiology of cholestasis[15,19,20]. Here, we measured and analyzed their percentages and 
Th1/Th2 cytokine production to evaluate their activation. Hepatic NKT cells, CD3+ T cells (excluding 
NKT cells) and NK cells were defined as CD3e+CD49b+ (Figure 1A upper right), CD3e+CD49b- 

(Figure 1A lower right), and CD3e-CD49b+ (Figure 1A upper left), respectively. After EE administration, 
the percentage of hepatic NKT cells expanded more than 3-fold compared with the control group, while 
the frequencies of CD3+ T cells and NK cells showed no significant changes (Figure 1A-D). Both IFN-γ 
and IL-4 secreted from NKT cells increased, which further indicated NKT-cell activation. Moreover, the 
upregulated Th1/Th2 ratios indicated that a skewed hepatic Th1 immune response was due to NKT 
cells (Figure 1E–I). Compared with the control group, IL-4 secreted by CD3+ T cells and NK cells 
increased, and their IFN-γ secretion and Th1/Th2 ratios remained unaltered (Figure 1J–Q).

iNKT cells exacerbate EE-induced cholestatic liver damage
For further investigation of the NKT-cell effect, cholestatic liver injury was compared between iNKT cell 
knockout mice (Jα18-/- mice) and C57BL/6J mice after EE administration. Compared with the control 
group, EE induced increased levels of ALP, TBA, ALT, and AST in C57BL/6J mice. Compared with 
C57BL/6J mice, Jα18-/- mice demonstrated significantly lower levels of ALP, TBA, ALT, and AST 
(Figure 2A-D). Based on the scoring criteria[21], the histopathological and hepatic injury score results 
showed proliferation of pseudocholangiolar duct (yellow arrows), inflammatory cell infiltration (red 
arrows) and hepatocyte necrosis (black arrows) after EE treatment, whereas Jα18-/- mice exhibited 
reduced proliferation of the pseudocholangiolar duct, inflammatory cell infiltration, and necrosis 
(Figure 2E-G). These results showed that iNKT cell-deficient mice can inhibit the development of 
cholestatic hepatotoxicity induced by EE, indicating a pathogenic effect exerted by iNKT cells on EE-
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Figure 1 Ethinylestradiol promotes hepatic natural killer T cell proliferation along with biased Th1 cytokine production. A: The percentage of 
hepatic natural killer T (NKT) cells, T cells and NK cells were detected and defined as CD3e+CD49b+ (upper right), CD3e+CD49b- (lower right), CD3e-CD49b+ (upper 
left), respectively; B: Proportion analysis and comparison of NKT cells; C: Proportion analysis and comparison of T cells; D: Proportion analysis and comparison of 
NK cells; E and F: Th1 cytokine (IFN-γ) (E) and Th2 cytokine (IL-4) (F) produced by NKT cells and T cells were detected, respectively; G: IFN-γ produced by NKT 
cells; H: IL-4 produced by NKT cells; I: The ratio of Th1/Th2 by NKT cells; J: IFN-γ produced by T cells; K: IL-4 produced by T cells; L: The ratio of Th1/Th2 by T cells; 
M and N: Th1 cytokine (IFN-γ) (M) and Th2 cytokine (IL-4) (N) produced by NK cells were detected; O: IFN-γ produced by NK cells; P: IL-4 produced by NK cells; Q: 
The ratio of Th1/Th2 by NK cells. All values are the means ± SE (n = 4-6). aP < 0.05, cP < 0.001 vs control.

induced cholestatic liver damage.



Zou MZ et al. Ethinylestradiol-induced Th1 bias of NKT cells

WJG https://www.wjgnet.com 3155 July 14, 2022 Volume 28 Issue 26

Figure 2 Invariant natural killer T cells exacerbate ethinylestradiol-induced cholestatic liver damage. A-D: The serum levels of ALP (A), TBA (B), 
ALT (C) and AST (D); E: Liver sections stained with hematoxylin and eosin (10×); F: Proliferation of pseudocholangiolar duct (yellow arrows); G and H: Inflammatory 
cell infiltration (G, red arrows) and hepatocyte necrosis (H, black arrows) were compared as pathology scores. All values are the means ± SE (n = 4-6). bP < 0.01, cP 
< 0.001 vs control; eP < 0.01, fP < 0.001 vs C57BL/6J group.

iNKT cell deficiency lowers the hepatic expression of chemokine/chemokine receptors
CXCR6, the receptor for chemokine CXCL16, is expressed on the surface of several hepatic lymphocytes, 
including NKT cells. The CXCR6-dependent infiltration of NKT cells into the liver induces enhanced 
inflammation in a murine model of chronic hepatic damage[22]. The qPCR results showed that EE 
promoted the hepatic mRNA expression of Cxcr6/Cxcl16 in C57BL/6J mice. Compared with C57BL/6J 
mice, iNKT cell deficiency significantly suppressed the mRNA expression of Cxcr6/Cxcl16, which may 
be related to the absence of the need for hepatic recruitment of NKT cells (Figure 3).
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Figure 3 Invariant natural killer T cell deficiency lowers the hepatic expression of chemokine/chemokine receptors. A and B: Hepatic mRNA 
expressions of Cxcr6 (A) and Cxcl16 (B) were determined and compared. All values are the means ± SE (n = 4-6). bP < 0.01, cP < 0.001 vs control; fP < 0.001 vs 
C57BL/6J group.

Absence of iNKT cells alters the expression of TLRs and associated signaling pathways
Accumulating evidence suggests that TLRs contribute to the development of hepatobiliary damage[23]. 
TLRs have also been reported to contribute to the activation and subsequent cytokine production of 
NKT cells[24]. Intriguingly, iNKT cells have been reported to express certain TLRs, some of which are 
functional[25]. In the present study, TLRs associated with NKT-cell activation or liver disease were 
measured and analyzed. The results showed that the mRNA expression levels of Tlr2, Tlr4, Tlr6, Tlr7, 
and Tlr9 were significantly upregulated after EE administration. Deficiency of iNKT cells significantly 
downregulated the expression of the above TLRs compared with that in C57BL/6J mice (Figure 4), 
which suggested that the absence of iNKT cells may influence the expression of TLRs. The hepatic 
immunohistochemistry results of TLR9 showed a trend similar to that of mRNA (Figure 4F).

TLRs or T cell receptors (TCRs) can stimulate T cells, leading to MAPK signaling pathway activation, 
which is required for the effects of T cells[26]. iNKT cell activation by TCR stimulation has also been 
reported to be mediated by ERK and p38 MAPK[27]. In the present study, the expression of both MAPK 
and PI3K signaling was investigated after EE administration in C57BL/6J and Jα18-/- mice. The hepatic 
mRNA expression levels of MAPK upstream Ras and Raf as well as Pi3k and its downstream Bad, 
which might be associated with TLR activation, were increased in C57BL/6J mice after EE adminis-
tration. The above mRNA levels were remarkably inhibited in Jα18-/- mice compared with C57BL/6J 
mice, which suggested that the absence of iNKT cells changes the expression of MAPK and PI3K 
signaling pathways (Figure 5).

Knockout of iNKT cells may inhibit the synthesis of bile acid and weaken the inhibition of hepatocyte 
polarity
Dysregulated bile acid homeostasis may be attributed to the disorder of bile acid synthesis/metabolism 
and/or the dysfunction of tight junctions (TJs)[28]. To investigate the possible mechanism of the 
alleviation of cholestatic liver injury in NKT-cell knockout mice, the levels of CYP450 synthase and TJs 
were detected. The mRNA levels of Cyp7a1 and Cyp8b1 were upregulated after EE administration in 
C57BL/6J mice, whereas a nonsignificant difference was shown in Jα18-/- mice. In comparison to 
C57BL/6J mice, the mRNA expression of Cyp7a1 and Cyp8b1 was inhibited in Jα18-/- mice after EE 
administration, indicating the relatively reduced synthesis of bile acid (Figure 6A and B). The IHC 
results showed that, in comparison to the control group, fewer cells positively stained for ZO-1 or 
Occludin after EE treatment in C57BL/6J mice, and positive cells remained unaltered between the 
control and EE groups in Jα18-/- mice (Figure 6C and D). These data suggested that knockout of iNKT 
cells can inhibit bile acid synthase and weaken the inhibition of hepatocyte polarity, thereby reducing 
cholestatic liver injury.

DISCUSSION
As the most common hepatic disorder, the principal pathogenic factors of EE-induced IHC include 
estrogen and toxic bile acid, both of which are correlated with immune imbalance. Increased activation 
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Figure 4 Absence of invariant natural killer T cells alters the expression of toll-like receptors. A-E: Hepatic mRNA levels of Tlr2 (A), Tlr4 (B), Tlr6 
(C), Tlr7 (D) and Tlr9 (E) were determined and compared; F: Changes in the protein level of TLR9 were determined by immunohistochemistry. All values are the 
means ± SE (n = 4-6). bP < 0.01, cP < 0.001 vs control; eP < 0.01, fP < 0.001 vs C57BL/6J group.

status of NKT cells, T cells, or NK cells has been reported to contribute to the pathophysiology of 
cholestatic diseases[15,19,20]. Therefore, the percentages of hepatic NKT cells, CD3+ T cells, and NK cells 
along with their Th1/Th2 cytokine secretion and bias were compared in the present study. Surprisingly, 
in EE-induced cholestasis, only the NKT-cell percentage and its Th1/Th2 cytokine secretion and ratio 
significantly increased, indicating their activation and Th1-biased immune response. The percentage of 
CD3+ T cells and NK cells, along with their secretion of Th1 cytokines, remained unaltered. Th2 
cytokines from CD3+ T cells and NK cells showed a rising trend, which did not seem to affect the 
Th1/Th2 balance (Figure 1). Our results revealed that both Th1 and Th2 cytokines existed in the liver, 
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Figure 5 Absence of invariant natural killer T cells alters the expression of Ras/Raf and PI3K/Bad signaling pathways. A-D: Hepatic gene 
expressions of Ras (A), Raf (B), Pi3k (C) and Bad (D) were determined and compared. All values are the means ± SE (n = 4-6), bP < 0.01, cP < 0.001 vs control; eP < 
0.01, fP < 0.001 vs C57BL/6J group.

consistent with previous studies[14,29], and the Th1 bias was mainly contributed by NKT cells. To 
further confirm the effect of NKT cells in EE-induced cholestasis, cholestatic liver damage was 
compared between iNKT cell-deficient mice and C57BL/6J mice after EE administration. Jα18-/- mice 
showed significantly reduced blood biochemistry parameters, including levels of ALP, TBA, ALT, and 
AST, and alleviated liver histopathological changes, suggesting that NKT cells have a harmful effect on 
EE-induced cholestasis. NKT cells have been accepted as a key connection between innate and adaptive 
immunity. Upon activation, NKT cells can activate and influence most innate and adaptive immune 
cells by rapid and abundant cytokine production[30,31]. NKT cells, whose role is noteworthy in 
cholestasis, are mostly abundant in the liver rather than other organs. In the PBC mouse model, NKT 
cells are highly activated and secrete enormous amounts of IFN-γ. In comparison to mice with PBC, 
cholangitis and liver inflammation are significantly alleviated in mice with NKT-cell deficiency[32]. Our 
previous investigations also found that iNKT cells and their cytokines aggravate ANIT- and triptolide-
induced cholestasis by disrupting bile acid homeostasis[14,15]. Although NKT cells can be protective by 
suppressing neutrophils in an extrahepatic cholestasis model[16], our research data suggest the harmful 
effects of NKT cells in EE-induced cholestasis. The above studies indicate that the role of NKT cells may 
vary in different diseases and models.

Under physiological conditions, CXCR6/CXCL16 regulate the migration of NKT cells in hepatic 
sinusoids[33]. Under the early pathologic states of chronic liver damage, they specifically mediate the 
hepatic accumulation of NKT cells, exacerbating hepatic inflammation and promoting fibrogenesis[22]. 
CXCL16 can be expressed in hepatobiliary tissues of patients with hepatopathy[34] but also in mouse 
liver sinusoidal endothelial cells triggered by intestinal microorganism-induced bile acids, indicating 
that its expression is related to hepatobiliary damage[33,35]. Our results showed that the hepatic gene 
levels of Cxcr6 and Cxcl16 were upregulated (Figure 3). Inflammatory cytokines, such as IFN-γ, which 
was increased in the present model, are capable of further inducing CXCL16 expression, forming a 
positive regulation loop[36]. In the present study, iNKT cell deficiency inhibited the mRNA levels of 
Cxcr6 and Cxcl16, which may be linked to the absence of hepatic infiltration of NKT cells (Figure 3).

Activation of iNKT cells can be caused by direct interaction with TCR or indirect effects of TLR 
agonists and/or IL-12[37]. TLRs, which are widely expressed in the liver, can stimulate hepatic inflam-
mation and actively participate in the initiation and development of liver damage under pathological 
conditions[38,39]. Lipopolysaccharide (LPS), a specific TLR4 Ligand, activates hepatic iNKT cells and 
leads to their secretion of IL-4 within 2 h in vivo or in vitro, demonstrating that TLR4 is expressed and 
functional in iNKT cells[40]. In alcoholic liver disease, TLR4 inhibition results in drastically reduced 
levels of hepatic proinflammatory mediators[41]. TLR4 deletion nearly eliminates inflammatory cell 
infiltration in the liver and hepatocyte injury in a murine model of ischemia reperfusion[42]. In EE-
induced cholestatic liver injury, hepatic mRNA levels of Tlr2, 4, 6, 7, and 9 were markedly increased 
(Figure 4). CD1d knockout mice (lacking NKT cells) exhibit enhanced (> 4-fold) proinflammatory 
cytokine secretion and higher mRNA levels of TLR4 in the kidney of a nonalcoholic fatty liver disease 
model[43]. In the present study, iNKT cell deficiency significantly downregulated the expression of the 
above TLRs compared with C57BL/6J mice (Figure 4), suggesting the effect of iNKT cells on the 
expression of TLRs. NKT cells have been found to express certain functional TLRs[24]. The IHC results 
of TLR9 showed a similar trend as the mRNA levels (Figure 4F). In a murine autoimmune hepatitis 
model induced by concanavalin A, NKT cells infiltrate and are activated, promoted by TLR9 
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Figure 6 Knockout of invariant natural killer T cells may inhibit the synthesis of bile acid and weaken the inhibition of hepatocyte polarity. 
A and B: Hepatic gene levels of bile acid synthase Cyp7a1 (A) and Cyp8b1 (B) were determined and compared; C and D: Changes in the protein expressions of tight 
junction Zo-1 (C) and Occludin (D) were determined by immunohistochemistry. All values are the means ± SE (n = 6), aP < 0.05 vs control; dP < 0.05 vs C57BL/6J 
group.

stimulation, thereby leading to aggravated hepatotoxicity[44]. The PI3K/Akt and Ras/Raf/MEK/ERK 
signaling pathways are considered to be activated and function following inflammation[45], which 
further upregulates proinflammatory mediators in cholestasis[46]. Our data demonstrated that the 
mRNA levels of the downstream pathways Ras/Raf and Pi3k/Bad were also upregulated, while iNKT 
cell deficiency suppressed their upregulation (Figure 5). These results indicated that iNKT cell deletion 
affected TLRs and their downstream Ras/Raf and PI3K/Bad signaling.

Growing numbers of studies have reported that hepatocyte TJs, constituting hepatocyte polarization, 
play a pivotal role in the maintenance of the epithelial barrier and permeability; therefore, their 
structural disruption can lead to the leakage of bile components into blood circulation, bile acid 
homeostasis disorder, and cholestatic liver injury[47]. TJ damage can be found in obstructive jaundice 
patients[48] and murine cholestatic models of ANIT[28], carbon tetrachloride[49], BDL[50], and EE[51]. 
Inflammation has been associated with structural and functional alterations of hepatic TJs[52]. In the 
present study, the results showed that iNKT cell-deficient mice ameliorated disorders of bile acid 
synthesis and TJs (Figure 6) and restored previously deteriorated bile acid homeostasis and hepatocyte 
barrier function, contributing to the mitigation of EE-induced cholestatic hepatotoxicity.

CONCLUSION
In EE-induced cholestatic hepatotoxicity, EE promoted hepatic NKT-cell proliferation and activation, 
which contributed to Th1 cytokine bias and influenced the liver immune microenvironment. EE also 
upregulated the expression of Cxcr6/Cxcl16, TLRs, and downstream Ras/Rad and PI3K/Bad signaling. 
Moreover, EE influenced the levels of the bile acid synthase Cyp7a1 and Cyp8b1 and the TJs ZO-1 and 
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Occludin. iNKT cell deficiency significantly alleviated cholestatic liver damage and downregulated the 
abovementioned signaling pathways, indicating the pathogenic effects of hepatic iNKT cells in EE-
induced cholestatic liver damage. It is noteworthy that mouse and human NKT cells share similar 
functions, including the killing of tumor/infected cells by cytotoxicity and their crucial role in autoim-
munity[53]. Therefore, regulation of NKT-cell activation may serve as a potential therapeutic strategy 
with clinical implications for cholestatic diseases.

ARTICLE HIGHLIGHTS
Research background
Cholestasis is mild and common during liver diseases but is also a crucial triggering element of severe 
hepatopathy. As the predominant component of oral contraceptives (OCs) and hormone replacement 
therapy, 17α-ethinylestradiol (EE) is used as a model drug to induce murine intrahepatic cholestasis 
(IHC). The clinical counterpart of EE-induced IHC includes women who are taking OCs, postmeno-
pausal replacement therapy, and susceptible pregnant women.

Research motivation
The significance of the local immune microenvironment in the liver has been emphasized because 
estrogens are immunomodulators that are metabolized in the liver.

Research objectives
The aim of the present study was to investigate the effects and mechanisms of natural killer T (NKT) 
cells in a murine model of EE-induced cholestatic hepatotoxicity.

Research methods
Male C57BL/6J mice or invariant NKT (iNKT) cell deficiency (Jα18-/- mice) were administered with EE 
(10 mg/kg, subcutaneous) for 14 d.

Research results
Both Th1 and Th2 cytokines produced by NKT cells increased in the liver skewing toward a Th1 bias. 
The expression of the chemokine/chemokine receptor Cxcr6/Cxcl16, toll-like receptors, Ras/Rad, and 
PI3K/Bad signaling was upregulated after EE administration. EE also influenced bile acid synthase 
Cyp7a1, Cyp8b1, and tight junctions ZO-1 and Occludin, which might be associated with EE-induced 
cholestasis. iNKT cell deficiency (Jα18-/- mice) robustly alleviated cholestatic liver damage and lowered 
the expression of the abovementioned signaling pathways.

Research conclusions
The present study demonstrated that hepatic NKT cells play a pathogenic role in EE-induced 
intrahepatic cholestasis, contributing to the development of the IHC mechanisms and the potential 
treatment targeting NKT cells.

Research perspectives
Hepatic NKT cells and their Th1 cytokine production play a pathogenic role in a 14-d murine model of 
EE-induced intrahepatic cholestasis.
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Abstract
BACKGROUND 
Inflammatory bowel disease (IBD) is caused by an abnormal immune response. 
Programmed cell death 1 (PD-1) is an immunostimulatory molecule, which 
interacts with PD ligand (PD-L1) playing a prime important role among 
autoimmune diseases. Bifidobacterium infantis (B. infantis) can promote the differ-
entiation of CD (cluster of differentiation) 4+ T cells into regulatory T cells (Tregs). 
Tregs participate in the development of IBD and may be related to disease 
activity. B. infantis amplify the expression level of PD-1, PD-L1 and Tregs’ nuclear 
transcription factor forkhead box protein 3 (Foxp3). But the mechanism of B. 
infantis on PD-1/PD-L1 signaling remains unclear.

AIM 
To explore the mechanism of B. infantis regulating the immune response in IBD.

METHODS 
Forty-eight-week-old BALB/c mice were randomly divided into five groups: The 
control group, dextran sulphate sodium (DSS) model group, DSS + B. infantis 
group, DSS + B. infantis + anti-PD-L1 group, and DSS + anti-PD-L1 group. The 
control group mice were given drinking water freely, the other four groups were 
given drinking water containing 5% DSS freely. The control group, DSS model 
group, and DSS + anti-PD-L1 group were given normal saline (NS) 400 μL daily 
by gastric lavage, and the DSS + B. infantis group and DSS + B. infantis + anti-PD-
L1 group were given NS and 1 × 109 colony-forming unit of B. infantis daily by 
gastric lavage. The DSS + B. infantis + anti-PD-L1 group and DSS + anti-PD-L1 
group were given 200 μg of PD-L1 blocker intraperitoneally at days 0, 3, 5, and 7; 
the control group, DSS + anti-PD-L1 group, and DSS + B. infantis group were 
given an intraperitoneal injection of an equal volume of phosphate buffered saline 
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(PBS). Changes in PD-L1, PD-1, Foxp3, interleukin (IL)-10, and transforming growth factor β (TGF-
β) 1 protein and gene expression were observed. Flow cytometry was used to observe changes in 
CD4+, CD25+, Foxp3+ cell numbers in the blood and spleen.

RESULTS 
Compared to the control group, the expression of PD-1, Foxp3, IL-10, and TGF-β1 was significantly 
decreased in the intestinal tract of the DSS mice (P < 0.05). Compared to the control group, the 
proportion of CD4+, CD25+, Foxp3+ cells in spleen and blood of DSS group was visibly katabatic (P 
< 0.05). B. infantis upgraded the express of PD-L1, PD-1, Foxp3, IL-10, and TGF-β1 (P < 0.05) and 
increased the proportion of CD4+, CD25+, Foxp3+ cells both in spleen and blood (P < 0.05). After 
blocking PD-L1, the increase in Foxp3, IL-10, and TGF-β1 protein and gene by B. infantis was 
inhibited (P < 0.05), and the proliferation of CD4+, CD25+, Foxp3+ cells in the spleen and blood was 
also inhibited (P < 0.05). After blocking PD-L1, the messenger ribonucleic acid and protein 
expression of PD-1 were invariant.

CONCLUSION 
It is potential that B. infantis boost the proliferation of CD4+, CD25+, Foxp3+ T cells in both spleen 
and blood, as well as the expression of Foxp3 in the intestinal tract by activating the PD-1/PD-L1 
pathway.

Key Words: Bifidobacterium infantis; Enteritis; Programmed cell death ligand; T-Lymphocytes

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Bifidobacterium infantis (B. infantis) can be used as a therapeutic agent to treat inflammatory 
bowel disease. It regulates the intestinal microbiota, alleviates inflammation, and regulates the immune 
response. We found that B. infantis increases the expression of forkhead box protein 3 (Foxp3) and the 
proliferation of Foxp3+ T cells, and activates the programmed cell death 1 (PD-1)/ PD ligand 1 pathway.

Citation: Zhou LY, Xie Y, Li Y. Bifidobacterium infantis regulates the programmed cell death 1 pathway and 
immune response in mice with inflammatory bowel disease. World J Gastroenterol 2022; 28(26): 3164-3176
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3164.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3164

INTRODUCTION
Inflammatory bowel disease (IBD) results from the aberrant immune responses or the disruption of 
immune tolerance to intestinal antigens. Several factors, including the immune system, infections, and 
genetic and environmental factors, may remarkably contribute to the development of IBD[1-4]. To 
maintain immune tolerance to the intestinal environment, the intestinal immune system monitors 
changes in the bacterial microbiota and the expression of antigens on the surface of the intestinal 
mucosa[5,6]. Antigen-presenting cells, including dendritic cells and intestinal epithelial cells, present 
intestinal antigens to CD4+ T cells and induce their differentiation into regulatory T cells (Tregs), which 
maintain tolerance to the intestinal microbiota. Hyperactive T cell responses to the intestinal microbiota 
contribute to the inflammatory response observed in IBD[7].

Programmed cell death protein 1 (PD-1) and PD-ligand 1 (PD-L1), belong to the CD28/B7 super-
family, which primarily functions in T cell-mediated immune responses and is closely related to several 
diseases and disease states, including autoimmune diseases, tumors, chronic viral infections, and 
chronic inflammation[8-10]. The role of the PD-1/PD-L1 signaling pathway in glomerulonephritis, 
systemic lupus erythematosus, rheumatoid arthritis, dilated cardiomyopathy, autoimmune diabetes, 
and other autoimmune diseases has been widely studied[11,12]; however, few studies have examined 
the role of the PD-1/PD-L1 signaling pathway in IBD[13].

Tregs are a subpopulation of T lymphocytes with immunoregulatory functions[14]. They can inhibit 
the activation and proliferation of autoreactive T cells by secreting cytokines such as interleukin (IL)-10 
and transforming growth factor β (TGF-β), downregulating the function of auxiliary T cells, and 
maintaining intestinal homeostasis and immune tolerance[15,16]. Tregs are divided into two categories: 
Natural Tregs (nTregs) and induced Tregs (iTregs). The nTregs mature in the thymus and are positive 
for CD4, CD25, and Foxp3. The iTregs are induced by specific antigen stimulation of CD4+ T cells in the 
presence of IL-2 and TGF-β1, in the intestine, spleen, and other peripheral sites[17]. Animal studies have 
shown that injecting T cells with no CD4 and Tregs expressing CD25 into T cell-deficient mice can 
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induce the development of autoimmune colitis, whereas the injection of T cells expressing CD4 with 
that of CD25+ Tregs can inhibit colitis development. These results suggest that CD4+ and CD25+ Tregs 
are vital for the inhibition of the intestinal immune response[18]. Maul et al[19] found that the 
percentage of Tregs in the peripheral blood of patients with IBD decreased in the active phase and 
increased in the remission phase of the disease; however, the number of Tregs in the intestinal 
epithelium increased in the active phase of the disease but was still significantly lower than that 
observed in patients with diverticulitis. This suggests a role of Tregs in IBD development.

The adoptive transfer of immature CD4+ T cells into wild-type rag-/- mice and PD-L1-/-rag-/- mice 
significantly decreases the number of Tregs in PD-L1-/-rag-/- mice, suggesting a dominant role of PD-L1 
in Treg differentiation[20]. PD-L1 can enhance Treg function and promote the production of IL-10 by 
Tregs[21]. Treg differentiation depends on the PD-L1 signaling pathway. Higher levels of PD-L1 
expression in hepatodendritic cells result in greater induction of Tregs which maintain the tolerance 
toward transplanted organs.

We have previously found that Bifidobacterium infantis (B. infantis) can alleviate intestinal epithelial 
injury and maintain intestinal immune tolerance in a mouse model of IBD and may have therapeutic 
implications for the immunological injuries observed in IBD. Bifidobacterium infantis notably increased 
the expression levels of PD-L1 and PD-1 in the intestine and promoted the expression of nuclear 
transcription factors and of anti-inflammatory factors (IL-10 and TGF-β1) in Tregs[22,23]. Therefore, this 
study aimed to explore the mechanism of action of B. infantis in the PD-1/PD-L1 signaling pathway and 
the differentiation and function of Tregs.

MATERIALS AND METHODS
Reagents and antibodies
Dextran sulfate sodium (DSS; molecular weight 36000-50000) was purchased from MP Biomedicals 
(Irvine, CA, United States). B. infantis freeze-dried powder, containing 1.6 × 1011 colony-forming units 
(CFU)/g, was provided by Shandong Kexing Biological Products Co., Ltd. (Batch No. 2017012, 
Shandong Province, China). Invivomab anti-mouse PD-L1 was purchased from BIOX Cell (Lebanon, 
NH, United States). BALB/c mice were purchased from Huafukang Biotechnology (Beijing, China). 
Allophycocyanin (APC) rat anti-mouse Cd4, Bb515 rat anti-mouse, P-phycoerythrin (PE) rat anti-mouse 
Foxp3, and a transcription factor buffer set were purchased from BD Biosciences (Franklin Lakes, NJ, 
United States). Antibodies against PD-L1, PD-1, and Foxp3 were purchased from Proteintech Group 
(Rosemont, IL, United States). Antibodies against IL-10 and TGF-β1 were purchased from Abcam 
(Cambridge, United Kingdom). Real-time quantitative PCR was performed using the following 
reagents: TRIzol (Invitrogen, Thermo Fisher, Waltham, MA, United States), PrimescriptTM RT Regent kit 
with gDNA eraser, quick response training (qRT) PCR kit SYBR® premier ex taqTM II (Tli RNaseH Plus, 
Takara, Japan), and the specific primers (Biotechnology Co., Ltd., China).

Animals
Forty-eight-week-old BALB/c mice, male and female, weighing 20 g ± 2 g, were raised under pathogen-
free conditions in the standalone animal experimental center affiliated with the Shengjing Hospital of 
China Medical University. The mice were kept at 20 °C-26 °C and in an atmosphere with a relative 
humidity of 40%-70%, with a 12 h light/dark cycle. Sterilized water and standard feed were provided 
for free consumption by the animals. The experimental protocol was approved by the ethics committee 
of the hospital (No. 2017PS353K). The operators ensured that suitable measures were taken to reduce 
malaise and injury to the animals during experiments.

Experimental grouping and modeling
Forty mice were randomly divided into five groups: Control, DSS, DSS + B. infantis, DSS + B. infantis + 
anti-PD-L1, and DSS + anti-PD-L1. Mice in the control group were given free access drinking water for 7 
d. The other four groups were administered sterilized water containing 5% DSS for 7 d. The drinking. 
Drinking water was changed daily. The control, DSS, and DSS + anti-PD-L1 groups were administered 
400 μL normal saline (NS) via gavage daily, and the DSS + B. infantis and DSS + B. infantis + anti-PD-L1 
groups were administered 400 μL NS via gavage and B. infantis (1 × 109 CFU) daily. The DSS + B. infantis 
+ anti-PD-L1 and DSS + anti-PD-L1 groups were administered an intraperitoneal injection of PD-L1 
blocker (200 μg), and the control, DSS model, and DSS + B. infantis groups were intraperitoneally 
injected with phosphate-buffered phosphate buffered saline (PBS) on days 0, 3, 5, and 7.

Specimen collection
General characteristics of the mice: During the experimental period, temperament, reactivity, activity, 
hair color, weight, eating, and defecation of each mouse were observed seriatim and recorded in detail 
daily.
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Peripheral blood collection: On day 8, all animals were anesthetized via isoflurane inhalation, and the 
beards were removed. Blood was collected through retro-orbital bleeding and placed in blood collection 
vessels containing EDTA. The blood and EDTA were mixed and stored on ice.

Extraction of single cells from mouse spleen: After blood collection, the sacrificed mice were dissected 
along the midline, and the spleen was fully exposed. After blunt dissection, the spleen was removed, 
placed in PBS, and transported on ice. The spleen was then transferred to a glass dish containing RPMI 
1640 medium and mashed with ground glass. The cells were then transferred to a centrifuge tube and 
centrifuged at 1200 rpm for 5 min, and the supernatant was discarded. Next, 2 mL of RBC lysate was 
added to each sample. PBS (3 mL) was added to dilute and stop the lysis, and the samples were 
centrifuged again at 400 × g for 5 min at 4 °C. The supernatant was discarded and 3 mL of PBS was 
added. The cells were filtered and centrifuged for 10 min. The supernatant was discarded, and PBS was 
added to obtain a single-cell suspension. All the procedures were performed at 4 °C to ensure cell 
viability.

Acquisition of mouse colon: After splenectomy, the colon was exposed and the colon from the blind 
part to the anus was removed, washed with pre-cooled NS, and divided into four parts. The samples 
were then transferred to a -80 °C ultra-low-temperature refrigerator in liquid nitrogen for long-term 
preservation.

Detection of CD4+, CD25+, Foxp3+ T cells by flow cytometry
Spleen: Splenic CD4+, CD25+, and Foxp3+ T cells were detected using flow cytometry. The prepared 
single-cell spleen suspension (100 μL) was aliquoted into labeled flow tubes. Anti-CD4+ and anti-CD25+ 
antibodies were then added to the tubes and the tubes were incubated at 4 °C in the dark for 30 min. 
Next, 1 mL of 1X fix/perm working solution was added to each sample and the samples were incubated 
at 4 °C in the dark for 40 min to permeabilize the nucleus. Anti-Foxp3 antibody was then added and the 
resulting solution was incubated at 4 °C in the dark for 40 min. Excess antibodies were removed, and 
the samples were run on a flow cytometer (FACSCalibur, BD Bioscience).

Peripheral blood: After RBC lysis, flow cytometry was performed on the peripheral blood samples 
using the protocol described above.

Western blotting
Total protein was extracted from the colon, and the protein concentration was determined. The samples 
were subjected to electrophoresis at 60 V. After marker separation, the voltage was adjusted to 80 V. 
After 30 min, the voltage was adjusted to 100 V. Electrophoresis was terminated when the target protein 
with the lowest molecular weight reached the end of the gel. A voltage of 100 V was used to transfer 
proteins to the membrane. Proteins with a molecular weight < 25 kDa were transferred for 25 min, and 
proteins weighing 26-70 kDa were transferred for 70 min. The membrane was blocked with 2.5% bovine 
serum albumin (BSA) at room temperature for 1.5 h. Primary antibodies against PD-L1 (1:750), PD-1 
(1:500), Foxp3 (1:1000), IL-10 (1:800), TGF-β1 (1:500), and GAPDH (1:10000) were added and the 
membrane was incubated at 4 °C overnight. Then, goat anti-rabbit IgG secondary antibody labeled with 
horseradish peroxidase was added to the membrane, followed by incubation at room temperature for 
1.5 h. In a dark room, a chemiluminescence imaging analysis system was used to visualize the 
membranes. GelPro software was used to analyze the images and to perform quantitative analysis using 
the following formula: Protein content = grey value of the target protein of the sample/grey value of the 
same sample.

Real time qPCR
The experiment consists of 5 steps:  (1) Ribonucleic acid (RNA) purification: DSS can reduce the purity 
of RNA, so extra purification of the colon RNA was necessary. RNA purification was performed as 
follows: 30 µL lithium chloride (8 mol/L) + 270 µL ddH2O was added to 10 µL RNA and placed on ice 
for 2 h. The samples were then centrifuged at 14000 × g for 30 min. The supernatant was then discarded, 
and the RNA was dissolved in 90 µL ddH2O. Next, 10 µL sodium acetate (3 mol/L) + 200 µL anhydrous 
ethanol was added to the RNA and incubated at -20 °C for 30 min to precipitate the RNA. The samples 
were then centrifuged at 14000 × g for 30 min at 4 °C. The supernatant was then discarded, 500 µL 75% 
ethanol was added, and the samples were gently blown with a pipette to clean the RNA. Next, the 
samples were centrifuged at 800 × g for 10 min at 4 °C. The supernatant was discarded, and the RNA 
was dissolved with 10 µL ddH2O. Finally, the samples were transferred to -80 °C on ice for preservation; 
(2) detection of RNA concentration: The ratio of A260/A280 was eligible for all of the samples, which 
indicates that the purity of the RNA was high and suitable for further experiments; (3) preparation of 
cDNA by RNA reverse transcription: The gDNA was removed, and the specimens were heated to 42 °C 
for 2 min. For reverse transcription, the reaction solution was prepared according to Table 1. The 
samples were heated at 37 °C for 15 min and 85 °C for 5 s. The reaction was then stopped and cooled 
down to 4 °C; (4) concentration and purity of cDNA: After zero adjustment, 1 μL of the cDNA sample to 
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Table 1 Preparation of reverse transcription system

Reagent Dose (µL)

5 × prime script buffer 4

Prime sript RT enzyme mix 1

RT primer xix 1

ddH2O 4

RT: Real time; dd: Double distilled.

be tested was dropped onto the detection probe to determine the concentration and purity. The probe 
was washed with ddH2O between the evaluation of the two samples; and (5) qRT-PCR: qRT-PCR was 
carried out as follows: PCR amplification reaction, denaturation at 95 °C for 5 min, PCR reaction at 95 °C 
for 10 s, and 60 °C for 30 s for 45 cycles.

Statistical analysis
Data are presented as mean ± SD. Differences among the groups were analyzed using the analysis of 
variance. SPSS (version 23.0; IBM, Armonk, NY, United States) and GraphPad 7.0 (Software, CA, United 
States) statistical software were used to perform statistical analyses. Two-tailed P values were 
calculated, and statistical significance was set as P < 0.05.

RESULTS
The effect of B. infantis on the expression of PD-1 after PD-L1 blockade
Western blot results: Compared to the DSS + B. infantis group, PD-1 protein in the DSS + B. infantis + 
anti-PD-L1 group decreased, but the difference was not statistically significant (P = 0.07). Compared to 
DSS model group, the expression of PD-1 was no significant distinction in DSS + anti-PD-L1 group (P = 
0.62) (Figure 1A-C).

qRT-PCR results: In contrast to control group, PD-1 messenger ribonucleic acid (mRNA) in DSS group 
decreased significantly (P < 0.05). In constrast to DSS group, the expression of DSS + B. infantis group 
increased, but the difference was not statistically significant (P = 0.36). Compared to the B. infantis 
group, PD-1 RNA decreased significantly in the DSS + B. infantis + anti-PD-L1 group (P < 0.05) 
(Figure 1A-C).

Effect of B. infantis on Tregs and Foxp3 expression after PD-L1 blockade
Western blot results: Compared to the DSS + B. infantis group, Foxp3 protein decreased in DSS + B. 
infantis + anti-PD-L1 group, and the difference was statistically significant (P < 0.05). There was no 
significant difference in Foxp3 protein expression between the DSS model group and DSS + anti-PD-L1 
group (P = 0.99) (Figure 1D-F).

RT-qPCR results: In contrast to control group, Foxp3 mRNA in DSS model group decreased 
significantly (P < 0.05); Foxp3 mRNA in DSS + B. infantis group was significantly higher than that in 
DSS model group (P < 0.05). Compared to the B. infantis group, the expression of Foxp3 mRNA 
decreased significantly in the DSS + B. infantis + anti-PD-L1 group (P < 0.05). In comparison with DSS 
model group, Foxp3 mRNA in DSS + anti-PD-L1 group was also visible distinction (P < 0.05) (Figure 1D
-F).

Flow cytometry results
Flow cytometry of peripheral blood: Compared to control group, the proportion of peripheral CD4+, 
CD25+, Foxp3+ cells decreased visibly (P < 0.05) of DSS group and increased visibly in the blood of the 
DSS + B. infantis group (P < 0.05). Compared to the DSS + B. infantis group, the proportion of CD4+, 
CD25+, Foxp3+ cells in the peripheral blood of DSS + B. infantis + anti-PD-L1 group was significantly 
lower (P < 0.05). The proportion of CD4+, CD25+, Foxp3+ cells in the blood of the DSS + anti-PD-L1 
group was also distinctly lower compared to the DSS group (P < 0.05) (Figure 2).

Flow cytometry of splenocytes: The ratio of splenic CD4+, CD25+, Foxp3+ cells in DSS model group was 
significantly lower (P < 0.05), comparing to control group. The ratio of CD4+, CD25+, Foxp3+ cells in the 
DSS + B. infantis group was significantly higher than that in the DSS model group (P < 0.05). Compared 
to the DSS + B. infantis group, the proportion of CD4+, CD25+, Foxp3+ cells in the DSS + B. infantis + anti-
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Figure 1 The effects of blocking programmed cell death ligand. A: Expression of programmed cell death 1 (PD-1) protein; B: Statistical chart showing the 
differences in PD-1 protein expression; C: Statistical map showing the differences in PD-1 mRNA expression; D: Western blot showing forkhead box protein 3 protein 
(Foxp3) expression; E: Statistical chart showing the differences in Foxp3 expression; F: Statistical map showing the differences in Foxp3 mRNA levels. Data are 
presented as mean ± SD, and comparisons between groups were analyzed by one-way analysis of variance. Statistical significance was set as P < 0.05. PD-1: 
Programmed cell death 1; PD-L1: Programmed cell death ligand; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; DSS: Dextran sulfate sodium; B. infantis: 
Bifidobacterium infantis; Foxp3: Forkhead box protein 3.

PD-L1 group decreased significantly (P < 0.05). The proportion of CD4+, CD25+, Foxp3+ cells in the DSS 
+ anti-PD-L1 group also decreased significantly compared to the DSS group (P < 0.05) (Figure 3).

The effect of B. infantis on the expression of IL-10 and TGF-β1 after PD-L1 blockade
Western blot results: The expression of IL-10 and TGF-β1 protein in the DSS + B. infantis group was 
lower than that in DSS + B. infantis + anti-PD-L1 group (P < 0.05). Compared to the DSS model group, 
there was no apparent distinction in the express of IL-10 (P = 0.99) or TGF-β1 in the DSS + anti-PD-L1 
group (P < 0.05) (Figure 4).

Real time PCR results: In comparison with control group, mRNA of IL-10 and TGF-β1 in the DSS model 
group decreased (P < 0.05), and mRNA of IL-10 and TGF-β1 in the DSS + B. infantis group increased 
clearly (P < 0.05). IL-10 and TGF-β1 mRNA expression in DSS + B. infantis + anti-PD-L1 group decreased 
clearly (P < 0.05) contrsating to DSS + B. infantis group. Compared to the DSS model group, IL-10 and 
TGF-β1 mRNA in DSS + anti-PD-L1 group were also statistically distinction (P < 0.05) (Figure 4).
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Figure 2 Effects of Bifidobacterium infantis and programmed cell death ligand inhibition on the proportion of CD4+, CD25+, and forkhead 
box protein 3+ cells in the blood. A: The strategy of CD4+, CD25+, and forkhead box protein (Foxp) 3+ cells; B-F: Flow cytometry results for the control group 
(B), the DSS model group (C), the DSS + B. infantis group (D), the DSS + B. infantis + anti-PD-L1 group (E), the DSS + anti-PD-L1 group (F); G: Statistical chart of 
the numbers of CD4+, CD25+, and Foxp3+ cells. Data are presented as mean ± SD, and the comparisons among each group were analyzed by one-way analysis of 
variance. Statistical significance was set as P < 0.05. PD-1: Programmed cell death 1; PD-L1: Programmed cell death ligand; DSS: Dextran sulfate sodium; B. 
infantis: Bifidobacterium infantis; Foxp3+: Forkhead box protein 3+; CD: Cluster of differentiation; SSC: Side scatter; FSC: Forward scatter; FL: Fluorescence; APC: 
Allophycocyanin; FITC: Fluorescein isothiocyanate; H: Height.

DISCUSSION
The specific pathogenesis of IBD remains unclear; however, abnormal inflammatory responses and 
continuous inflammatory damage to the intestine are recognized as the basic mechanisms of IBD 
pathogenesis[24,25]. Intestinal immunity is a complex and interactive process, involving several 
immune factors such as intestinal mucosal immunity, T cells, cytokines, and intestinal microecology
[26]. The intestinal mucosal immune system is responsible for monitoring the intestinal microbiota and 
surface antigens[27], presenting antigens to CD4+ T cells, promoting the interaction between PD-1 and 
PD-L1, establishing immune tolerance, and preventing the occurrence of autoimmunity. Several inflam-
matory mediators including interferon γ, tumor necrosis factor α, IL-10, and other cytokines, are 
involved in the pathogenesis of DSS colitis, suggesting that inflammatory immune responses play a 
critical role in the pathogenesis of IBD[28-30].

A recently discovered immunostimulatory molecule, PD-1 interacts with its ligand PD-L1 to regulate 
T cell-mediated immunity and induce immune tolerance, thereby playing a critical role in autoimmune 
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Figure 3 Effects of Bifidobacterium infantis and programmed cell death ligand inhibition on the proportion of splenic CD4+, CD25+, and 
forkhead box protein 3+ cells. A: The strategy of CD4+, CD25+, and forkhead box protein (Foxp) 3+ cells; B-F: Flow cytometry results for the the control group 
(B), the DSS model group (C), the DSS + B. infantis group (D), the DSS + B. infantis + anti-PD-L1 group (E); and the DSS + anti-PD-L1 group (F); G: Statistical chart 
of the numbers of CD4+, CD25+, and Foxp3+ cells. Data are presented as mean ± SD, and the comparisons among each group were analyzed by one-way analysis of 
variance. Statistical significance was set as P < 0.05. PD-1: Programmed cell death 1; PD-L1: Programmed cell death ligand; DSS: Dextran sulfate sodium; B. infantis
: Bifidobacterium infantis; Foxp3+: Forkhead box protein 3+; CD: Cluster of differentiation; SSC: Side scatter; FSC: Forward scatter; FL: Fluorescence; APC: 
Allophycocyanin; FITC: Fluorescein isothiocyanate; H: Height.

diseases (such as IBD), tumor immunity, and the acceptance of transplanted organs. Studies have shown 
that PD-1 knockout results in autoimmune diseases in animal models[31-33]. Activation of the PD-
1/PD-L1 signaling pathway can induce the differentiation of Tregs[34] and the release of cytokines, 
such as IL-10 and TGF-β1, to inhibit the activation and proliferation of reactive T cells, thus maintaining 
intestinal immune tolerance. Additionally, the inhibition of the PD-1/PD-L1 pathway may reduce the 
proportion of Tregs[35]. These findings indicate that PD-1/PD-L1 signaling plays a critical role in 
immune tolerance[36]. In this study, we found that PD-L1 inhibition did not alter the PD-1 protein and 
mRNA levels in the intestine of DSS-induced mice, suggesting that PD-L1 did not affect the 
transcription or translation of PD-1 in the intestine of the IBD mouse model. However, although the 
expression of PD-1 mRNA in the intestinal tracts of DSS mice significantly decreased, the expression of 
PD-1 protein did not change after B. infantis administration. We, therefore, speculate that PD-L1 
inhibition may indirectly inhibit the B. infantis-induced PD-1 gene transcription, but not the post-
transcriptional modification and translation of PD-1 protein. This transcriptional inhibition of PD-1 may 
be due to a negative feedback mechanism caused by the high PD-1 protein levels. Further studies are 



Zhou LY et al. Regulation of PD-1/PD-L1 pathway in IBD

WJG https://www.wjgnet.com 3172 July 14, 2022 Volume 28 Issue 26

Figure 4 Effects of programmed cell death ligand inhibition on the expression of interleukin-10 and transforming growth factor β 1. A: 
Western blot showing interleukin (IL)-10 and transforming growth factor β (TGF-β) 1 protein expression; B-E: Statistical maps of the differences in IL-10 protein 
expression (B), TGF-β1 protein expression (C), IL-10 mRNA expression (D), and TGF-β1 expression (E). Data are presented as mean ± SD, and the comparisons 
among each group were analyzed by one-way analysis of variance. Statistical significance was set as P < 0.05. PD-1: Programmed cell death 1; PD-L1: Programmed 
cell death ligand; DSS: Dextran sulfate sodium; B. infantis: Bifidobacterium infantis; IL: Interleukin; TGF-β: Transforming growth factor β; GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase; mRNA: Messenger ribonucleic acid.

needed to determine how PD-L1 inhibition suppresses the transcription and translation of PD-1 and the 
underlying mechanism of action of the effect of B. infantis on PD-1 after PD-L1 inhibition.

B. infantis can be used to treat IBD by regulating the intestinal microbiota, alleviating inflammation, 
and regulating the immune response. B. infantis can reduce the intestinal wall permeability, edema, and 
neutrophil infiltration in IBD mice, and alleviate intestinal inflammatory responses[37]. We have 
previously shown that a combined administration of B. infantis with Clostridium butyricum increases the 
abundance of probiotic bacteria (such as members of the genera Bifidobacterium and Lactobacillus) in the 
intestinal microbiota of patients with IBD, reduces the prevalence of enterococci, improves clinical 
symptoms, and promotes the healing of colonic mucosa[38]. B. infantis also plays an important role in 
immune regulation by promoting the proliferation of Tregs[39] and increasing the expression of IL-10 
and TGF-β1. In vivo and in vitro experiments have revealed that B. infantis can significantly accelerate the 
differentiation of CD4+ T cells into Tregs by inducing the maturation of resistant dendritic cells and 
further inhibiting the inflammatory response induced by reactive T cell activation. Furthermore, we 
have previously revealed that, compared to the observations in normal mice, the number of CD4+, 
CD25+, and Foxp3+ T cells in the blood and spleen of DSS mice and the expression of Foxp3 mRNA in 
their intestines showed a decrease, suggesting that the differentiation and proliferation of Tregs may be 
correlated to the pathogenesis of IBD[40]. The number of Tregs in the colon was reported to be related to 
the intestinal microbiota. Treg populations in the colons of sterile mice are significantly low; however, 
feeding sterile mice with feces collected from specific pathogen-free mice significantly increases the 
number of Tregs in the colon[41], indicating that Treg population is dependent on the intestinal 
microbiota. In patients with IBD, the proportion of normal intestinal bacteria decreases, resulting in 
intestinal microbiota-associated disorders[42]. Therefore, improving the composition of the intestinal 
microbiota can help increase the number of Tregs; however, further studies are needed for the 
elucidation of the underlying mechanism. In the present study, we found that B. infantis promotes the 
proliferation of CD4+, CD25+, and Foxp3+ T cells in the blood and spleen, as well as the expression of 
Foxp3 mRNA in the intestine. PD-L1 inhibition significantly reduced the numbers of CD4+, CD25+, and 
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Foxp3+ T cells in the blood and spleen, and decreased the expression of Foxp3 protein and mRNA in the 
intestine. Therefore, B. infantis promotes Treg proliferation by activating the PD-L1/PD-1 pathway.

In addition, our results indicate that B. infantis promoted the mRNA expression of IL-10 and TGF-β1 
in the mouse intestine. PD-L1 inhibition significantly reduced the protein and mRNA expression levels 
of IL-10 and TGF-β1 in the intestine. These results further indicate that B. infantis affected IL-10 and 
TGF-β1 expression through the PD-1/PD-L1 pathway. Notably, Tregs mainly secrete TGF-β1 and IL-10 
to inhibit inflammatory responses. Further studies are needed to confirm the immunosuppressive 
effects of B. infantis in patients with IBD. Additionally, Francisco et al[20] found that PD-L1 can 
downregulate Protein kinase B (Akt), mammalian target of rapamycin (mTOR), and extracellular 
regulated protein kinases (ERK2), while upregulating phosphatase and tensin homolog deleted on 
chromosome ten (PTEN) expression in Tregs; however, whether B. infantis can accelerate the differen-
tiation and proliferation of Tregs by activating the PD-1/PD-L1 pathway and regulating Akt, mTOR, or 
PTEN expression requires further investigation.

CONCLUSION
In conclusion, B. infantis may accelerate the proliferation of CD4+, CD25+, and Foxp3+ T cells in the 
spleen and peripheral blood, and the expression of Foxp3 in the intestine by activating the PD-1/PD-L1 
signaling pathway. It can also promote the expression of IL-10 and TGF-β1 to reduce the intestinal 
inflammatory response, which has a therapeutic effect on IBD mice. We aim to further investigate the 
role of the PD-1/PD-L1 pathway in IBD and the possible therapeutic effect of B. infantis on patients with 
IBD in future studies.

ARTICLE HIGHLIGHTS
Research background
The immune-inflammatory response plays an important role in the pathogenesis and development of 
inflammatory bowel disease (IBD). Bifidobacterium infantis (B. infantis) can repair the acute intestinal 
mucosal injury and maintain autoimmune tolerance in mice with IBD.

Research motivation
The specific mechanism of action of B. infantis in the treatment of IBD is unclear. Understanding this 
underlying mechanism will help in the treatment of IBD.

Research objectives
To explore if B. infantis can promote regulatory T cell Treg differentiation through the programmed cell 
death 1 (PD-1)/PD ligand (PD-L1) pathway to promote the expression of forkhead box protein 3 
(Foxp3), interleukin (IL)-10 and transforming growth factor β (TGF-β) 1, and reduce the inflammatory 
response.

Research methods
We blocked the expression of PD-L1 in the intestine and performed western blotting and real-time qPCR 
to observe the effects of B. infantis on PD-1, Foxp3, IL-10, and TGF-β1. Flow cytometry was used to 
examine the changes in the differentiation of CD4+, CD25+, and Foxp3+ cells in the blood and spleen after 
blocking PD-L1.

Research results
PD-L1 inhibition reduced the promoting effects of B. infantis on intestinal PD-1, Foxp3, IL-10, and TGF-β
1. The promoting effect of B. infantis on the differentiation of CD4+, CD25+, and Foxp3+ cells was also 
reduced.

Research conclusions
B. infantis mediates Foxp3 expression through the PD-1/PD-L1 pathway, thereby promoting Treg differ-
entiation and improving IL-10 and TGF-β1 expression to reduce the immune and inflammatory 
response in IBD. B. infantis may act as a therapeutic agent for IBD.

Research perspectives
To explore the mechanism of action of B. infantis in the treatment of IBD at the cellular level. Further 
experiments are essential to determine whether B. infantis inhibits the immune response through the 
PD-1/PD-L1 pathway in the patients with IBD.



Zhou LY et al. Regulation of PD-1/PD-L1 pathway in IBD

WJG https://www.wjgnet.com 3174 July 14, 2022 Volume 28 Issue 26

ACKNOWLEDGEMENTS
The authors thank Professor Liu DY for her guidance during the experiments.

FOOTNOTES
Author contributions: Zhou LY obtained funding, processed the samples, analyzed the raw data, and wrote 
manuscript; Xie Y processed the samples, obtained and managed data; Li Y conceived the study protocol, critically 
revised the manuscript, and approved the final version.

Supported by the Doctoral Start-up Foundation of Liaoning Province, No. 2021-BS-114.

Institutional review board statement: The study was reviewed and approved by the Institutional Review Board at 
Shengjing Hospital of China Medical University.

Institutional animal care and use committee statement: All animal experiments conformed to the internationally 
accepted principles for the care and use of laboratory animals, No. 2017PS353K.

Conflict-of-interest statement: The authors declare that they have no conflict of interest.

Data sharing statement: No additional data are available.

ARRIVE guidelines statement: The authors have read the ARRIVE guidelines, and the manuscript was prepared and 
revised according to the ARRIVE guidelines.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by 
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-
NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license 
their derivative works on different terms, provided the original work is properly cited and the use is non-
commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: China

ORCID number: Lin-Yan Zhou 0000-0002-9403-2809; Ying Xie 0000-0001-8226-4242; Yan Li 0000000276903324.

S-Editor: Chen YL 
L-Editor: A 
P-Editor: Cai YX

REFERENCES
Burisch J, Zammit SC, Ellul P, Turcan S, Duricova D, Bortlik M, Andersen KW, Andersen V, Kaimakliotis IP, Fumery M, 
Gower-Rousseau C, Girardin G, Valpiani D, Goldis A, Brinar M, Čuković-Čavka S, Oksanen P, Collin P, Barros L, Magro 
F, Misra R, Arebi N, Eriksson C, Halfvarson J, Kievit HAL, Pedersen N, Kjeldsen J, Myers S, Sebastian S, Katsanos KH, 
Christodoulou DK, Midjord J, Nielsen KR, Kiudelis G, Kupcinskas L, Nikulina I, Belousova E, Schwartz D, Odes S, 
Salupere R, Carmona A, Pineda JR, Vegh Z, Lakatos PL, Langholz E, Munkholm P; Epi-IBD group. Disease course of 
inflammatory bowel disease unclassified in a European population-based inception cohort: An Epi-IBD study. J 
Gastroenterol Hepatol 2019; 34: 996-1003 [PMID: 30562421 DOI: 10.1111/jgh.14563]

1     

Olendzki B, Bucci V, Cawley C, Maserati R, McManus M, Olednzki E, Madziar C, Chiang D, Ward DV, Pellish R, Foley 
C, Bhattarai S, McCormick BA, Maldonado-Contreras A. Dietary manipulation of the gut microbiome in inflammatory 
bowel disease patients: Pilot study. Gut Microbes 2022; 14: 2046244 [PMID: 35311458 DOI: 
10.1080/19490976.2022.2046244]

2     

Lo Sasso G, Phillips BW, Sewer A, Battey JND, Kondylis A, Talikka M, Titz B, Guedj E, Peric D, Bornand D, Dulize R, 
Merg C, Corciulo M, Ouadi S, Yanuar R, Tung CK, Ivanov NV, Peitsch MC, Hoeng J. The reduction of DSS-induced 
colitis severity in mice exposed to cigarette smoke is linked to immune modulation and microbial shifts. Sci Rep 2020; 10: 
3829 [PMID: 32123204 DOI: 10.1038/s41598-020-60175-3]

3     

Algethmi W, Baumann C, Alnajjar W, Sroji A, Alsahafi M, Jawa H, Qari Y, Peyrin-Biroulet L, Saadah OI, Mosli M. 
Environmental exposures and the risk of inflammatory bowel disease: a case-control study from Saudi Arabia. Eur J 
Gastroenterol Hepatol 2020; 32: 358-364 [PMID: 31851095 DOI: 10.1097/MEG.0000000000001619]

4     

Illiano P, Brambilla R, Parolini C. The mutual interplay of gut microbiota, diet and human disease. FEBS J 2020; 287: 833-
855 [PMID: 31955527 DOI: 10.1111/febs.15217]

5     

Lavelle A, Sokol H. Gut microbiota-derived metabolites as key actors in inflammatory bowel disease. Nat Rev 
Gastroenterol Hepatol 2020; 17: 223-237 [PMID: 32076145 DOI: 10.1038/s41575-019-0258-z]

6     

Sartor RB. Mechanisms of disease: pathogenesis of Crohn's disease and ulcerative colitis. Nat Clin Pract Gastroenterol 
Hepatol 2006; 3: 390-407 [PMID: 16819502 DOI: 10.1038/ncpgasthep0528]

7     

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0002-9403-2809
http://orcid.org/0000-0002-9403-2809
http://orcid.org/0000-0001-8226-4242
http://orcid.org/0000-0001-8226-4242
http://orcid.org/0000000276903324
http://www.ncbi.nlm.nih.gov/pubmed/30562421
https://dx.doi.org/10.1111/jgh.14563
http://www.ncbi.nlm.nih.gov/pubmed/35311458
https://dx.doi.org/10.1080/19490976.2022.2046244
http://www.ncbi.nlm.nih.gov/pubmed/32123204
https://dx.doi.org/10.1038/s41598-020-60175-3
http://www.ncbi.nlm.nih.gov/pubmed/31851095
https://dx.doi.org/10.1097/MEG.0000000000001619
http://www.ncbi.nlm.nih.gov/pubmed/31955527
https://dx.doi.org/10.1111/febs.15217
http://www.ncbi.nlm.nih.gov/pubmed/32076145
https://dx.doi.org/10.1038/s41575-019-0258-z
http://www.ncbi.nlm.nih.gov/pubmed/16819502
https://dx.doi.org/10.1038/ncpgasthep0528


Zhou LY et al. Regulation of PD-1/PD-L1 pathway in IBD

WJG https://www.wjgnet.com 3175 July 14, 2022 Volume 28 Issue 26

Li J, Jie HB, Lei Y, Gildener-Leapman N, Trivedi S, Green T, Kane LP, Ferris RL. PD-1/SHP-2 inhibits Tc1/Th1 
phenotypic responses and the activation of T cells in the tumor microenvironment. Cancer Res 2015; 75: 508-518 [PMID: 
25480946 DOI: 10.1158/0008-5472.CAN-14-1215]

8     

Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J, Khan O, Drake AM, Chen Z, Sen DR, Kurachi M, Barnitz 
RA, Bartman C, Bengsch B, Huang AC, Schenkel JM, Vahedi G, Haining WN, Berger SL, Wherry EJ. Epigenetic stability 
of exhausted T cells limits durability of reinvigoration by PD-1 blockade. Science 2016; 354: 1160-1165 [PMID: 27789795 
DOI: 10.1126/science.aaf2807]

9     

Garcia-Bates TM, Palma ML, Shen C, Gambotto A, Macatangay BJC, Ferris RL, Rinaldo CR, Mailliard RB. Contrasting 
Roles of the PD-1 Signaling Pathway in Dendritic Cell-Mediated Induction and Regulation of HIV-1-Specific Effector T 
Cell Functions. J Virol 2019; 93 [PMID: 30541848 DOI: 10.1128/JVI.02035-18]

10     

Zamani MR, Aslani S, Salmaninejad A, Javan MR, Rezaei N. PD-1/PD-L and autoimmunity: A growing relationship. Cell 
Immunol 2016; 310: 27-41 [PMID: 27660198 DOI: 10.1016/j.cellimm.2016.09.009]

11     

Kuol N, Stojanovska L, Nurgali K, Apostolopoulos V. PD-1/PD-L1 in disease. Immunotherapy 2018; 10: 149-160 [PMID: 
29260623 DOI: 10.2217/imt-2017-0120]

12     

Long Y, Xia C, Sun Y, Ma Y, Xu L, Song Y, Liu C. Increased circulating PD-1hiCXCR5- peripheral helper T cells are 
associated with disease severity of active ulcerative colitis patients. Immunol Lett 2021; 233: 2-10 [PMID: 33675861 DOI: 
10.1016/j.imlet.2021.03.001]

13     

Li JY, Yu M, Pal S, Tyagi AM, Dar H, Adams J, Weitzmann MN, Jones RM, Pacifici R. Parathyroid hormone-dependent 
bone formation requires butyrate production by intestinal microbiota. J Clin Invest 2020; 130: 1767-1781 [PMID: 
31917685 DOI: 10.1172/JCI133473]

14     

Hartwig T, Zwicky P, Schreiner B, Yawalkar N, Cheng P, Navarini A, Dummer R, Flatz L, Conrad C, Schlapbach C, 
Becher B. Regulatory T Cells Restrain Pathogenic T Helper Cells during Skin Inflammation. Cell Rep 2018; 25: 3564-
3572.e4 [PMID: 30590032 DOI: 10.1016/j.celrep.2018.12.012]

15     

Barbi J, Pardoll D, Pan F. Treg functional stability and its responsiveness to the microenvironment. Immunol Rev 2014; 
259: 115-139 [PMID: 24712463 DOI: 10.1111/imr.12172]

16     

Vitale A, Strisciuglio C, Vitale S, Santopaolo M, Bruzzese D, Micillo T, Scarpato E, Miele E, Staiano A, Troncone R, 
Matarese G, Gianfrani C. Increased frequency of regulatory T cells in pediatric inflammatory bowel disease at diagnosis: a 
compensative role? Pediatr Res 2020; 87: 853-861 [PMID: 31715619 DOI: 10.1038/s41390-019-0662-7]

17     

O'Garra A, Vieira P. Regulatory T cells and mechanisms of immune system control. Nat Med 2004; 10: 801-805 [PMID: 
15286781 DOI: 10.1038/nm0804-801]

18     

Maul J, Loddenkemper C, Mundt P, Berg E, Giese T, Stallmach A, Zeitz M, Duchmann R. Peripheral and intestinal 
regulatory CD4+ CD25(high) T cells in inflammatory bowel disease. Gastroenterology 2005; 128: 1868-1878 [PMID: 
15940622 DOI: 10.1053/j.gastro.2005.03.043]

19     

Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK, Sharpe AH. PD-L1 regulates the 
development, maintenance, and function of induced regulatory T cells. J Exp Med 2009; 206: 3015-3029 [PMID: 20008522 
DOI: 10.1084/jem.20090847]

20     

Ding Q, Lu L, Zhou X, Zhou Y, Chou KY. Human PD-L1-overexpressing porcine vascular endothelial cells induce 
functionally suppressive human CD4+CD25hiFoxp3+ Treg cells. J Leukoc Biol 2011; 90: 77-86 [PMID: 21498584 DOI: 
10.1189/jlb.1210691]

21     

Zhou L, Liu D, Xie Y, Yao X, Li Y. Bifidobacterium infantis Induces Protective Colonic PD-L1 and Foxp3 Regulatory T 
Cells in an Acute Murine Experimental Model of Inflammatory Bowel Disease. Gut Liver 2019; 13: 430-439 [PMID: 
30600673 DOI: 10.5009/gnl18316]

22     

Chaudhary CL, Gurung P, Jang S, Banskota S, Nam TG, Kim JA, Jeong BS. Synthesis, activity and mechanism of 
alkoxy-, carbamato-, sulfonamido-, thioureido-, and ureido-derivatives of 2,4,5-trimethylpyridin-3-ol against inflammatory 
bowel disease. J Enzyme Inhib Med Chem 2020; 35: 1-20 [PMID: 31619080 DOI: 10.1080/14756366.2019.1677637]

23     

Lee KH, Ahn BS, Cha D, Jang WW, Choi E, Park S, Park JH, Oh J, Jung DE, Park H, Suh Y, Jin D, Lee S, Jang YH, Yoon 
T, Park MK, Seong Y, Pyo J, Yang S, Kwon Y, Jung H, Lim CK, Hong JB, Park Y, Shin JI, Kronbichler A. Understanding 
the immunopathogenesis of autoimmune diseases by animal studies using gene modulation: A comprehensive review. 
Autoimmun Rev 2020; 19: 102469 [PMID: 31918027 DOI: 10.1016/j.autrev.2020.102469]

24     

Eichele DD, Kharbanda KK. Dextran sodium sulfate colitis murine model: An indispensable tool for advancing our 
understanding of inflammatory bowel diseases pathogenesis. World J Gastroenterol 2017; 23: 6016-6029 [PMID: 
28970718 DOI: 10.3748/wjg.v23.i33.6016]

25     

Yan PG, Li JN. Advances in the understanding of the intestinal micro-environment and inflammatory bowel disease. Chin 
Med J (Engl) 2020; 133: 834-841 [PMID: 32106123 DOI: 10.1097/CM9.0000000000000718]

26     

Aden K, Rehman A, Waschina S, Pan WH, Walker A, Lucio M, Nunez AM, Bharti R, Zimmerman J, Bethge J, Schulte B, 
Schulte D, Franke A, Nikolaus S, Schroeder JO, Vandeputte D, Raes J, Szymczak S, Waetzig GH, Zeuner R, Schmitt-
Kopplin P, Kaleta C, Schreiber S, Rosenstiel P. Metabolic Functions of Gut Microbes Associate With Efficacy of Tumor 
Necrosis Factor Antagonists in Patients With Inflammatory Bowel Diseases. Gastroenterology 2019; 157: 1279-1292.e11 
[PMID: 31326413 DOI: 10.1053/j.gastro.2019.07.025]

27     

Yan Y, Kolachala V, Dalmasso G, Nguyen H, Laroui H, Sitaraman SV, Merlin D. Temporal and spatial analysis of clinical 
and molecular parameters in dextran sodium sulfate induced colitis. PLoS One 2009; 4: e6073 [PMID: 19562033 DOI: 
10.1371/journal.pone.0006073]

28     

Hall LJ, Faivre E, Quinlan A, Shanahan F, Nally K, Melgar S. Induction and activation of adaptive immune populations 
during acute and chronic phases of a murine model of experimental colitis. Dig Dis Sci 2011; 56: 79-89 [PMID: 20467900 
DOI: 10.1007/s10620-010-1240-3]

29     

Fukata M, Michelsen KS, Eri R, Thomas LS, Hu B, Lukasek K, Nast CC, Lechago J, Xu R, Naiki Y, Soliman A, Arditi M, 
Abreu MT. Toll-like receptor-4 is required for intestinal response to epithelial injury and limiting bacterial translocation in 
a murine model of acute colitis. Am J Physiol Gastrointest Liver Physiol 2005; 288: G1055-G1065 [PMID: 15826931 DOI: 
10.1152/ajpgi.00328.2004]

30     

http://www.ncbi.nlm.nih.gov/pubmed/25480946
https://dx.doi.org/10.1158/0008-5472.CAN-14-1215
http://www.ncbi.nlm.nih.gov/pubmed/27789795
https://dx.doi.org/10.1126/science.aaf2807
http://www.ncbi.nlm.nih.gov/pubmed/30541848
https://dx.doi.org/10.1128/JVI.02035-18
http://www.ncbi.nlm.nih.gov/pubmed/27660198
https://dx.doi.org/10.1016/j.cellimm.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/29260623
https://dx.doi.org/10.2217/imt-2017-0120
http://www.ncbi.nlm.nih.gov/pubmed/33675861
https://dx.doi.org/10.1016/j.imlet.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31917685
https://dx.doi.org/10.1172/JCI133473
http://www.ncbi.nlm.nih.gov/pubmed/30590032
https://dx.doi.org/10.1016/j.celrep.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/24712463
https://dx.doi.org/10.1111/imr.12172
http://www.ncbi.nlm.nih.gov/pubmed/31715619
https://dx.doi.org/10.1038/s41390-019-0662-7
http://www.ncbi.nlm.nih.gov/pubmed/15286781
https://dx.doi.org/10.1038/nm0804-801
http://www.ncbi.nlm.nih.gov/pubmed/15940622
https://dx.doi.org/10.1053/j.gastro.2005.03.043
http://www.ncbi.nlm.nih.gov/pubmed/20008522
https://dx.doi.org/10.1084/jem.20090847
http://www.ncbi.nlm.nih.gov/pubmed/21498584
https://dx.doi.org/10.1189/jlb.1210691
http://www.ncbi.nlm.nih.gov/pubmed/30600673
https://dx.doi.org/10.5009/gnl18316
http://www.ncbi.nlm.nih.gov/pubmed/31619080
https://dx.doi.org/10.1080/14756366.2019.1677637
http://www.ncbi.nlm.nih.gov/pubmed/31918027
https://dx.doi.org/10.1016/j.autrev.2020.102469
http://www.ncbi.nlm.nih.gov/pubmed/28970718
https://dx.doi.org/10.3748/wjg.v23.i33.6016
http://www.ncbi.nlm.nih.gov/pubmed/32106123
https://dx.doi.org/10.1097/CM9.0000000000000718
http://www.ncbi.nlm.nih.gov/pubmed/31326413
https://dx.doi.org/10.1053/j.gastro.2019.07.025
http://www.ncbi.nlm.nih.gov/pubmed/19562033
https://dx.doi.org/10.1371/journal.pone.0006073
http://www.ncbi.nlm.nih.gov/pubmed/20467900
https://dx.doi.org/10.1007/s10620-010-1240-3
http://www.ncbi.nlm.nih.gov/pubmed/15826931
https://dx.doi.org/10.1152/ajpgi.00328.2004


Zhou LY et al. Regulation of PD-1/PD-L1 pathway in IBD

WJG https://www.wjgnet.com 3176 July 14, 2022 Volume 28 Issue 26

Chen L, Pai V, Levinson R, Sharpe AH, Freeman GJ, Braun J, Gordon LK. Constitutive neuronal expression of the 
immune regulator, programmed death 1 (PD-1), identified during experimental autoimmune uveitis. Ocul Immunol Inflamm 
2009; 17: 47-55 [PMID: 19294574 DOI: 10.1080/09273940802491884]

31     

Roosenboom B, Horjus Talabur Horje CS, Smids C, Leeuwis JW, van Koolwijk E, Groenen MJM, Wahab PJ, van Lochem 
EG. Distribution of mucosal PD-1 expressing T cells in patients with colitis of different etiologies. Scand J Gastroenterol 
2021; 56: 671-679 [PMID: 33779456 DOI: 10.1080/00365521.2021.1906316]

32     

Bodhankar S, Galipeau D, Vandenbark AA, Offner H. PD-1 Interaction with PD-L1 but not PD-L2 on B-cells Mediates 
Protective Effects of Estrogen against EAE. J Clin Cell Immunol 2013; 4: 143 [PMID: 24009988 DOI: 
10.4172/2155-9899.1000143]

33     

Gianchecchi E, Fierabracci A. Inhibitory Receptors and Pathways of Lymphocytes: The Role of PD-1 in Treg 
Development and Their Involvement in Autoimmunity Onset and Cancer Progression. Front Immunol 2018; 9: 2374 
[PMID: 30386337 DOI: 10.3389/fimmu.2018.02374]

34     

O'Shaughnessy MJ, Murray KS, La Rosa SP, Budhu S, Merghoub T, Somma A, Monette S, Kim K, Corradi RB, Scherz 
A, Coleman JA. Systemic Antitumor Immunity by PD-1/PD-L1 Inhibition Is Potentiated by Vascular-Targeted 
Photodynamic Therapy of Primary Tumors. Clin Cancer Res 2018; 24: 592-599 [PMID: 28954788 DOI: 
10.1158/1078-0432.CCR-17-0186]

35     

Lo YC, Price C, Blenman K, Patil P, Zhang X, Robert ME. Checkpoint Inhibitor Colitis Shows Drug-Specific Differences 
in Immune Cell Reaction That Overlap With Inflammatory Bowel Disease and Predict Response to Colitis Therapy. Am J 
Clin Pathol 2021; 156: 214-228 [PMID: 33555016 DOI: 10.1093/ajcp/aqaa217]

36     

Elian SD, Souza EL, Vieira AT, Teixeira MM, Arantes RM, Nicoli JR, Martins FS. Bifidobacterium longum subsp. 
infantis BB-02 attenuates acute murine experimental model of inflammatory bowel disease. Benef Microbes 2015; 6: 277-
286 [PMID: 25391346 DOI: 10.3920/BM2014.0070]

37     

Li Hui, Gong Yi, Li Yan. Clinical efficacy of mesalazine combined with Clostridium butyricum in the treatment of active 
mild to moderate ulcerative colitis. Shiyong Yaowu Yu Linchuang 2016; 19: 1389-1393 [DOI: 
10.14053/j.cnki.ppcr.201611017]

38     

Mi H, Dong Y, Zhang B, Wang H, Peter CCK, Gao P, Fu H, Gao Y. Bifidobacterium Infantis Ameliorates Chemotherapy-
Induced Intestinal Mucositis Via Regulating T Cell Immunity in Colorectal Cancer Rats. Cell Physiol Biochem 2017; 42: 
2330-2341 [PMID: 28848081 DOI: 10.1159/000480005]

39     

Fu L, Song J, Wang C, Fu S, Wang Y. Bifidobacterium infantis Potentially Alleviates Shrimp Tropomyosin-Induced 
Allergy by Tolerogenic Dendritic Cell-Dependent Induction of Regulatory T Cells and Alterations in Gut Microbiota. Front 
Immunol 2017; 8: 1536 [PMID: 29176981 DOI: 10.3389/fimmu.2017.01536]

40     

Bozkurt HS, Kara B. A new treatment for ulcerative colitis: Intracolonic Bifidobacterium and xyloglucan application. Eur 
J Inflamm 2020; 18: 1-7 [DOI: 10.1177/2058739220942626]

41     

Zuo T, Ng SC. The Gut Microbiota in the Pathogenesis and Therapeutics of Inflammatory Bowel Disease. Front Microbiol 
2018; 9: 2247 [PMID: 30319571 DOI: 10.3389/fmicb.2018.02247]

42     

http://www.ncbi.nlm.nih.gov/pubmed/19294574
https://dx.doi.org/10.1080/09273940802491884
http://www.ncbi.nlm.nih.gov/pubmed/33779456
https://dx.doi.org/10.1080/00365521.2021.1906316
http://www.ncbi.nlm.nih.gov/pubmed/24009988
https://dx.doi.org/10.4172/2155-9899.1000143
http://www.ncbi.nlm.nih.gov/pubmed/30386337
https://dx.doi.org/10.3389/fimmu.2018.02374
http://www.ncbi.nlm.nih.gov/pubmed/28954788
https://dx.doi.org/10.1158/1078-0432.CCR-17-0186
http://www.ncbi.nlm.nih.gov/pubmed/33555016
https://dx.doi.org/10.1093/ajcp/aqaa217
http://www.ncbi.nlm.nih.gov/pubmed/25391346
https://dx.doi.org/10.3920/BM2014.0070
https://dx.doi.org/10.14053/j.cnki.ppcr.201611017
http://www.ncbi.nlm.nih.gov/pubmed/28848081
https://dx.doi.org/10.1159/000480005
http://www.ncbi.nlm.nih.gov/pubmed/29176981
https://dx.doi.org/10.3389/fimmu.2017.01536
https://dx.doi.org/10.1177/2058739220942626
http://www.ncbi.nlm.nih.gov/pubmed/30319571
https://dx.doi.org/10.3389/fmicb.2018.02247


WJG https://www.wjgnet.com 3177 July 14, 2022 Volume 28 Issue 26

World Journal of 

GastroenterologyW J G
Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol 2022 July 14; 28(26): 3177-3200

DOI: 10.3748/wjg.v28.i26.3177 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

ORIGINAL ARTICLE

Basic Study

Involvement of Met receptor pathway in aggressive behavior of 
colorectal cancer cells induced by parathyroid hormone-related 
peptide

María Belén Novoa Díaz, Pedro Carriere, Graciela Gigola, Ariel Osvaldo Zwenger, Natalia Calvo, Claudia 
Gentili

Specialty type: Biochemistry and 
molecular biology

Provenance and peer review: 
Invited article; Externally peer 
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific 
quality classification
Grade A (Excellent): 0 
Grade B (Very good): B, B 
Grade C (Good): C 
Grade D (Fair): D 
Grade E (Poor): 0

P-Reviewer: Ding L, China; Gao W, 
China; Xu HC, China; Wan XH, 
China 
A-Editor: Soldera J, Brazil

Received: January 13, 2022 
Peer-review started: January 13, 
2022 
First decision: March 8, 2022 
Revised: March 21, 2022 
Accepted: May 27, 2022 
Article in press: May 27, 2022 
Published online: July 14, 2022

María Belén Novoa Díaz, Pedro Carriere, Graciela Gigola, Natalia Calvo, Claudia Gentili, 
Departamento de Biología, Bioquímica y Farmacia, Universidad Nacional del Sur (UNS)- 
INBIOSUR (CONICET-UNS), Bahía Blanca 8000, Buenos Aires, Argentina

Ariel Osvaldo Zwenger, Centro de Estudios Clínicos SAGA, CEC SAGA, Santiago de Chile 
8320000, Chile

Corresponding author: Claudia Gentili, PhD, Professor, Research Scientist, Departamento de 
Biología, Bioquímica y Farmacia, Universidad Nacional del Sur (UNS)- INBIOSUR 
(CONICET-UNS), 670 San Juan, Bahía Blanca 8000, Buenos Aires, Argentina.  
cgentili@criba.edu.ar

Abstract
BACKGROUND 
Parathyroid hormone-related peptide (PTHrP) plays a key role in the devel-
opment and progression of many tumors. We found that in colorectal cancer 
(CRC) HCT116 cells, the binding of PTHrP to its receptor PTHR type 1 (PTHR1) 
activates events associated with an aggressive phenotype. In HCT116 cell 
xenografts, PTHrP modulates the expression of molecular markers linked to 
tumor progression. Empirical evidence suggests that the Met receptor is involved 
in the development and evolution of CRC. Based on these data, we hypothesized 
that the signaling pathway trigged by PTHrP could be involved in the tran-
sactivation of Met and consequently in the aggressive behavior of CRC cells.

AIM 
To elucidate the relationship among PTHR1, PTHrP, and Met in CRC models.

METHODS 
For in vitro assays, HCT116 and Caco-2 cells derived from human CRC were 
incubated in the absence or presence of PTHrP (1-34) (10-8 M). Where indicated, 
cells were pre-incubated with specific kinase inhibitors or dimethylsulfoxide, the 
vehicle of the inhibitors. The protein levels were evaluated by Western blot 
technique. Real-time polymerase chain reaction (RT-qPCR) was carried out to 
determine the changes in gene expression. Wound healing assay and morpho-
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logical monitoring were performed to evaluate cell migration and changes related to the epithelial-
mesenchymal transition (EMT), respectively. The number of viable HCT116 cells was counted by 
trypan blue dye exclusion test to evaluate the effects of irinotecan (CPT-11), oxaliplatin (OXA), or 
doxorubicin (DOXO) with or without PTHrP. For in vivo tests, HCT116 cell xenografts on 6-wk-old 
male N:NIH (S)_nu mice received daily intratumoral injections of PTHrP (40 μg/kg) in 100 μL 
phosphate-buffered saline (PBS) or the vehicle (PBS) as a control during 20 d. Humanitarian 
slaughter was carried out and the tumors were removed, weighed, and fixed in a 4% formal-
dehyde solution for subsequent treatment by immunoassays. To evaluate the expression of 
molecular markers in human tumor samples, we studied 23 specimens obtained from CRC 
patients which were treated at the Hospital Interzonal de Graves y Agudos Dr. José Penna (Bahía 
Blanca, Buenos Aires, Argentina) and the Hospital Provincial de Neuquén (Neuquén, Neuquén, 
Argentina) from January 1990 to December 2007. Seven cases with normal colorectal tissues were 
assigned to the control group. Tumor tissue samples and clinical histories of patients were 
analyzed. Paraffin-embedded blocks from primary tumors were reviewed by hematoxylin-eosin 
staining technique; subsequently, representative histological samples were selected from each 
patient. From each paraffin block, tumor sections were stained for immunohistochemical 
detection. The statistical significance of differences was analyzed using proper statistical analysis. 
The results were considered statistically significant at P < 0.05.

RESULTS 
By Western blot analysis and using total Met antibody, we found that PTHrP regulated Met 
expression in HCT116 cells but not in Caco-2 cells. In HCT116 cells, Met protein levels increased at 
30 min (P < 0.01) and at 20 h (P < 0.01) whereas the levels diminished at 3 min (P < 0.05), 10 min (P 
< 0.01), and 1 h to 5 h (P < 0.01) of PTHrP treatment. Using an active Met antibody, we found that 
where the protein levels of total Met decreased (3 min, 10 min, and 60 min of PTHrP exposure), the 
status of phosphorylated/activated Met increased (P < 0.01) at the same time, suggesting that Met 
undergoes proteasomal degradation after its phosphorylation/activation by PTHrP. The 
increment of its protein level after these decreases (at 30 min and 20 h) suggests a modulation of 
Met expression by PTHrP in order to improve Met levels and this idea is supported by our 
observation that the cytokine increased Met mRNA levels at least at 15 min in HCT116 cells as 
revealed by RT-qPCR analysis (P < 0.05). We then proceeded to evaluate the signaling pathways 
that mediate the phosphorylation/ activation of Met induced by PTHrP in HCT116 cells. By 
Western blot technique, we observed that PP1, a specific inhibitor of the activation of the proto-
oncogene protein tyrosine kinase Src, blocked the effect of PTHrP on Met phosphorylation (P < 
0.05). Furthermore, the selective inhibition of the ERK 1/2 mitogen-activated protein kinase (ERK 
1/2 MAPK) using PD98059 and the p38 MAPK using SB203580 diminished the effect of PTHrP on 
Met phosphorylation/activation (P < 0.05). Using SU11274, the specific inhibitor of Met activation, 
and trypan blue dye exclusion test, Western blot, wound healing assay, and morphological 
analysis with a microscope, we observed the reversal of cell events induced by PTHrP such as cell 
proliferation (P < 0.05), migration (P < 0.05), and the EMT program (P < 0.01) in HCT116 cells. 
Also, PTHrP favored the chemoresistance to CPT-11 (P < 0.001), OXA (P < 0.01), and DOXO (P < 
0.01) through the Met pathway. Taken together, these findings suggest that Met activated by 
PTHrP participates in events associated with the aggressive phenotype of CRC cells. By immuno-
histochemical analysis, we found that PTHrP in HCT116 cell xenografts enhanced the protein 
expression of Met (0.190 ± 0.014) compared to tumors from control mice (0.110 ± 0.012; P < 0.05) 
and of its own receptor (2.27 ± 0.20) compared to tumors from control mice (1.98 ± 0.14; P < 0.01). 
Finally, assuming that the changes in the expression of PTHrP and its receptor are directly 
correlated, we investigated the expression of both Met and PTHR1 in biopsies of CRC patients by 
immunohistochemical analysis. Comparing histologically differentiated tumors with respect to 
those less differentiated, we found that the labeling intensity for Met and PTHR1 increased and 
diminished in a gradual manner, respectively (P < 0.05).

CONCLUSION 
PTHrP acts through the Met pathway in CRC cells and regulates Met expression in a CRC animal 
model. More basic and clinical studies are needed to further evaluate the PTHrP/Met relationship.

Key Words: PTHrP; MET receptor tyrosine kinase; Parathyroid hormone receptor type 1; Colorectal cancer; 
Drug resistance
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Core Tip: Colorectal cancer (CRC) is one of the leading causes of cancer death, and chemoresistance is 
common in the treatment of CRC patients. Parathyroid hormone-related peptide (PTHrP) and the receptor 
tyrosine kinase Met are involved in the aggressive behavior of CRC cells. However, to date it is unknown 
whether PTHrP and Met are related to promoting events associated with the progression and chemores-
istance of CRC. Herein we showed, for the first time, a PTHrP/Met axis that could have a positive impact 
on the knowledge of CRC biology and on the development of new targeted therapies.

Citation: Novoa Díaz MB, Carriere P, Gigola G, Zwenger AO, Calvo N, Gentili C. Involvement of Met receptor 
pathway in aggressive behavior of colorectal cancer cells induced by parathyroid hormone-related peptide. World J 
Gastroenterol 2022; 28(26): 3177-3200
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3177.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3177

INTRODUCTION
Colorectal cancer (CRC) is one of the most frequent tumors of the digestive system and represents the 
third type of cancer with the highest incidence worldwide[1]. According to statistics, the development 
of metastasis and resistance to chemotherapeutic drugs causes 90% of deaths in patients with CRC[2]. 
Although treatment strategies have been improved in the past years, the mortality associated with this 
oncological disease is still around 50%[1,3]. In this line, the World Cancer Research Fund International 
indicates that CRC incidence is still increasing and that its prevalence is expected to augment by 60% in 
the next few years[4]. This is mainly due to the emergence of CRC patients under 50 years old and the 
appearance of new tumors subtypes that have a refractory response to the usual therapy[5]. Currently, 
two of the chemotherapeutic agents approved as first and second-line palliative drugs in CRC are 
oxaliplatin (OXA) and irinotecan (CPT-11)[6,7]. However, more than half of patients with stage II/III 
disease who underwent surgery and were treated with these drugs relapsed and died[8]. Thus, all these 
facts evidence an urgent need to elucidate the molecular mechanisms associated with two key aspects of 
therapy: Effectiveness and resistance.

Parathyroid hormone-related peptide (PTHrP) is a cytokine-like protein that is normally produced in 
many adult and fetal tissues[9,10]. The N-terminal 13 amino acid residues of PTHrP exhibit high 
structural homology with the PTH[11]. This allows the binding of both ligands to the same G-protein-
coupled receptor, PTH/PTHrP type 1 (PTHR1)[12,13]. It is known that PTHrP and its receptor are 
expressed in the same cells or neighboring cells. This juxtaposition is directly related to its activity as an 
autocrine and paracrine factor[14,15].

Regarding the expression of this protein in neoplastic disease, studies in patients show its overex-
pression in tissues of breast, prostate, lung, and colon cancers[16,17]. Moreover, 95% of colorectal 
adenocarcinomas have elevated expression of this protein[18-20]. Although PTHrP was initially 
identified as a major contributor to hypercalcemia in paraneoplastic syndromes, it is known that this 
peptide also plays a key role in the development and progression of many tumors [10,16,21-23]. In this 
concern, in CRC-derived cells we found that PTHrP stimulated cell proliferation, survival, and 
migration, the epithelial-mesenchymal transition (EMT), the release of pro-angiogenic factors, and the 
resistance to CPT-11[13,24-26]. In xenografts of CRC cells, we have observed that PTHrP also modulates 
the expression of molecular markers linked to tumor progression[24-27]. Despite these contributions, 
relevant aspects from the action of this peptide are still unknown, specifically, whether PTHrP could 
promote resistance to other forms of chemotherapy and the validation of our previous observations 
using human samples.

Met is a receptor with tyrosine kinase (RTK) activity, and it is expressed in normal tissues and 
participates in various physiological processes such as embryonic development and wound repair[28]. 
Only hepatocyte growth factor (HGF) is known as a necessary ligand for its activation. However, cross-
communications between this RTK and G-protein-coupled receptors were reported to promote its 
aberrant activation[29-31]. Met overexpression or its dysregulation can lead to malignant cell 
transformation and contributes to the development and progression of different types of cancer 
including colorectal tumors[28,32-35]. Moreover, Met dysregulation is also associated with drug 
resistance in colon cancer cells[32,35,36]. Several studies demonstrated the overexpression of this RTK in 
tumor tissue of CRC patients; in this regard, its inhibition is being widely investigated as a comple-
mentary treatment to usual therapies[37,38]. Despite this, the value of Met as a prognostic marker or in 
treatment strategies has not been established yet.

Although empirical evidence suggests that Met and PTHrP play a key role in the development and 
evolution of CRC, it is still unknown whether PTHrP and Met act cooperatively to promote events 
associated with the progression and chemoresistance in CRC. Based on our previous studies, we 
hypothesized that the signaling pathway trigged by PTHR1 after binding to PTHrP could be involved in 
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the transactivation of the RTK Met and consequently in the aggressive behavior of CRC cells. For this 
reason, the present work aimed to elucidate the relationship among PTHR1, PTHrP, and Met.

MATERIALS AND METHODS
Reagents and antibodies
Human PTHrP (1-34) and trypan blue dye were obtained from Sigma-Aldrich Chemical Co (St. Louis, 
MO, United States). Antibodies were purchased from the following sources: Anti-Met and anti-phospho 
Met (Tyr 1234/1235) and anti-E-cadherin were provided by Cell Signaling Technology (Beverly, MA, 
United States); anti-PTH/PTHrP receptor type 1, anti-GAPDH, goat anti-rabbit peroxidase conjugated 
secondary antibody, and goat anti-mouse peroxidase conjugated secondary antibody were from Santa 
Cruz Biotechnology (Santa Cruz, CA, United States). PD98059, SB203580, and PP1 were obtained from 
Calbiochem (San Diego, CA, United States) and SU11274 from Sigma-Aldrich Chemical Co. RNase 
CocktailTM Enzime Mix was from Applied Biosystems (Carlsbad, CA, United States). Protein size 
markers were from Amersham Biosciences (Piscataway, NJ, United States). Immobilonpolyvinylidene 
difluoride (PVDF) membranes and electrochemiluminescence (ECL) detection kit were from Amersham 
(Little Chalfont, Buckinghamshire, England). The chemotherapeutic drugs CPT-11, OXA, and 
doxorubicin (DOXO) were generously provided by Dr. Ariel Zwenger.

Cell culture and treatment
Human colon cancer cells Caco-2 and HCT116 (American Type Culture Collection, Manassas, VA, 
United States) were grown at 37 °C in an atmosphere containing 5.5% CO2 in Dulbecco’s Modified Eagle 
Culture Medium (DMEM) containing 10% heat-inactivated and irradiated fetal bovine serum (FBS), 1% 
non-essential amino acids, penicillin (100 IU/mL), streptomycin (100 mg/mL), and gentamicin (50 
mg/mL). The cells were cultured until reaching 80% confluence and then they were deprived of FBS for 
2 h. Treatments were performed by incubating cells with 2.5% FBS-DMEM in the absence or presence of 
PTHrP (1-34) (10-8 M) at different times. This dose was selected based on previous studies[39,40]. Where 
indicated, cells were pre-incubated for 30 min with PD-98059 (20 μM), an inhibitor of the mitogen-
activated protein kinase (MAPK) kinases (MEKs), the upstream kinases of ERK1/2; SB203580 (20 μM), 
an inhibitor of p38 MAPK; PP1 (10 μM), an inhibitor of Src; or SU11274 (0.5 μM), a Met inhibitor. In 
previous works, we confirmed the effectiveness of the inhibitors PD98059, SB203580, and PP1[26,27], 
whereas SU11274 dose was chosen in accordance with the literature[41]. Controls were run by the 
addition of an equivalent volume of dimethylsulfoxide (DMSO), the vehicle of the inhibitors.

Western blot analysis
Cells were washed with phosphate buffered saline (PBS) with 25 mmol/L NaF and 1 mmol/L Na3VO4 

and lysed in buffer containing 50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 3 mmol/L KCl, 1 
mmol/L ethylenediaminetetraacetic acid (EDTA), 1% Tween 20, 1% Nonidet P-40, 20 μg/mL aprotinin, 
20 μg/mL leupeptin, 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 25 mmol/L NaF, and 1 
mmol/L Na3VO4. Lysates were vortexed for 45 s, incubated on ice for 10 min, and then centrifuged at 
14000 g and 4 °C for 15 min. The supernatant was collected and protein quantification was performed by 
the Bradford method[42]. The proteins present in the samples were separated (30 μg/lane) using 
sodium dodecyl sulfate (SDS)-polyacrylamide gels (8%-10% acrylamide) and electrotransferred to 
hydrophilic polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% skim 
milk in Tris buffered saline-Tween (TBS-T) buffer (50 mmol/L Tris, pH 7.2-7.4, 200 mmol/L NaCl, 0.1% 
Tween-20), and then incubated overnight with the appropriate dilution of primary antibody (Met #8198 
1:3000, p-Met #3077 1:500, E-cadherin #3195 1:1000; GAPDH sc-32233 1:5000) in TBS-T with 2.5% bovine 
serum albumin. After washing, the membranes were incubated with the appropriate dilution of 
horseradish peroxidase conjugated secondary antibody in TBS-T with 2.5% skim milk. Finally, proteins 
were revealed using a commercial electrochemiluminescence kit, and the bands obtained were digitized 
densitometrically and quantified with Image J program.

Stripping and reprobing membranes
To remove primary and secondary antibodies, membranes were incubated in stripping buffer (62.5 
mmol/LTris-HCl pH 6.8, 2% SDS, and 50 mmol/L β-mercaptoethanol) at 55 °C for 30 min in agitation, 
washed for 10 min in TBS-T (1% Tween-20), and then blocked, as indicated above. After this procedure, 
it is possible to re-test antibodies in the membranes.

RNA isolation and cDNA synthesis
HCT116 cells were incubated in serum-free DMEM for 2 h and then treated with or without PTHrP (10-8 

mol/L, in DMEM 2.5% FBS) for 15 min. Total RNA from all samples was isolated using the High Pure 
RNA Isolation Kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer’s 
instructions. Total RNA (1 g) from each sample was used for first-strand cDNA synthesis using High 
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Capacity cDNA Reverse Transcription Kits following the manufacturer’s instructions (Applied 
Biosystems, United States). The cDNA product was quantified and then stored at -20 °C for real-time 
polymerase chain reaction (RT-qPCR).

RT-qPCR
PCR reactions were carried out on a real-time PCR system (Applied Biosystems, model 7500). The 
primers used are the following: 5’-GGAAACACCCATCCAGAATGTCATT-3’ (forward) and 5’-
TGATATCGAATGCAATGGATGATCT-3’ (reverse) for Met; 5’-ACCACAGTCCATGCCATCA-3’ 
(forward) and 5’-TCCACCACCCTGTTGCTGTA-3’ (reverse) for GAPDH. The PCR reactions were 
prepared using SYBR green master mix (No. 4309159, Applied Biosystems). On ice, the following was 
added: 5 μL of 2 × SYBR green, 0.8 μL of forward primer (400 nmol/L), 0.8 μL of reverse primer (400 
nmol/L), 2 μL of template cDNA (12 ng), and 1.4 μL of Milli Q sterile water. GAPDH cDNA was 
amplified in parallel for all genes to provide an appropriate internal PCR control. For each experiment, 
water was added as a sample without a template (negative control). Mean Ct of the gene of interest 
(Met) was calculated from triplicate measurements using the following equation: Ct =Ct of the gene of 
interest -Ct of GAPDH. mRNA levels were calculated by the 2-∆CT method.

Wound healing assay and morphological monitoring
Once confluence was reached, a cross-shaped wound was made manually in the cell monolayer with a 
tip and two washes were performed with sterile 1 × PBS to remove debris from the procedure. Then, the 
treatments were performed in DMEM without FBS as detailed above. Finally, the wounds were 
visualized under an inverted microscope and each of them was photographed at 0 h, 5 h, and 24 h, 
where the same fields were photographed. For each condition, the closure of the wound concerning the 
control was analyzed using ImageJ-NIH program, which allows for quantifying the area that remains 
cell-free.

To evaluate morphological changes potentially associated with the EMT, cells were treated with 
PTHrP as detailed above and the same fields were observed with a microscope and photographed 
during the times when significant molecular changes were observed.

Measurements of drug effects of chemotherapeutics
CPT-11, OXA, and DOXO cytotoxicities were assessed by trypan blue dye exclusion test. HCT116 cells 
were seeded in a 24-well plate until 80% confluence and then treated with or without PTHrP 10-8 M 
and/or CPT-11(10 μM)/OXA (10 μM)/DOXO (5 μM) in triplicate for 24 h. The doses of these drugs 
were chosen according to previous works[26,43-45]. Where indicated, HCT116 cells were pre-incubated 
with SU11274 (0.5 μM)[41] or DMSO, the vehicle of the inhibitor. After the treatment, cells were washed 
with PBS and then incubated with trypsin-EDTA to separate them from the culture substrate. The cell 
suspension was diluted in equal volume with trypan blue stain (1:1). The number of cells per field was 
counted in a Neubauer chamber; cells that exclude the dye were considered viable cells. The number of 
viable cells was calculated according to the following formula: Total number of viable cells = average 
number of viable cells × dilution factor × 104[46].

Xenograft in nude mice
Xenografts on 6-wk old male N:NIH (S)_nu mice (body weight 20-25 g) were generated through a 
subcutaneous injection of 1 × 106 HCT116 cells in their left dorsal flanks[47]. Four days after this 
procedure, the animals were randomly separated into treated and control groups (n = 6/group). Mice 
received a daily intratumoral injection of PTHrP (40 μg/kg) in 100 μL PBS, or PBS as a control. This 
manner of administration was in order to keep the compound level constant in the tumor area. The dose 
of PTHrP was selected according to previous studies performed by us and by other investigators with 
PTH and/or PTHrP in rodents[27,48-50]. Throughout the experiment, animals were kept under strict 
sanitary barriers in insulated cabins and had access to sterilized food and water ad libitum. Besides, they 
were exposed to 12 h cycles of light and darkness (200 Lux/1 m from the floor), atmospheric pressure, 
25 °C, and humidity of 40%-60%. Humanitarian slaughter was carried out after 20 d of treatment by 
inhalation of the chemical agent CO2. The tumors were removed, weighed, and fixed in a 4% formal-
dehyde solution and included in a paraffin block for subsequent treatment in immunoassays. At the end 
of the trial, the average weights were 0.30 g ± 0.11 g (standard deviation) and 0.40 g ± 0.10 g for control 
tumors and treated tumors, respectively. Whereas the average volumes were 0.21 mm3 ± 0.08 mm3 

(standard deviation) and 0.26 mm3 ± 0.08 mm3 for control tumors and treated tumors, respectively. The 
present animal protocol was approved by the Institutional Committee for the Care and Use of Experi-
mental Animals from the Universidad Nacional del Sur (CICUAE-UNS, institutional endorsement 
updated to 2021) and it was executed in accordance with the National Institutes of Health guide for the 
care and use of laboratory animals (NIH 1996) in order to minimize pain or discomfort for the animals.

Patients and clinical specimens
The following research protocol (File number 8610-017183/2018, Registry of Investigations in Health 
(RIS) number N° 11.00.18) has the endorsement of the Advisory Commission on Biomedical Research in 
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Beings Human Rights (CAIBSH) and the approval of the Health Ministry of the Province of Neuquén, 
Argentina (provision 0088-18-1-19) and was authorized by the Ethical Committee of the Hospital 
Interzonal de Graves y Agudos Dr. José Penna, Buenos Aires, Argentina in accordance with article 23 of 
Law 11044 of the Ministry of Health and the Central Research Ethics Committee (CECI) on research 
with biological samples from Argentina.

We performed an analysis of specimens obtained from patients with colorectal adenocarcinoma 
which were admitted to the Hospital Interzonal de Graves y Agudos Dr. José Penna (Bahía Blanca, 
Buenos Aires, Argentina) and the Hospital Provincial de Neuquén (Neuquén, Neuquén, Argentina) 
from January 1990 to December 2007. Normal colorectal tissue samples were assigned to a control 
group. The medical record of each patient was analyzed for the information as follows: Sex; age; 
primary tumor location; histological grade; and initial stage (according to the TNM staging system 
issued by the American Joint Committee on Cancer-AJCC and International Union for Cancer Control-
UICC). The exclusion criteria were: Patients under 18 years of age due to the low prevalence of this 
cancer in the child and youth population[51]; pregnant patients due to the fact that high levels of PTHrP 
have been observed in the placenta and fetal tissues[52]; lactating patients because high levels of PTHrP 
have been detected in breast tissue and in breast milk and correlate with serum PTHrP levels in these 
women[53]; patients who have previously developed other types of tumors (liver, lung, and bone) since 
CRC commonly metastasizes to these sites. These considerations are necessary to exclude cases where 
the cytokine derived from other tissues may interfere with the analysis of the results from this study. All 
are exclusion criteria at the time of diagnosis. The confidentiality criteria were based on the regulatory 
provisions referring to confidentiality in clinical investigations, including Law 11044 and Law 25326 on 
data protection, from Argentina, the Guide for Health Research of the National Ministry of Health, the 
UNESCO Declaration on the Protection of Genetic Data and the Declaration of Helsinki of the World 
Medical Association (version 2008), and the Council for International Organizations of Medical Sciences 
(CIOMS) Guidelines. This study respected the dignity and rights of the patients. All data derived from 
the clinical history was treated under strict confidentiality to protect and preserve the patient’s 
identities.

Paraffin-embedded archival blocks from primary tumors were reviewed by hematoxylin-eosin 
staining technique; subsequently, representative histological samples of each patient were selected for 
immunoassays.

Immunohistochemistry
From each paraffin block, tumor sections were sliced and prepared for immunohistochemical detection 
using the primary monoclonal antibody anti-Met (#8198, 1:2000) or anti-PTHR1 antibody (sc-12722-
3D1.1, 1:50) according to the manufacturer’s protocol. The sections were deparaffinized with xylol for 15 
min and subsequently rehydrated in decreasing concentrations of alcohol. Antigenic retrieval was 
carried out using a pressure cooker with sodium citrate buffer (10 mmol/L, pH 6) for 15 min at 1 atm. 
The sections were washed twice with PBS and we proceeded to block endogenous peroxidase with 30% 
H2O2for 10 min. After two washes with PBS, the corresponding antibody was added to each sample and 
incubated overnight at 4 °C. Immunohistochemical staining was carried out manually using ABCAM 
Detection IHC Kit (Abcam, Cambridge, MA, United States) according to the manufacturer’s 
instructions. The images obtained under an optical microscope were analyzed using an open-source 
image processing package based on ImageJ-NIH program[54,55].

Statistical analysis
To obtain statistical data, three experiments were carried out independently and the results are 
expressed as the mean ± SD. To determine significant differences between two groups of data, Student’s 
t-test (two-tailed, equal variance) was carried out. A P value < 0.05 was considered statistically 
significant.

For the statistical analysis of human tumor samples, the correlation coefficient between the expression 
of Met and PTHR1 was evaluated by the Spearman test. Then, the patients were grouped according to 
clinicopathological characteristics such as age, sex, TNM stage (II, III, and IV), location of the primary 
tumor (right colon, left colon, and rectum), and histological grade (G1, G2, and G3). The Fisher’s exact 
test was used to evaluate the association of Met or PTHR1 expression with each variable. These 
statistical analyses were performed using the R programming language version 4.1.1[56]. A P value < 
0.05 was considered statistically significant.

RESULTS
PTHrP modulates the expression of the RTK Met in human HCT116 cells
Met is a heterodimeric receptor that is composed of two chains, alpha and beta. Initially, this RTK is 
synthesized as a single-chain precursor (pro-Met), and it then undergoes posttranslational modifications 
to produce the mature form[57]. The binding of the HGF to the beta subunit of Met induces its 
dimerization and the phosphorylation of tyrosine domains in the intracellular portion of the receptor 
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(Y1234 and Y1235). These events promote the kinase activity of Met and its autophosphorylation (Y1349 
and Y1356). Then, various proteins are recruited to these phosphorylated sites, triggering different 
signaling pathways[33,58].

In CRC cells, Met signaling is activated by various mechanisms to promote tumor development and 
progression[28,59]. Gene amplification or mutations (that lead to receptor overexpression) and 
increased activity due to ligand-mediated stimulation induce the aberrant activation of Met[28]. As 
mentioned earlier, another mechanism that favors its abnormal activation involves the phosphorylation 
in Met activator domains and is indirectly due to the previous activation of cell-surface receptors like G-
protein-coupled receptors[29,31].

In the past years, several authors have reported a correlation between the overexpression of PTHrP 
and tumor progression in lung, breast, and prostate cancers[16,21,60]. Our research group has shown 
that this cytokine also promotes the aggressive phenotype of intestinal tumor cells[13,24-26]. This pro-
tumor factor exerts its action on CRC cells through several mitogenic signaling pathways[13]. In view of 
this background, in this work we decided to investigate whether the molecular mechanisms trigged by 
PTHR1 after binding of PTHrP are capable of modulating the expression of the mature form of the RTK 
Met and/or its activation in CRC-derived cells. To that end, we initially treated Caco-2 cells and 
HCT116 cells with PTHrP for different times and then the cell lysates were immunoblotted with an anti-
Met antibody. We selected these cell lines from CRC with different aggressive phenotypes because both 
express the receptor PTHR1 and we had previously verified that their cell responses are mediated 
exclusively by this receptor[26,40,61]. Met did not change its protein expression when Caco-2 cells were 
treated with PTHrP over a wide interval of exposure times (data not shown). However, the response of 
the HCT116 cell line, which is more aggressive than Caco-2 cell line, was different. As seen in Figure 1 
(top and middle panels), PTHrP treatment for 30 min increased Met protein levels. However, the 
protein expression diminished at 3 min and 10 min, and at 1 h to 3 h of exposure to the peptide. Figure 1 
(lower panel) shows that at 5 h of treatment, Met protein levels continued to decrease. However, PTHrP 
increased Met protein expression at 20 h of treatment.

As it happens with other RTKs on the cell surface, after its phosphorylation/activation, Met is intern-
alized with the subsequent decrease in its protein levels due to the proteasomal degradation[62,63]. In 
this regard, the reduction of Met protein levels observed in HCT116 cells suggested a previous 
activation of this receptor by PTHrP, and the increment of its protein level after these decreases (at 30 
min and 20 h) suggested a modulation of Met expression by PTHrP in order to improve Met levels.

PTHrP promotes Met phosphorylation and activation through Src kinase in human HCT116 cells
Our next goal was to elucidate if the decrease in Met protein levels observed in HCT116 cell line and 
mediated by exogenous PTHrP could be due to its previous phosphorylation/activation. Thus, we 
proceeded to evaluate the status of phosphorylated Met under PTHrP action. As shown in Figure 2A, 
Western blot analysis using a specific antibody that recognizes active Met, revealed that PTHrP 
treatment for 3 min and 10 min increased the phosphorylation of Met at the residues Tyr 1234 and Tyr 
1235. These phosphorylation sites constitute activating domains of the receptor. The decrease in total 
Met protein levels (showed in Figure 1 and pointed in Figure 2A with arrows) ruled out the possibility 
that an increase in phosphorylated Met levels at the same time was due to the up-regulation of Met 
protein expression.

Src is a cytosolic tyrosine kinase deregulated in 80% of CRC patients[64-66]. Previously, we reported 
the activation of Src in the HCT116 cell line induced by PTHrP at 3 min of treatment[26]. As we 
mentioned above and taking into account that we observed phosphorylation of Met by PTHrP on 
specific tyrosine residues that are needed for its activation, we decided to evaluate whether Src is 
involved in this process induced by the cytokine PTHrP in intestinal tumor cells. For this purpose, the 
cells were pre-treated with PP1, a specific inhibitor of Src activation, and then with PTHrP for 3 min. As 
shown in Figure 2B, we observed that PP1 decreased PTHrP-induced phosphorylation of Met at 
Tyr1234/1235. These findings suggested that in the HCT116 cell line, PTHrP rapidly activate the Src 
signaling pathway, leading to the phosphorylation and activation of Met.

PTHrP promotes the phosphorylation/activation of Met through the MAPK signaling pathway in 
human HCT116 cells
It has been described that MAPK signaling pathway activation is very common in CRC and is related to 
an aggressive phenotype of intestinal tumor cells[67]. Due to its relevance in cancer, in recent decades 
the possibility of employing MAPK pathway inhibitors has been studied for the treatment of this 
disease[68,69]. In our laboratory, we found that PTHrP induces the activation of the ERK 1/2 MAPK 
and p38 MAPK and that the activity of Src converges in the phosphorylation/activation of MAPK in 
CRC-derived cells [26,27].

Based on our previous results, we next decided to investigate in our model if ERK 1/2 MAPK and 
p38 MAPK are also involved in the effects of PTHrP on the Met signaling pathway. To that end, the cells 
were pre-incubated with PD-98059 (a selective inhibitor of MEK, the upstream kinases of ERK 1/2) or 
with SB-203580 (a specific p38 MAPK inhibitor) and then exposed to PTHrP for 1 h. This time point was 
selected because the phosphorylation/activation of ERK 1/2 MAPK and p38 MAPK significantly 
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Figure 1 Parathyroid hormone-related peptide modulates the protein expression of Met receptor in HCT116 cells. Cells were treated with or 
without 10-8 mol/L parathyroid hormone-related peptide (PTHrP) for different times. The protein levels of pro-Met (Met precursor) and Met [tyrosine kinase receptor 
(RTK) mature form] were analyzed by Western blot to investigate whether the molecular mechanisms trigged by PTHR type 1 (PTHR1) after binding of PTHrP are 
capable of modulating the expression of the mature form of the RTK Met in HCT116 cells. GAPDH protein levels were determined as a control of the amount of 
proteins present in the membrane, since this protein is not substantially modified with the treatment by the cytokine. Graph bars represent the average of the results 
obtained from three independent experiments. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Met: Receptor tyrosine kinase Met; PTHrP: Parathyroid 
hormone-related peptide. aP < 0.05; bP < 0.01.

increased at 60 min after PTHrP treatment in HCT116 cells[26,27]. Regarding the cell response when 
tumor cells were exposed to PTHrP for 1 h (Figure 1), Figure 3 shows an increase in the phosphorylated 
Met levels, suggesting that the treatment with the cytokine for 1 h also induces the phosphorylation/ 
activation of Met with the subsequent reduction in its protein levels due to its proteasomal degradation. 
Moreover, Figure 3 reveals that the selective inhibition of MEK MAPK and p38 MAPK averted the effect 
on Met phosphorylation, suggesting that Met activation is regulated by the ERK 1/2 MAPK and p38 
MAPK signaling pathways in HCT116 cells under PTHrP action.

PTHrP increases Met gene expression in human HCT116 cells
As it was commented earlier, the fact that Met, like other RTKs, undergoes proteasomal degradation 
after its phosphorylation/activation[62,63] explains that at the same time points of PTHrP exposure (3 
min, 10 min, and 60 min), the levels of phosphorylated Met increased while the protein levels of total 
Met decreased. Furthermore, in this work we elucidated that Met is phosphorylated by PTHrP through 
the Src and MAPK signaling pathways. In view of the results shown in Figure 1, we selected a time 
before 30 min with the purpose to evaluate whether the increase in Met protein levels initially observed 
by PTHrP treatment is related to the modulation of gene expression. By real-time PCR, we analyzed the 
Met mRNA levels and found that PTHrP increased Met gene expression at 15 min (Figure 4). This result 
suggested that in HCT116 cells, PTHrP at least at this time promotes the transcription of the Met gene 
and its translation, correlating with the increase of the protein levels observed at 30 min of PTHrP 
exposure.

Met signaling pathway induced by PTHrP participates in cell events related to the aggressive 
behavior of human HCT116 cells
Our studies in CRC cell models have demonstrated that PTHrP favors several events associated with the 
progression of the disease, such as cell proliferation, migration, and the EMT program[13,24,26,27,39]. 
Based on these previous findings and since Met is modulated by PTHrP in HCT116 cells, we decided to 
evaluate whether the Met signaling pathway participates in events induced by the cytokine and 
associated with an aggressive phenotype of CRC-derived cells. For this purpose, cells were incubated 
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Figure 2 Parathyroid hormone-related peptide increases Met phosphorylation and activation through Src kinase in HCT116 cells. A: Cells 
were exposed to 10-8 mol/L parathyroid hormone-related peptide (PTHrP) 10-8 mol/L for 3 min, 5 min, and 10 min. The protein levels of Met and p-Met (phosphorylated 
in the residues Tyr1234 and Tyr1235) were assessed by Western blot to investigate whether PTHrP is capable of modulating Met phosphorylation and activation in 
HCT116 cells. Graph bars represent the average of the results obtained from three independent experiments; B: Cells were pre-treated with PP1, a selective Src 
inhibitor, for 30 min and then exposed to 10-8 mol/L PTHrP for 3 min to evaluate whether Src kinase mediates the effect of PTHrP on Met activation in HCT116 cells. 
Controls were run by adding an equivalent volume of DMSO, the vehicle of the inhibitor. The protein levels of p-Met and Met were evaluated by Western blot. Graph 
bars represent the average of the results obtained from three independent experiments. In all experiments, GAPDH protein levels were determined as a control of the 
amount of proteins present in the membrane, since this protein is not substantially modified with the treatment by the cytokine. DMSO: Dimethylsulfoxide; GAPDH: 
Glyceraldehyde 3-phosphate dehydrogenase; Met: Receptor tyrosine kinase Met; p-Me: Phospho-Met (Tyr1234/1235); PTHrP: Parathyroid hormone-related peptide. 
aP < 0.05; bP < 0.01.

with SU11274, an ATP competitive inhibitor of the catalytic activity of the Met kinase[70], followed by 
the treatment with or without PTHrP for different times, and then we performed different procedures as 
described below. The times of PTHrP exposure were selected based on our previous findings[24,26,27]. 
As shown in Figure 5A, PTHrP or PTHrP plus DMSO (the vehicle of the inhibitor) at 24 h increased the 
number of HCT116 cells. However, the treatment with the Met inhibitor significantly decreased the 
number of viable cells concerning the control. As the Met signaling pathway is involved in the prolif-
eration and survival of intestinal tumor cells[41,71-73], this descent in the cell viability suggests that 
both cell responses are affected.

By the wound healing assay, we evaluated whether Met signaling is also involved in the migration of 
HCT116 cells induced by PTHrP. We observed the wound healing in the culture of confluent HCT116 
cells to compare the migration between untreated cells and cells treated with PTHrP in the presence or 
absence of SU11274. Representative photographs, taken at time points 0 h, 5 h, and 24 h of the identical 
location and the quantification of the results of two separate experiments are shown in Figure 5B. A 
significant enhancement in wound closure was detected in cells exposed to PTHrP or PTHrP plus 
DMSO compared to the control at 5 h and 24 h. However, this effect was not observed in cells that had 
been pre-treated with the Met inhibitor.

We recently published results revealing that PTHrP is able to induce the EMT in HCT116 cells[24]. 
The EMT is a key program of CRC that participates in the invasion, angiogenesis, and chemoresistance 
associated with metastasis[74,75]. Based on this previous work, herein we analyzed if PTHrP also 
induces this program through the Met pathway. To that end, HCT116 cells were incubated with 
SU11274 and then treated with or without PTHrP. The cells were observed under an inverted micr-
oscope after treatment with PTHrP for 5 h and 24 h to analyze the morphological changes associated 
with the EMT. The arrows in Figure 5C point to morphological changes corresponding to the transition 
from a polygonal structure to spindle-like structure in cells treated for 24 h with PTHrP or PTHrP plus 
DMSO. These findings revealed an effective transition to the mesenchymal phenotype and are 
consistent with our previous work in HCT116 cells[24]. There were no changes between SU 11274 
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Figure 3 Parathyroid hormone-related peptide modulates Met activation through the mitogen-activated protein kinase signaling pathway 
in HCT116 cells. Cells were treated with PD-98059 or SB-203580, a selective mitogen-activated protein kinase (MAPK) kinase (MEK) or P38 MAPK inhibitor, 
respectively, for 30 min and then exposed to 10-8 mol/L PTHrP for 1 h to evaluate whether ERK1/2 MAPK and/or p38 MAPK mediate the effect of PTHrP on Met 
activation in HCT116 cells. Controls were run by adding an equivalent volume of dimethylsulfoxide, the vehicle of the inhibitors. The protein levels of Met 
phosphorylated in the residues Tyr1234 and Tyr1235 were assessed by Western blot. These phosphorylation sites constitute activating domains of the receptor. 
GAPDH protein levels were determined as a control of the amount of proteins present in the membrane, since this protein is not substantially modified with the 
treatment by the cytokine. Graph bars represent the average of the results obtained from three independent experiments. DMSO: Dimethylsulfoxide; GAPDH: 
Glyceraldehyde 3-phosphate dehydrogenase; Met: Receptor tyrosine kinase Met; p-Met: Phospho-Met (Tyr1234/1235); PTHrP: Parathyroid hormone-related peptide. 
aP < 0.05.

Figure 4 Parathyroid hormone-related peptide increases mRNA levels of Met in HCT116 cells. Colon cancer cells were exposed to parathyroid 
hormone-related peptide (PTHrP) for 15 min, followed by real-time polymerase chain reaction analysis to detect Met mRNA levels as described in Materials and 
Methods to evaluate whether PTHrP modulates Met mRNA levels in HCT116 cells. Graph bars represent the average of the results obtained from three independent 
experiments. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Met: Receptor tyrosine kinase Met; PTHrP: Parathyroid hormone-related peptide. aP < 0.05.

control cells and those treated with the inhibitor of Met plus PTHrP. To further evaluate the phenotype 
related to a mesenchymal shape, we measured the minor and major axes in the photomicrographs using 
the Image J-NIH program. Figure 6 reveal that under PTHrP action, the cells lost their epithelial charac-
teristics. The increase of the relation between the major and minor axes indicated that the exposure to 
PTHrP for 24 h significantly increased the degree of HCT116 cell elongation, a typical feature of the 
mesenchymal shape. However, when the cells were pre-incubated with SU11274, the effects of the 
cytokine were reverted.

It has been shown that the loss of the expression of the epithelial marker E-cadherin is associated with 
EMT progress in CRC[76,77]. In our recent work[24], we showed that in HCT116 cells, PTHrP at 5 h 
modulated the expression of E-cadherin and other epithelial markers as well as certain mesenchymal 
markers. Based on these morphological changes related to the EMT and mediated through Met, we then 
explored by Western blot analysis whether Met is involved in the modulation of E-cadherin protein 
expression by the cytokine. As seen in Figure 5C, the effects of the cytokine on E-cadherin protein levels 
were reverted when the cells were pre-incubated with SU11274. Taken together, these findings suggest 
that PTHrP induces the EMT program in HCT116 cells through the Met signaling pathway.

In agreement with other works published[78], our findings suggest that the Met signaling pathway 
induced by PTHrP is involved in cell events related to tumor aggressive behavior in the HCT116 cells.

PTHrP attenuates the cytotoxic effect of CPT-11, OXA, and DOXO in human HCT116 cells through the 
Met signaling pathway
In CRC-derived cells, our group has previously described a role of PTHrP in the resistance to CPT-11, 
the most widely used chemotherapeutic drug today[26]. In the treatment of CRC, many pharmaco-
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Figure 5 Parathyroid hormone-related peptide promotes events related to the aggressive behavior of HCT116 cells through the Met 
signaling pathway. HCT116 cells were pre-incubated with SU11274, a specific Met inhibitor, for 30 min and then treated with or without parathyroid hormone-
related peptide (PTHrP; 10-8M). A: Trypan blue technique showed that Met inhibition decreased the cell proliferation induced by PTHrP at 24 h; B: Images from wound 
healing assay show that Met inhibition reverted the wound closure promoted by PTHrP at 5 h and 24 h; C: E-cadherin protein levels analyzed by Western blot to 
investigate whether Met is involved in the decrease of this epithelial-mesenchymal transition (EMT) program marker induced by PTHrP in HCT116 cells. Using the 
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Image J-NIH program, we performed the analysis of the parameters related to cell morphology. The arrows indicate the morphological changes corresponding to the 
transition from a polygonal structure to spindle-like structure related to EMT program progress observed when the cells were treated for 24 h with PTHrP or PTHrP 
plus dimethylsulfoxide (DMSO). In all experiments, a control with DMSO, the vehicle of the inhibitor, was performed. Graph bars represent the average of the results 
obtained from two independent experiments. DMEM: Dulbecco’s Modified Eagle Culture Medium; DMSO: Dimethylsulfoxide; EMT: Epithelial to mesenchymal 
transition; PTHrP: Parathyroid hormone-related peptide. aP < 0.05; bP < 0.01; cP < 0.001.

Figure 6 Analysis of the aspect ratio (major/minor axis) of HCT116 cells, obtained using the Image J-NIH program. The table shows values of 
parameters associated to cell morphology: Area; perimeter; round; major axis; minor axis; and aspect radio, relation between major axis and minor axis (AR). Graph 
bars show the AR for each condition. The increase of the degree of cell elongation at 24 h of exposure to parathyroid hormone-related peptide was significantly 
reversed in the presence of the Met inhibitor. DMSO: Dimethylsulfoxide; PTHrP: Parathyroid hormone-related peptide; SU: SU11274. bP < 0.01.

logical strategies have been implemented. OXA is another drug commonly employed for this purpose 
and it exerts its cytotoxic action through different mechanisms with respect to CPT-11. Thereby, the 
combination of CPT-11 and OXA is generally used to improve the effectiveness of the adjuvant therapy
[79,80]. DOXO is another chemotherapeutic agent that has been effective in the treatment of advanced 
CRC; however, the side effects associated with its use at high doses and the development of chemores-
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istance constitute a great challenge to the effective treatment[43,81,82]. Since the greatest problem in 
CRC treatment is the development of chemoresistance, we proceeded to evaluate if PTHrP affects the 
cytotoxicity promoted by these other drugs. Trypan blue dye exclusion test revealed that PTHrP not 
only decreased the sensitivity of intestinal tumor cells to CPT-11 but also to OXA and DOXO (Figure 7).

Studies carried out by colleagues demonstrated the correlation between overexpression and/or 
hyper-activation of Met in tumor tissues with a poor prognosis of cancer patients and with a chemores-
istant phenotype[32,83,84]. These findings support the interest in Met inhibitors as new therapeutic 
strategies. Since herein we found that Met inhibition substantially reverts the effects of PTHrP on events 
associated with the malignant behavior such as cell proliferation, migration, and the EMT program, we 
set out to assess if the signaling pathway trigged by this RTK also promotes chemoresistance in our 
experimental system. Counting live cells by means of trypan blue dye exclusion test revealed that Met 
inhibition restored the sensitivity of HCT116 cells to CPT-11 (Figure 7A), OXA (Figure 7B), and DOXO 
(Figure 7C) even in the presence of PTHrP, suggesting that this cytokine attenuates the cytotoxic effect 
of these drugs in CRC cells through the Met signaling pathway.

PTHrP enhances the protein expression of Met and its receptor in HCT116 cells tumor xenografts
In a murine model, we have previously observed that the administration of PTHrP in HCT116 cell 
xenografts changed the protein expression of markers linked to CRC progression, such as Ki67, cyclin 
D1, ERK1/2 MAPK, CREB/ATF-1[26], RSK[27], VEGF[25], SPARC, and E-cadherin[24]. As Met overex-
pression promotes events related to tumor progression like proliferation, invasion, and migration[63,70] 
and taking into account our previous finding in the animal model, in this work we evaluated whether 
the administration of PTHrP in the same murine model (HCT116 cell xenografts in nude mice N: 
NIH(S)_nu) also changes the protein levels of Met in tumor tissues. To that end, 12 male mice, between 
4 and 6 wk of age and with a body weight between 20 g and 25 g, were randomly divided into two 
groups (n = 6 each), after an acclimatization period of 4 d. Group 1 received the cytokine vehicle (100 μL 
PBS), while group 2 received PTHrP at a concentration of 40 μg/kg body weight in 100 μL PBS[49]. The 
treatment was intra-tumoral daily and until the end of the experiment to maintain the level of the 
compound constant in the tumor area. The mice were kept throughout the protocol in sterile conditions 
(see Materials and Methods). The immunohistochemical analysis with the quantification of Met 
immunoreactivity revealed that Met levels were elevated in tumors from mice treated with PTHrP 
(0.190 ± 0.014) compared to tumors from control mice (0.110 ± 0.012; P < 0.05) (Figure 8, top images). As 
the present work was aimed to elucidate the relationship between PTHR1, PTHrP, and Met, we also 
analyzed the immunoreactivity of PTHR1 using an anti-PTHR1 antibody in HCT116 cell xenografts 
from untreated nude mice (control) and mice treated with PTHrP. Interestingly, as seen in Figure 8 
(lower images), PTHrP increased the protein expression of its receptor in the tumor of these animals 
(2.27 ± 0.20) compared to tumors from control mice (1.98 ± 0.14; P < 0.01). The data shown in this section 
together with those in the first and fourth sections of results indicate that PTHrP modulates the 
expression of Met both in vitro and in vivo. Perhaps the cytokine modulates the expression of its own 
receptor in this animal model in order to amplify its signaling within the cell and thus makes its effects 
more effective in CRC. More studies are necessary to confirm this hypothesis.

Evaluation of Met and PTHR1 expressions in CRC human samples
As we mentioned before, the Met receptor has the HGF as its only known ligand. However, it could be 
aberrantly activated by G-protein-coupled receptors[29,31]. The results reported herein in the previous 
sections suggest that PTHR1 activation (after its binding with PTHrP) is able to trigger the activation of 
the Met signaling pathway through a cross-talk between both receptors that is mediated by cytosolic 
kinases like Src. In this context, and taking into account the findings obtained by in vitro and in vivo 
assays, we decided to validate our observations and therefore our ultimate objective was to assess the 
expression of both receptors in CRC human tumor samples with the aim to elucidate if there is a relation 
between them and with the tumor characteristics. So, we analyzed 23 specimens obtained from patients 
with colorectal adenocarcinoma. Seven cases with normal colorectal tissues were assigned to the control 
group. Table 1 shows the patients’ characteristics. The average age was 62 years; 48% (n = 11) were 
male, and 52% (n = 12) were female. Regarding the primary tumor location, 39% (n = 9) presented right-
colon cancer, 30.5% (n = 7) presented left-colon cancer, while in 30.5% (n = 7) of patients the location was 
in the rectum; 61% (n = 14) of the tumors presented a high grade of histological differentiation, while 
39% (n = 9) were moderately or poorly differentiated; 48% (n = 11) of the patients with CRC presented 
stage II, 39% (n = 9) stage III, and 13% (n = 3) stage IV.

The expression of Met and PTHR1 was evaluated in biopsies of patients with well (G1), moderately 
(G2), and poorly differentiated (G3) colon adenocarcinomas, as well as in normal colon tissue using the 
immunohistochemical technique. Figure 9A shows the comparison between both quantifications, Met 
and PTHR1, for each histological grade of differentiation. As shown in Figure 9B, in normal tissue Met 
receptor labeling is homogeneous throughout the cytoplasm of the epithelial cell. However, in tumor 
cells, we observed that the intensity of the immunostaining in the membrane increased as tumor differ-
entiation declined. Concerning PTHR1, the intensity of the staining gradually decreased in histologically 
less differentiated tumors and the receptor seemed to relocate from the plasma membrane of the 
epithelial cell in G1 to the cytoplasm and the perinuclear zone in G3. Based on these observations, we 
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Table 1 Clinicopathological characteristics of the patients

Variable Value

Sex, n (%)

Male 11 (48)

Female 12 (52)

Age, median (range) 62 (58-74)

Primary tumor site, n (%)

Right-side 9 (39)

Left-side 7 (30.5)

Rectum 7 (30.5)

Tumor differentiation, n (%)

Well differentiated 14 (61)

Moderately or poorly differentiated 9 (39)

Initial stage, n (%)

II 11 (48)

III 9 (39)

IV 3 (13)

Data are presented as n (%) except where otherwise stated.

decided to investigate whether there is a correlation between the expression of Met and PTHR1. No 
statistical significance was found between the expression of both receptors in the tumor samples. 
Additionally, we studied if there is a statistically significant association between the clinicopathological 
characteristics and the immunohistochemical staining for Met or PTHR1. For this purpose, we 
dichotomized the specimens into low, medium, and high expression levels of Met or PTHR1. We found 
that in less differentiated tumors, Met expression increased (P = 0.035), while PTHR1 expression was 
statistically lower (P = 0.0496). However, we did not find a statistically significant association of Met or 
PTHR1 with age, sex, primary tumor location, and TNM stage. These results indicate that the expression 
of PTHR1 is more marked in well-differentiated tumors, while Met showed a higher expression level in 
poorly differentiated tumors.

DISCUSSION
Resistance to chemotherapeutic drugs constitutes an obstacle in the therapy of CRC[2]. In this context, it 
is crucial to identify the molecular mechanisms related to the aggressive phenotype of CRC to develop 
more effective therapeutic strategies and find new prognostic and predictive markers.

PTHrP is expressed in various types of cancer, including CRC[16]. In fact, 95% of colorectal tumors 
present elevated levels of this protein[18-20,85]. Our research group found that this cytokine modulates 
different signaling pathways and events associated with the aggressive phenotype in CRC-derived cells
[13,24-26].

Several studies have demonstrated the participation of the Met signaling pathway in the evolution of 
different types of cancer[28,33-35,83]. Moreover, this receptor is overexpressed and/or can be aberrantly 
activated by several mechanisms in CRC cells, triggering tumor development and progression[28,36,38,
59]. A recent study addresses the relationship between the HGF/Met axis and cytokines such as PTHrP 
in bone metastasis and renal cell cancer progression[86]. In agreement with these observations, the 
results from this work suggest that the expression and activity of Met are regulated by signaling 
pathways trigged by the binding of PTHrP to PTHR1. We observed that exogenous PTHrP treatment 
modulates Met protein and gene expression in HCT116 cells. Despite that the cytokine regulates Met 
expression in HCT116 cells, our initial observations in Caco-2 cells reveal that PTHrP is not able to 
modulate its protein levels. In line with these findings, we previously reported that PTHrP modulates 
the protein levels of SPARC (an invasion marker) and E-cadherin (a marker related with EMT program) 
in HCT116 cells but not in Caco-2 cells[24]. The fact that the cytokine can modulate the expression of 
markers associated with the malignant behavior in a more aggressive cell line (HCT116) but not in a less 
aggressive cell line (Caco-2) may be because these CRC cells have different mutations[87,88] and 
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Figure 7 Parathyroid hormone-related peptide attenuates the cytotoxicity of CPT11, oxaliplatin, and doxorubicin through the Met 
signaling pathway. A-C: HCT116 cells were pre-incubated with SU11274, a specific Met inhibitor, and then treated with PTHrP (10-8 M) and/or irinotecan (CPT-11, 
10 μM) (A), oxaliplatin (OXA, 10 μM) (B), or doxorubicin (DOXO, 5 μM) (C) for 24 h. The number of viable cells was quantified by Trypan blue technique. In each 
experiment, a control with DOXO, the vehicle of the inhibitor, was performed. Graph bars represent the average of the results obtained from two independent 
experiments. CPT-11: Irinotecan; DMSO: Dimethylsulfoxide; DOXO: Doxorubicin; OXA: Oxaliplatin; PTHrP: Parathyroid hormone-related peptide; SU: SU11274. aP < 
0.05; bP < 0.01; cP < 0.001.

perhaps several events triggered by PTHrP in these two cell lines may be dependent on these mutations 
explaining the different response between Caco-2 and HCT116 cells.

We found in HCT116 cells that the peptide promotes the activation of Met by phosphorylation on Tyr 
residues. Bradley and colleagues and later Critchley and his research group, demonstrated that, like 
other RTKs, Met after its activation is degraded by the proteasomal pathway[62,63]. Consistent with 
these data, our results suggest that Met protein levels decline after PTHrP-induced phosphorylation.

Previous studies by our research group established that PTHrP in the HCT116 cell line promotes 
phosphorylation and activation of Src; then this kinase acts upstream of ERK 1/2 MAPK to induce their 
phosphorylation/activation, though the mechanisms that lead to the phosphorylation/activation of p38 
MAPK by the cytokine is still unknown[13,26]. Herein, we demonstrated that PTHrP induces the 
phosphorylation and activation of Met through Src. Furthermore, PTHrP modulates the phosphor-
ylation/activation of Met through ERK 1/2 and p38 MAPK. The fact that the cytokine diminishes Met 
protein levels in a range of time between 1 h to 5 h suggests that Met is activated by PTHrP (with its 
subsequent degradation) not only by the MAPKs but also by some pathway/s that is/are effector/s of 
the action of these MAPKs. This idea is supported by our finding that the effects of PTHrP is mediated 
by these MAPKs in HCT116 cells at longer exposure times[26]. More studies are needed to confirm this 
hypothesis.

Given these observations, the results obtained in this work suggest that at least the Src-ERK 1/2 
MAPK and p38 MAPK axis is required for the phosphorylation/activation of Met induced by PTHrP in 
our model. Since MAPKs are serine-threonine kinases and Met requires phosphorylation on tyrosine 
residues for its activation, further studies are necessary to determine the link between these molecules.

As we previously mentioned, in CRC, the Met signaling pathway is associated with tumor evolution 
and also with resistance to chemotherapeutic drugs[32]. Currently, the inhibition of this RTK is being 
widely studied as a complementary therapy to conventional CRC treatments[37,38]. SU11274 prevents 
Met activation because it is an ATP competitive inhibitor of Met catalytic activity[70]. We previously 
showed that PTHrP has several effects on CRC derived cells such as proliferation, survival, migration, 
and induction of EMT program, among others[13,26,39]; the fact that we found a significant reduction in 
the viability and migration of HCT116 cells in the presence of an Met inhibitor as well as the reversal of 
the mesenchymal phenotype induction, even in the presence of PTHrP, indicates that Met mainly 



Novoa Díaz MB et al. PTHrP/Met axis in CRC aggressive behavior

WJG https://www.wjgnet.com 3192 July 14, 2022 Volume 28 Issue 26

Figure 8 Parathyroid hormone-related peptide increases the protein expression of Met and parathyroid hormone receptor type 1 in tumor 
xenografts. Met and parathyroid hormone-related peptide receptor type 1 (PTHR1) protein levels were evaluated by the immunohistochemistry technique in the 
HCT116 cell tumor-bearing nude mouse model. Tumor sections were stained with an anti-Met antibody or anti-PTHR1 antibody. Images (400 ×) are from the tumor 
treated with saline solution (left) or with PTHrP (right). The immunostaining was quantified with the Fiji image processing package of the Image J-NIH program. Scale 
bar: 50 μM. Met: Receptor tyrosine kinase Met; PTHR1: Parathyroid hormone receptor type 1; PTHrP: Parathyroid hormone-related peptide. aP < 0.05; bP < 0.01.

participates in the molecular mechanisms that are involved in these cell responses to PTHrP action.
PTHrP favors the aggressive behavior of CRC cells, inducing other events related to the malignant 

phenotype such as chemoresistance to CPT-11. The tumor cell response to this drug under PTHrP action 
involves the ERK signaling pathway[26]. Other investigations carried out by Paillas and colleagues 
demonstrated that the p38 MAPK pathway also modulates the sensitivity of CRC cells to CPT-11[89]. 
Given the data obtained previously by us and by other researchers and taking into account the link in 
CRC between Met signaling and the MAPKs pathway showed in this work and by other authors[41], 
our next motivation was to further investigate the chemoresistance of CRC-derived cells induced by 
PTHrP by analyzing two key aspects: Whether the cytokine affects the sensitivity of CRC cells to other 
chemotherapeutic drugs and whether the Met signaling pathway participates in PTHrP-trigged 
chemoresistance.

Our work shows that the treatment with this cytokine also attenuates the cytotoxicity induced by 
OXA and DOXO. This is an interesting result as it indicates that PTHrP promotes resistance to different 
types of cytotoxic agents. Perhaps the mechanisms trigged by this cytokine alter specific targets or the 
signaling of these drugs. Tumor cells develop different strategies to avoid chemotherapeutic drug 
effects. To improve the efficacy of the treatment, combinations of multiple agents are usually used[90]. 
Given that these drugs present different modes of action, pharmacological doses, and side effects[91-
93], in the future it will be necessary to continue this research by testing new drugs and combinations 
thereof as well as elucidating the specific targets of PTHrP for each one.

Besides, the use of SU11274 together with CPT-11, OXA, or DOXO increases the sensitivity of CRC 
cells to these drugs, suggesting that Met participates in the chemoresistance induced by PTHrP. The 
inhibitors of markers/pathways related to cancer progression are still under investigation and like all 
anti-cancer approaches, their applications have challenges in the therapy of the disease[78,94]. With 
respect to the inhibition of the Met signaling pathway, a recent publication by Du and colleagues 
proposes to target the HGF/Met axis as a possible strategy for patients with metastatic CRC[94].

So far, our in vitro observations have allowed us to suppose the existence of a mechanism based on 
the action of PTHrP on the regulation of Met gene expression and also on its activation through Src 
kinase and the MAPKs pathway. Once activated, Met signaling leads to molecular changes in the tumor 
cell to promote chemoresistance to CPT-11, OXA, and DOXO. Probably, the up-regulation of Met 
expression also collaborates in the induction of events associated with the aggressive behavior of CRC 
cells (Figure 10). Besides, our results support those studies that suggest the incorporation of Met 
inhibitors combined with adjuvant drugs as new therapeutic strategies in CRC treatment and establish 
the need to further investigate whether PTHrP is a predictive and/or prognostic marker of CRC.

In this work, we also performed in vivo assays with the aim to evaluate the effects of PTHrP in a 
different context for tumor cells. As we expected, in agreement with our in vitro observations, HCT116 
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Figure 9 Relation of Met and parathyroid hormone receptor type 1 staining intensity with tumor histological differentiation. A: Quantification 
of the immunostaining by optical density analysis using the FIJI plug-in from the Image J program; B: Representative images (200 ×) obtained by hematoxylin-eosin 
staining and by the immunohistochemistry technique performed for Met and PTHR1 for normal colorectal tissue and colorectal cancer tissue, with histological grades 
G1, G2, and G3. Scale bar: 10 μM. H-E: Hematoxylin-eosin staining; Met: Receptor tyrosine kinase Met; NT: Normal tissue; PTHR1: Parathyroid hormone receptor 
type 1.

cell tumor xenografts treated with the peptide exhibited an increase in Met protein expression 
concerning the control. PTHrP increases the levels of its own receptor, perhaps to amplify its signaling 
within the cell, and thus makes its effects more effective in CRC. Despite the limitations of the N:NIH 
(S)_nu model regarding the interaction of tumor cells with the stroma[13,24], these results allow us to 
presume a relationship between the aberrant expression of Met already observed in the tumor tissue of 
CRC patients[38] and PTHrP/PTHR1.

As we previously stated, although HGF is the only known ligand capable of inducing Met 
phosphorylation and activation, studies have shown that the cross-communication with G-coupled 
protein receptors transactivates this RTK. Concerning this, it was demonstrated that the prostaglandin 
E2 receptor EP1 can induce an aberrant activation of RTKs like Met in hepatocellular carcinoma cells
[30]. Similar results had previously been obtained by Fischer and colleagues in pancreatic and hepato-
cellular carcinoma cells[29]. As we previously mentioned, PTHrP has intracrine, autocrine, endocrine, 
and mainly paracrine actions through the binding to a G-coupled protein receptor, PTHR1[9,10]. For 
this reason, the peptide and its receptor are expressed in the same cells or adjacent cells and changes in 
their expression are directly correlated[14,15]. Considering the previously described background, we 
evaluated Met and PTHR1 expression in normal colorectal tissues and in biopsies from patients with 
colon adenocarcinoma. Although Lee and colleagues did not find a statistical relevance between Met 
overexpression and the clinicopathological characteristics of patients with CRC, they demonstrated that 
it is associated with a lower overall survival and progression-free survival[38]. In contrast, Kim and his 
research group concluded that Met expression in patients with CRC is not a prognostic indicator for 
overall survival[95]. Despite these data, there was no information about the association between Met 
and PTHR1 expression and its impact on the evolution of CRC. As we expected, given that both 
receptors have a physiological role, Met and the PTHrP receptor are expressed in normal colon tissue. 
We found a statistically significant result when we compared the staining of tumors with high 
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Figure 10  Possible mechanism based on the action of parathyroid hormone-related peptide in the regulation of Met gene expression and 
its activation. The binding of parathyroid hormone-related peptide (PTHrP) to PTHR type 1 (PTHR1) in HCT116 cells promotes the up-regulation of Met gene 
expression. PTHrP also induces the activation of Met through Src kinase and the mitogen-activated protein kinases (MAPKs) pathway (Erk 1/2 MAPK and p38 
MAPK). Once activated, Met signaling leads to molecular changes in the tumor cell that promote events related to the aggressive behavior of colorectal cancer cells. 
CRC: Colorectal cancer; Erk 1/2: Extracellular signal-regulated kinases 1/2; Met: Receptor tyrosine kinase Met; P: Activators domains phosphorylated; PTHR1: 
Parathyroid hormone receptor type 1; PTHrP: Parathyroid hormone-related peptide.

histological differentiation compared to those more undifferentiated with regard to the immunore-
activity for Met and PTHR1 that gradually increase and diminish, respectively.

Interestingly, García and colleagues showed that in neuroblastoma, PTHrP acts as a growth factor 
promoting tumor progression and high levels of its receptor are associated with less aggressive tumor 
characteristics; also, the intracrine and paracrine actions of the cytokine promote phenotypes with 
different levels of aggressiveness in their experimental models. These researchers found that PTHR1 is 
poorly expressed in neuroblastoma cell lines that are not well differentiated; however, in those cells 
with a high degree of differentiation, PTHR1 has greater expression. Furthermore, they observed that 
the receptor knockdown promotes a much more aggressive phenotype in more differentiated cells[96]. 
These data support our observations and could be related with the role of PTHrP and PTHR1 in the 
promotion of an aggressive phenotype of CRC.

We observed that the intensity of Met immunostaining in tumor cell plasma membrane increases as 
tumor differentiation declines. Concerning the location of PTHR1 in the plasma membrane, the intensity 
of the staining gradually decreases in histologically less differentiated tumors; also, it is located in the 
cytoplasm and the perinuclear region of the tumor cell, with immunoreactivity more predominant in 
samples with histological degree G3. This could be related to an intracrine role of the cytokine most 
preponderant in less differentiated CRC cells. More studies are necessary to confirm this.

Based on the above, it is presumed that in the early stages of tumor development, PTHrP would act 
by binding to its receptor in the tumor cell, possibly inducing Met receptor expression. The secretion of 
this cytokine from tumor stromal cells has also been reported[97] and we have previously demonstrated 
its influence on the synthesis and release of tumor microenvironment factors that favor an aggressive 
CRC phenotype[24,25]. Considering that in less differentiated tumors, we observed lower expression of 
PTHR1, we hypothesize that in this instance the tumor stromal cells adopt a leading role by secreting 
(perhaps in response to PTHrP) other cytokines that promote the expression and activation of molecular 
markers related to a worse prognosis of the disease. The high levels of Met in more advanced stages 
could be mediated not only by the action of PTHrP but also by other cytokines as other researchers have 
previously demonstrated[63,98]. It is known that the loss of cellular identity, characteristic of an 
advanced undifferentiated state, is evidenced by changes in the expression of surface molecules 
including receptors on tumor cells[99]. The high levels of PTHR1 observed in normal samples and 
primary neoplasms, and its decrease in undifferentiated histological grades could respond to this effect. 
On the other hand, high expression of Met in tumor samples is observed in association with a low 
degree of cellular differentiation. In this context, perhaps PTHR1 and Met could act as markers of 
cellular dedifferentiation. However, more studies are needed to verify this hypothesis.
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CONCLUSION
Here we have demonstrated using an in vitro model that the PTHrP pathway promotes events that are 
associated with a worse evolution of CRC through Met activation. We also provide evidence for the 
association between PTHrP action and Met expression in vivo. Given all this information, it will be of 
great interest to ascertain the participation of Met in other molecular events related to CRC progression 
trigged by PTHrP and its translational relevance. More studies are needed in the areas of basic and 
clinical oncology to confirm this.

ARTICLE HIGHLIGHTS
Research background
Colorectal cancer (CRC) patients usually relapse and die due to the development of metastasis and 
resistance to chemotherapeutic drugs employed in the treatment. Parathyroid hormone-related peptide 
(PTHrP) is a cytokine that has a key role in the carcinogenesis and the progression of several tumors. 
Our research group found that the binding of PTHrP to its receptor, the parathyroid hormone receptor 
type 1 (PTHR1), promotes events associated with the aggressive phenotype of colorectal cancer cells. 
The receptor tyrosine kinase Met is associated with metastasis and chemoresistance in CRC.

Research motivation
The mechanisms that lead to an aggressive tumor behavior and a worse response to CRC treatment are 
still unknown. To date, it has not been studied whether there is a cross-talk between the PTHrP and Met 
signaling pathways to trigger molecular mechanisms associated with CRC progression.

Research objectives
To investigate the relationship between PTHR1, PTHrP, and Met in the aggressive behavior of CRC 
cells. These findings could have implications for the future diagnosis, prognosis, and treatment of 
patients with CRC.

Research methods
By RT-PCR and Western blot analysis, we studied whether PTHrP modulates the expression of Met and 
its activation in CRC cells. By Western blot and using specific inhibitors, we also evaluated the signaling 
pathways involved in Met activation induced by PTHrP. By Trypan blue technique, Wound healing 
assay, Western blot, and morphological analysis, we evaluated whether the Met signaling pathway 
mediates the effects induced by PTHrP in HCT116 cells. By the immunohistochemistry technique, we 
evaluated the expression of Met and the PTHrP receptor, PTHR1, in HCT116 cell xenografts of nude 
mice in response to the treatment with or without PTHrP. An observational analysis of human samples 
was performed to validate the findings obtained by in vitro and in vivo assays.

Research results
PTHrP modulated the expression of Met and promoted its activation through Src kinase and the 
mitogen-activated protein kinase (MAPK) signaling pathway in human HCT116 cells. The Met signaling 
pathway triggered by PTHrP participated in cellular events related to the aggressive behavior of human 
HCT116 cells such as proliferation, morphological changes associated with epithelial to mesenchymal 
transition, and migration and in the decrease of the sensitivity to chemotherapy drugs. PTHrP increased 
the protein expression of its receptor, PTHR1, and of Met in HCT116 cell tumor xenografts. PTHR1 was 
highly expressed in well-differentiated human CRC samples. In contrast, Met showed an expression 
pattern that was increased in poorly differentiated CRC tumors.

Research conclusions
PTHrP promotes events associated with a worse behavior of CRC cells through Met activation. To date, 
our in vitro observations suggest that the binding of PTHrP to its receptor, PTHR1, promotes the 
regulation of Met gene expression and also its activation through the Src kinase and the MAPKs 
pathway. Once activated, Met signaling leads to molecular changes in the tumor cell to promote events 
associated with the aggressive behavior of CRC cells. Our previous data together with the findings 
shown herein reveal that PTHrP in vivo modulates the expression of markers linked to tumor 
progression (including Met) and also of its own receptor. These events could favor the tumor phenotype 
in the CRC animal model studied in this work.

Research perspectives
In the future, it will be of great interest to evaluate whether Met mediates other molecular mechanisms 
and events triggered by PTHrP that are involved in CRC progression. Concerning translational 
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relevance, more studies are needed in the areas of basic and clinical oncology.
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Abstract
BACKGROUND 
Endoplasmic reticulum (ER) stress contributes to the pathogenesis of chronic liver 
diseases, but how hepatocytes respond to ER stress has not been clarified. Alpha-
fetoprotein (AFP) is secreted by hepatoma cells and elevated levels of serum AFP 
are associated with development of liver malignancies.

AIM 
To investigate whether and how AFP could regulate ER stress and hepatocyte 
injury.

METHODS 
The distribution of AFP and the degrees of ER stress in liver tissues and liver 
injury were characterized by histology, immunohistochemistry, and Western blot 
in biopsied human liver specimens, two mouse models of liver injury and a 
cellular model. The levels of AFP in sera and the supernatants of cultured cells 
were quantified by chemiluminescence.

RESULTS 
High levels of intracellular AFP were detected in liver tissues, particularly in the 
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necrotic areas, from patients with chronic liver diseases and mice after carbon tetrachloride (CCl4) 
administration or induction of ER stress, but not from the controls. The induced intracellular AFP 
was accompanied by elevated activating transcription factor-6 (ATF6) expression and protein 
kinase R-like ER kinase (PERK) phosphorylation in mouse livers. ER stress induced AFP 
expression in LO2 cells and decreased their viability. ATF6, but not PERK, silencing mitigated the 
ER-stress-induced AFP expression in LO2 cells. Conversely, AFP silencing deteriorated the ER 
stress-mediated LO2 cell injury and CCl4 administration-induced liver damages by increasing 
levels of cleaved caspase-3, the C/enhancer binding protein homologous protein expression, 
mixed lineage kinase domain-like pseudokinase and PERK phosphorylation, but decreasing ATF6 
expression.

CONCLUSION 
ER stress upregulated intra-hepatocyte AFP expression by activating ATF6 during the process of 
liver injury and intracellular AFP attenuated hepatocyte apoptosis and necroptosis by alleviating 
ER stress.

Key Words: Alpha-fetoprotein; Endoplasmic reticulum stress; Necroptosis; Apoptosis; Liver injury

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: During the process of liver injury, alpha-fetoprotein (AFP) expression was up-regulated in 
hepatocytes, especially in the necrotic areas, but it did not increase the serum AFP level. Endoplasmic 
reticulum (ER) stress induced intracellular AFP expression through activating activating transcription 
factor-6 and the up-regulated intracellular AFP expression attenuated hepatocyte apoptosis and necroptosis 
by feedback-down-regulating ER stress.

Citation: Chen YF, Liu SY, Cheng QJ, Wang YJ, Chen S, Zhou YY, Liu X, Jiang ZG, Zhong WW, He YH. 
Intracellular alpha-fetoprotein mitigates hepatocyte apoptosis and necroptosis by inhibiting endoplasmic reticulum 
stress. World J Gastroenterol 2022; 28(26): 3201-3217
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3201.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3201

INTRODUCTION
Chronic liver diseases, such as chronic hepatitis B (CHB), affect many patients, especially in East Asia, 
such as China. However, the pathogenesis of chronic liver diseases remains unclear. Although human 
liver has powerful capacity to compensate the disease-related liver injury, how hepatocytes respond and 
defense against these diseases has not been clarified. Hence, it is of great significance to clarify it for the 
management of patients with chronic liver diseases.

Alpha-fetoprotein (AFP) is a protein with similar biological function to albumin and secreted mainly 
by embryonic tissue cells physiologically and malignant hepatocytes pathologically after birth. Elevated 
levels of serum AFP have been considered as a reliable biomarker for prediction of birth defect and 
diagnosis of liver cancer, teratoma, renal cell carcinoma, and pancreatic cancer[1] although moderate 
serum AFP levels can be temporarily detected in individuals with aberrant liver regeneration, hepatitis, 
and chronic liver disease. Furthermore, low levels of serum AFP have been continually observed in 
patients with liver cirrhosis and positively correlated with the degrees of liver inflammation and fibrosis
[2,3]. The low and moderate levels of serum AFP are likely from the activation and proliferation of liver 
precursor cells, including oval cells, hepatic progenitor cells, in response to severe liver damages, partic-
ularly in liver failure[4-6]. While hepatocyte proliferation usually compensates for mild and moderate 
liver injury, liver precursor cells can differentiate into hepatocytes and bile duct cells, promoting liver 
regeneration. The activated liver precursor cells can secrete AFP and high levels of serum AFP have 
been suggested to be a biomarker of better prognosis of liver failure[7,8]. However, it is unclear whether 
chronic liver injury can induce AFP expression and secretion in differentiated mature hepatocytes, and 
how the induced AFP modulates the pathogenic process of chronic liver diseases.

It is notable that endoplasmic reticulum (ER) stress contributes to the pathogenesis of chronic liver 
diseases[9,10] and is regulated by inositol requiring enzyme-1 and activating transcription factor-6 
(ATF6) and protein kinase R-like ER kinase (PERK)/eukaryotic translational initiation factor 2 alpha 
(eIF2α) signaling[11,12]. Aberrant ER stress can activate cell injury reactions, such as apoptosis and 
necroptosis by activating the C/enhancer binding protein (EBP)-homologous protein (CHOP) pathway, 
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caspase-3 cleavage and mixed lineage kinase domain-like pseudokinase (MLKL) phosphorylation[13,
14]. Our previous study has shown that ER stress inhibits the AFP secretion in hepatoma cells and the 
increase in the levels of intracellular AFP feedback attenuates the ER stress-related apoptosis and 
necroptosis in hepatoma cells[15]. However, it is unknown how ER stress can regulate AFP expression 
and secretion, and how intracellular AFP can modulate the ER stress-induced liver injury during the 
pathogenic process of chronic liver diseases.

In this research, we focus on whether intracellular AFP exists in hepatocytes during the liver injury, 
its regulatory relationship with ER stress, and its role in hepatocyte injury through clinical research, in 
vivo and in vitro experiments.

MATERIALS AND METHODS
Clinical samples
A total of 34 biopsied liver specimens were collected from CHB patients, eight surgical liver specimens 
were obtained from patients with hepatic trauma, and another eight surgical liver specimens were 
obtained from patients with hepatocellular carcinoma (HCC) in the Department of Infectious Diseases, 
or Hepatobiliary Surgery, the Affiliated Hospital of Zunyi Medical University since 2012. The patients 
with CHB were diagnosed, according to the Guidelines for Prevention and Treatment of Chronic 
Hepatitis B revised in 2019[16]. Individual patients were excluded if she/he had current infectious 
disease, autoimmune liver disease, liver malignant tumor, alcoholic liver disease, drug-induced liver 
disease, multiple organ dysfunction syndrome, obvious bleeding tendency, deep jaundice, obvious 
ascites, or another situation not suitable for liver biopsy. Their demographic and clinical data are shown 
in Table 1. The experimental protocol was approved by the Ethics Committee of Affiliated Hospital of 
Zunyi Medical University (ZYFYLS[2018] 28).

Establishment of liver injury in mice
Male BALB/c mice (25.0 g ± 3.0 g) were purchased from the Animal Center of Zunyi Medical University 
(Guizhou Province, China; SYXK[Qin] 2021-0004). The mice were maintained in a specific pathogen-free 
facility with a controlled temperature (20 °C-24 °C), a 12-h light/dark cycle and allowed free access to 
food and water ad libitum. The experimental protocol was established, according to the Animal Care and 
Research guidelines[17] and approved by the Animal Experiment Ethics Committee of Zunyi Medical 
University (LS[2020] 2-231).

To induce liver injury by carbon tetrachloride (CCl4) administration, the mice were randomized using 
a random number table into the healthy control group (NC; untreated), solvent control group (olive oil, 
5 mL/kg, intraperitoneally, i.p.) and CCl4 group (1 mL/kg mixed with 4 mL of olive oil, i.p.) (n = 12 per 
group). The mice in the solvent and CCl4 group were administrated with solvent or CCl4 once or twice 
per week for 8 wk. Their peripheral blood samples were collected 24 h after the last dose, euthanized 
and their liver tissues were dissected.

To induce ER stress-related liver injury, the mice were randomized into the healthy NC (untreated), 
solvent control (phosphate buffer saline, PBS, 10 mL/kg) and tunicamycin (TM; an inhibitor of protein 
glycosylation) groups (2 mg/kg in the same volume of PBS, i.p.; Sigma) once (n = 12 per time point 
group). One or two days later, their peripheral blood samples were collected, euthanized and their liver 
tissues were dissected.

To test the role of AFP in the CCl4-induced liver injury, the mice were randomized and treated 
intravenously with 1×1010 recombinant serotype 8 adeno-associated virus (rAAV8) for expression of 
control short hairpin RNA (shRNA) or Afp-specific shRNA (Table 2, Genechem, Beijing, China). Six 
weeks after infection, the levels of AFP expression in the livers of mice were analyzed by Western blot to 
confirm Afp silencing. The mice with control shRNA or Afp-specific shRNA were administrated with 
olive oil or CCl4 as the control shRNA + olive oil, CCl4 (control shRNA + CCl4), Afp shRNA + olive oil, or 
Afp shRNA + CCl4 (Afp shRNA + CCl4). Their peripheral blood samples were collected, euthanized and 
their livers were dissected at 36 h (n = 12 per group) post CCl4 administration, based on our preliminary 
studies.

Cell lines and culture
Human hepatocyte LO2 and hepatoma HepG2 cell lines were obtained from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, China) and identified by STR. The cells were 
cultured in RPMI-1640 containing 10% fetal bovine serum, 100 Units/mL of penicillin and 100 μg/mL of 
streptomycin at 37 °C in a 5% CO2 incubator. To induce ER stress, LO2 cells were treated with, or 
without (NC group), solvent control group (dimethyl sulfoxide, DMSO) and 0.5 μmol/L thapsigargin 
(TG; an inhibitor of intracellular calcium balance) in DMSO (Sigma, TG group) for 12 h, 24 h and 48 h, 
respectively.

In addition, LO2 cells (1.2 × 106 cell/well) were cultured in 6-well plates overnight and transfected 
with plasmids for control shRNA, PERK-specific shRNA and ATF6-specific shRNA (Beijing Genechem) 
using lipofectamine 3000 (Fisher). Two days later, the cells were treated with vehicle DMSO or TG for 24 
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Table 1 The demographic and clinical data of subjects

Group CHB Control HCC
n 34 8 8

Age (years; 25%, 75%) 41.00 (35.00, 48.75) 32.50 (28.25, 41.85) 47.00 (40.25, 53.42)

ALT (U/L; 25%, 75%) 137.50 (59.00, 221.50) 31.5000 (14.5000, 63.1725) 48.50 (39.00, 65.25)

TBil (μmol/L; 25%, 75%) 16.300 (11.500, 24.225) 10.80 (9.42, 20.58) 20.6 (14.5, 32.5)

AFP (ng/mL; 25%, 75%) 4.5400 (2.9850, 13.1725) 2.02 (1.05, 4.75) 179.80 (14.65, 207.53)

CHB: Chronic hepatitis B; HCC: Hepatocellular carcinoma; AFP: Alpha-fetoprotein; ALT: Serum alanine aminotransferase; TBil: Total bilirubin.

Table 2 The sequences of short hairpin RNAs

Insert content 5'-3'

Target sequence GCATCCATTGCAAAGGAATTAAfp shRNA

shRNA sequence GCATCCATTGCAAAGGAATTACGAATAATTCCTTTGCAATGGATGC

Mouse

Control shRNA shRNA sequence AAACGTGACACGTTCGGAGAACGAATTCTCCGAACGTGTCACGTTT

Target sequence GCACTTTAGATGGGAGAATTGPERK shRNA

shRNA sequence GCACTTTAGATGGGAGAATTGCGAACAATTCTCCCATCTAAAGTGC

Control shRNA shRNA sequence AAACGTGACACGTTCGGAGAACGAATTCTCCGAACGTGTCACGTTT

Target sequence GCAGGTCCTCCTGTTATTAGAATF6 shRNA

shRNA sequence GCAGGTCCTCCTGTTATTAGACGAATCTAATAACAGGAGGACCTGC

Control shRNA shRNA sequence AAACGTGACACGTTCGGAGAA CGAATTCTCCGAACGTGTCACGTTT

Target sequence GCTTCCATATTGGATTCTTACAFP shRNA

shRNA sequence GCTTCCATATTGGATTCTTAC CGAAGTAAGAATCCAATATGGAAGC

Human

Control shRNA shRNA sequence AAACGTGACACGTTCGGAGAA CGAATTCTCCGAACGTGTCACGTTT

AFP: Alpha-fetoprotein; ATF6: Activating transcription factor-6; PERK: Protein kinase R-like ER kinase; shRNA: Short hairpin RNA.

h. Additionally, LO2 cells were transfected with plasmid for the expression of control shRNA or AFP-
specific shRNA (Beijing Genechem) for 48 h and treated with DMSO or TG for 36 h, respectively.

Western blot analysis
LO2, HepG2 cells, or individual liver samples were homogenized in immunoprecipitation assay lysis 
buffer (R0010, Solarbio, Beijing, China). After centrifugation, individual liver lysates (40 μg) were 
separated in sodium dodecyl sulfate polyacrylamide gel on 10% gels and transferred to polyvinylidene 
fluoride membranes (Millipore, Billerica, MA, United States). The membranes were blocked with 5% 
skim dry milk in TBST (Tris-HCl buffer salt solution + Tween 20) and probed with mouse monoclonal 
antibodies (mAb) against AFP (sc-130302; Santa Cruz Biotechnology, Santa Cruz, CA, United States), 
ATF6 (sc-166659, 1:1000, Santa Cruz Biotechnology), GAPDH (sc-166545, 1:10000, Santa Cruz Biotech-
nology), CHOP (GADD153, sc-71136, 1:10000, Santa Cruz Biotechnology), eIF2α (sc-133132, 1:10000, 
Santa Cruz Biotechnology), phosphorylated PERK (p-PERK, MA5-15033, 1:1000, Thermofisher Scientific, 
United States), and PERK (sc-377400, 1:10000, Santa Cruz Biotechnology), or rabbit monoclonal 
antibodies against cleaved caspase-3 (9664, 1:10000, Cell Signaling Technology), and phosphorylated 
eIF2α (p-eIF2α, 3398, 1:10000, Cell Signaling Technology), or rabbit polyclonal antibodies against 
phosphorylated MLKL (p-MLKL, PA5-105677, 1:2000, Thermofisher Scientific), and MLKL (PA5-34733, 
1:3000, Thermofisher Scientific). After reaction with horseradish peroxidase (HRP)-conjugated anti-
mouse or anti-rabbit IgG, the immunocomplexes were visualized with enhanced chemiluminescent 
reagents. Quantity One software (Bio-Rad, Hercules, CA, United States) was used to determine the 
relative levels of each targeted protein to the control (standardized as 1)[18].

Pathological analysis of liver tissue
Fresh liver tissues (5 mm × 5 mm in size from each mouse or 1 mm × 30 mm in size from one patient) 
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were fixed in 4% paraformaldehyde for ≥ 24 h, paraffin-embedded and cut. The liver tissue sections (5 
μm) were dewaxed, rehydrated and routine-stained with hematoxylin and eosin (H&E). The sections 
were examined under a light microscope (OLYMPUS CX31) using CaseViewer 2.4 software 
(3DHISTECH, Hungary). The necrotic areas in the liver were analyzed by Image-Pro Plus 6.0 (Media 
Cybernetics, United States)[19]. The Histology Activity Index-Knodell scores were determined by two 
pathologists blindly[20].

Immunohistochemistry
The liver tissue sections were dewaxed, rehydrated and blocked with 3% of bovine serum albumin for 
20 min. The sections were incubated with mAb against AFP (sc-130302, 1:250) at 4 °C overnight and the 
bound antibodies were detected with HRP-conjugated anti-mouse IgG, followed by visualizing with 
diaminobenzidine. The intensity of anti-AFP staining was evaluated by Image Pro Plus 6.0[19].

TUNEL assay
The effect of Afp silencing on the frequency of apoptotic hepatocytes in liver sections was determined by 
terminal deoxynucleotidyl transferase (TdT)-mediated deoxyribonucleotide derivative digoxigenin 
(dUTP) nick end labeling (TUNEL) using a specific kit (Roche, 11684817910), according to the 
manufacturer’s instruction. Briefly, the paraffin-embedded liver sections were dehydrated, permeab-
ilized, and incubated with a mixture of TdT and dUTP at 1:14 in a humidified chamber for 2 h at 37 °C. 
The labeled cells were detected with detection solution and after being washed, the sections were 
counterstained with 4′, 6-diamidino-2-phenylindole. The TUNEL signals were examined under a 
fluorescent microscope. The apoptotic cells were defined by nuclear green staining while non-apoptotic 
cells with blue nuclear staining. Five visual fields in each section were randomly selected and the 
percentages of apoptotic cells in each section were calculated using the formula of positive cells/total 
cells × 100%.

Analysis of AFP levels
AFP levels in the supernatant of cultured cells and mouse serum samples were measured by chemilu-
minescence immunoassay on the Beckman Coulter Auto Analyzer (Model DX1800; 04481798190, Roche 
Diagnostics GmbH) as previously described[21]. Samples were centrifuged to remove the remaining 
cells and possible cell debris before testing the AFP concentration.

Alanine aminotransferase and total bilirubin levels
The levels of serum alanine aminotransferase (ALT), total bilirubin (TBil) were two commonly used 
measures of liver injury, and analyzed by an auto-analyzer (AU5800, Beckman Coulter, United States)
[22].

Cell viability assay
The impact of specific gene silencing or ER stress on LO2 cell viability was determined using the cell 
counting kit-8 (CCK-8; Cat. No. 40203ES60; Yeasen Biotechnology, Shanghai, China), per the product 
instruction. Briefly, LO2 cells (5000 cells/100 μL medium/well in 96-well plates) were treated with, or 
without, TG for 48 h (5 replicates per sample). During the last one-hour culture, the cells were exposed 
to CCK-8 and the absorbance of individual wells was detected at a wavelength of 450 nm (Bio-Rad, CA, 
United States). The relative cell viability (%) = (OD value of the treatment group-OD value of the blank 
group)/(OD value of the control group-OD value of the blank group) × 100.

Statistical analysis
Data are representative images or expressed as the mean ± SD of each group from 3 separate 
experiments. The difference of normally distributed values among groups was analyzed by one-way 
ANOVA and post hoc Tukey’s method. The difference between groups was analyzed by Student’s t-
test. Survival rates were estimated using the Kaplan-Meier method and analyzed by the log-rank test. A 
P-value less than 0.05 was considered statistically significant.

RESULTS
AFP expression is induced in the liver of patients with chronic liver injury
To explore the potential role of AFP in the progression of chronic hepatocyte injury, we analyzed AFP 
expression in liver tissues of patients with CHB (n = 34), controls (liver trauma; n = 8), and those with 
HCC (positive controls, n = 8). While there were healthy hepatocytes without degeneration and necrosis 
in the control liver tissues there were many hepatocytes undergoing degeneration and necrosis 
(Figure 1A). Immunohistochemistry indicated positive anti-AFP staining in the liver tissues from 
patients with HCC or CHB, but little in the controls. Interestingly, the positively stained anti-AFP was 
particularly in the regions with hepatocyte degeneration and necrosis of the liver tissues from CHB 
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Figure 1 The intrahepatic levels of alpha-fetoprotein protein are elevated in injured livers. A: Immunohistochemistry and hematoxylin and eosin 
(H&E) staining analyzed alpha-fetoprotein (AFP) expression and pathological changes, respectively, in liver tissues of patients with chronic hepatitis B (CHB, n = 34), 
trauma (n = 8) or hepatocellular carcinoma (HCC, the positive control group, n = 8). The upper panels display immunohistochemical staining, and the lower panels 
exhibit H&E staining in sequential tissue sections. The positive expression of AFP was stained with brownish yellow by immunohistochemistry and indicated by the 
arrows; B: The relative levels of AFP protein expression were analyzed by Western blot in the liver specimens indicated. H&E: Hematoxylin and eosin; IHC-P: 
Immunohistochemistry-paraffin; AFP: Alpha-fetoprotein; HCC: Hepatocellular carcinoma; CHB: Chronic hepatitis B. bP < 0.01, compared with the control group.

patients. Further Western blot displayed significantly increased levels of AFP expression in the livers 
from HCC or CHB patients, relative to that in the controls (P < 0.01, Figure 1B). Such data indicated that 
AFP expression was induced in hepatocytes, associated with hepatocyte degeneration and necrosis in 
humans during the process of hepatocyte injury.

Induction of liver injury enhances AFP expression and ER stress in the liver of mice following CCl4 

administration
Next, we tested whether AFP expression could be induced in the liver of mouse model of CCl4-induced 
hepatocyte injury. As expected, CCl4 administration significantly elevated serum ALT (P < 0.05; 
Figure 2A), TBil (P < 0.05; Figure 2B) levels, accompanied by increased areas of liver tissue necrosis in 
mice, relative to the NC and the control groups (olive oil) of mice (P < 0.05; Figure 2C), particularly in 
the livers of mice following administration with CCl4 for 8 wk. There were similarly low levels of serum 
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Figure 2 Administration with carbon tetrachloride induces alpha-fetoprotein expression, endoplasmic reticulum stress and liver injury in 
mice. Male BALB/c mice were untreated (NC), or administrated with olive oil (control) or carbon tetrachloride (CCl4) for 24 h, or 8 wk. A: Serum alanine 
aminotransferase levels; B: Serum total bilirubin levels; C: Hematoxylin and eosin staining analysis of pathological changes in mouse liver tissues at 24-h and 8-wk 
post CCl4; D: Chemiluminescence immunoassay of serum alpha-fetoprotein (AFP) levels; E: Western blot analysis of the relative levels of AFP expression in liver 
tissues of mice; F: Immunohistochemical staining of AFP expression in liver tissue of mice at 24-h post CCl4, the positive expression of AFP was stained with 
brownish yellow and indicated by a plus sign; G: Western blot analysis of the relative levels of protein kinase R-like endoplasmic reticulum kinase phosphorylation and 
activating transcription factor-6 expression in liver tissues of mice. AFP: Alpha-fetoprotein; ALT: Alanine aminotransferase; ATF6: Activating transcription factor-6; 
CCl4: Carbon tetrachloride; H&E: Hematoxylin and eosin; PERK: Protein kinase R-like endoplasmic reticulum kinase; TBil: Total bilirubin. bP < 0.01 compared with the 
control group.

AFP detected in the different groups of mice (about 0.61 ng/mL, Figure 2D). In contrast, Western blot 
revealed that CCl4 administration obviously up-regulated AFP expression in the livers of mice in a trend 
of time-dependence (P < 0.05; Figure 2E). Further immunohistochemistry exhibited that the up-
regulated AFP expression was mainly accumulated in the injured liver areas (Figure 2F). Finally, CCl4 

administration significantly enhanced the relative levels of PERK phosphorylation and ATF6 expression 
(P < 0.05; Figure 2G), the hallmarks of enhancing ER stress in the livers of mice. Collectively, CCl4 

administration induced hepatocyte injury and ER stress, and up-regulated AFP expression, but not its 
secretion in mice.

ER stress up-regulates AFP expression in hepatocytes
Given that up-regulated AFP expression was associated with enhanced ER stress, we tested whether 
induction of ER stress could up-regulate AFP expression in TM-injected mice. Compared with the NC 
and vehicle controls, significantly elevated levels of serum ALT (P < 0.05; Figure 3A) and TBil (P < 0.05; 
Figure 3B) were detected in mice at 24 h and 48 h post TM injection, implicating that induction of ER 
stress induced liver damages in mice. Consistently, Western blot revealed that TM injection obviously 
up-regulated ATF6, and AFP expression and PERK phosphorylation in the livers of mice, relative to that 
of the controls (P < 0.05; Figure 3C). Interestingly, there were damaged liver areas with strong anti-AFP 
staining in the mice with TM injection (Figure 3D). However, there were similar levels of serum AFP in 
the different groups of mice (< 0.61 ng/mL, Figure 3E). Furthermore, while there was no detectable AFP 
in the supernatants of cultured human non-tumor hepatocyte LO2 cells, even after treatment with TG, 
the levels of AFP in the supernatants of cultured HepG2 cells increased in a time-dependent manner 
(Figure 3F). Moreover, TG treatment significantly decreased the viability of LO2 cells at 24 h and 48 h 
post treatment (P < 0.05, Figure 3G), but TG treatment significantly enhanced the relative levels of AFP 
and ATF6 expression and PERK phosphorylation in LO2 cells (P < 0.05, Figure 3H). Thus, induction of 
ER stress induced hepatocyte injury and AFP expression.

ATF6 silencing mitigates the TG-induced AFP expression in LO2 cells
To understand how ER stress promoted AFP expression, we transfected LO2 cells with PERK or ATF6-
specific shRNA. We found that PERK silencing significantly reduced the viability of LO2 cells (P < 0.05), 
and deteriorated the TG-induced damages in LO2 cells (P < 0.01; Figure 4A). While PERK silencing 
significantly reduced the levels of PERK protein expression in both regular cultures and TG-treated LO2 
cells, and mitigated the relative levels of TG-enhanced eIF2α phosphorylation in LO2 cells, PERK 
silencing failed to significantly alter AFP protein expression in LO2 cells regardless of TG treatment 
(Figure 4B). In contrast, ATF6 silencing significantly reduced the viability of LO2 cells, but enhanced the 
TG-induced damages in LO2 cells (P < 0.01; Figure 4C). Moreover, transfection with ATF6 shRNA not 
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Figure 3 Endoplasmic reticulum stress up-regulates alpha-fetoprotein expression in hepatocytes. Male BALB/c mice were untreated (NC), or 
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treated with phosphate buffer saline (control) or TM for 24 h or 48 h. LO2 cells were untreated (NC), or treated with dimethyl sulfoxide (control) or thapsigargin (TG) 
for 24 h, and 48 h. A: Serum alanine aminotransferase levels; B: Serum total bilirubin levels; C: Western blot analysis of the relative levels of proteins; D: 
Immunohistochemical analysis of alpha-fetoprotein (AFP) expression and hematoxylin and eosin staining analysis of liver injury in mice at 24 h post endoplasmic 
reticulum stress. The positive expression of AFP was stained with brownish yellow and indicated by a plus sign. Hash sign indicates the area of necrosis; E: 
Chemiluminescence immunoassay of serum AFP levels in mice; F: The levels of AFP in the supernatants of cultured cells; G: Cell counting kit-8 analysis of the cell 
viability; H: Western blot analysis of the relative levels of p-protein kinase R-like endoplasmic reticulum kinase, ATF6 and AFP expression in LO2 cells. AFP: Alpha-
fetoprotein; ALT: Alanine aminotransferase; ATF6: Activating transcription factor-6; CCl4: Carbon tetrachloride; CCK-8: Cell counting kit-8; DMSO: Dimethyl sulfoxide; 
H&E: Hematoxylin and eosin; IHC-P: Immunohistochemistry-paraffin; PBS: Phosphate buffer saline; p-PERK: Phosphorylated protein kinase R-like endoplasmic 
reticulum kinase; TBil: Total Bilirubin; TM: Tunicamycin; TG: Thapsigargin. bP < 0.01, compared with the control group; dP < 0.01, compared with the 0 h group in 
HepG2 cells.

Figure 4 Activating transcription factor-6 silencing inhibits the expression of alpha-fetoprotein induced by thapsigargin in vitro. LO2 cells 
were transfected with control shRNA, protein kinase R-like endoplasmic reticulum kinase (PERK)-shRNA, or activating transcription factor-6 (ATF6)-shRNA for 48 h, 
and treated with dimethyl sulfoxide (control) or thapsigargin for 24 h. A: Cell counting kit-8 (CCK-8) analysis of cell viability; B: Western blot analysis of p-PERK, 
phosphorylated eukaryotic translational initiation factor 2 alpha, and alpha-fetoprotein expression; C: CCK-8 analysis of cell viability; D: Western blot analysis of the 
relative levels of ATF6 and AFP protein expression. AFP: Alpha-fetoprotein; ATF6: Activating transcription factor-6; CCK-8: Cell counting kit-8; DMSO: Dimethyl 
sulfoxide; p-eIF2α: Phosphorylated eukaryotic translational initiation factor 2 alpha; p-PERK: Phosphorylated protein kinase R-like endoplasmic reticulum kinase; TG: 
Thapsigargin. aP < 0.05, bP < 0.01, compared with these two groups.

only significantly inhibited ATF6 expression, but also attenuated the relative levels of AFP expression in 
both regular cultures and TG-treated LO2 cells (P < 0.01; Figure 4D). Hence, ATF6 silencing mitigated 
the TG-induced AFP expression in LO2 cells.
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AFP silencing increases the TG-induced hepatocyte apoptosis and necroptosis in LO2 cells
To understand the importance of AFP in ER stress-induced hepatocyte injury, we further explored the 
impact of AFP silencing on the ER stress-induced hepatocyte injury in vitro. Compared with the control 
LO2 cells, transfection with AFP-specific shRNA, but not the control shRNA, dramatically reduced AFP 
expression in LO2 cells (P < 0.01; Figure 5A), and deteriorated the TG-induced damages (P < 0.01), but it 
did not significantly alter the viability of LO2 cells (P > 0.05, Figure 5B). Furthermore, the AFP silencing 
significantly increased the levels of cleaved caspase-3 and MLKL phosphorylation regardless of TG 
treatment (P < 0.05, Figure 5C). Consistently, AFP silencing also significantly increased CHOP 
expression and PERK phosphorylation, but decreased ATF6 expression in LO2 cells (P < 0.01, 
Figure 5D). These results clearly indicated that AFP silencing enhanced spontaneous and TG-induced 
ER stress, apoptosis and necroptosis in LO2 cells.

AFP silencing deteriorates the CCl4-induced liver injury in mice
Finally, we tested whether induction of Afp silencing could modulate the CCl4-induced liver injury in 
mice. After intravenous administration with rAAV8 virus for the expression of control or Afp-specific 
shRNA for 6 wk, the levels of AFP expression in the liver tissues were reduced dramatically, confirming 
the Afp silencing (P < 0.01, Figure 6A). Both groups of mice were administrated with vehicle olive oil or 
CCl4 and 36 h later, we found that Afp silencing increased serum ALT (P < 0.01, Figure 6B), and TBil 
levels (P < 0.01, Figure 6C), regardless of CCl4 administration. Compared with the control mice, Afp 
silencing increased the percentages of necrotic areas in the livers of mice (P < 0.01, Figure 6D). 
Furthermore, Afp silencing decreased AFP expression, but remarkably increased the relative levels of 
cleaved caspase-3 expression, MLKL phosphorylation (P < 0.01, Figure 6E) and the percentages of 
apoptotic hepatocytes in the livers of both vehicle and CCl4-treated mice (P < 0.01, Figure 6F). Finally, 
Afp silencing significantly increased CHOP expression and PERK phosphorylation, but decreased ATF6 
expression in the livers of CCl4-treated mice (P < 0.01; Figure 6G). Therefore, Afp silencing enhanced ER 
stress and liver injury induced by CCl4 in mice.

DISCUSSION
In this study, we investigated AFP expression, its regulatory mechanism, and its effect on hepatocyte 
injury during the process of liver injury. We detected high levels of AFP expression in the livers, partic-
ularly in the areas of hepatocyte necrosis, of patients with CHB, but not in those with hepatic trauma. 
Similarly, high levels of AFP expression were observed in the livers of mice following CCl4 adminis-
tration and ER stress induction. The induced AFP expression was accompanied by liver injury in those 
patients and mice. Interestingly, there was no significant difference in the levels of serum AFP in those 
experimental patients and mice, compared to the controls. Moreover, induction of ER stress in human 
non-tumor hepatocyte LO2 cells also induced AFP expression, hepatocyte apoptosis and necroptosis, 
but failed to detect AFP in the supernatants of cultured cells. These indicated that during chronic liver 
diseases, ER stress and other inducers triggered hepatocyte apoptosis and necroptosis and stimulated 
AFP expression, but limited its secretion, leading to increased levels of intracellular AFP in hepatocytes. 
These novel data extended our previous study on hepatoma cells[15], and support the notion that AFP 
can be induced during the process of chronic liver diseases[7,23]. Our findings may shed light on the 
liver responses to ER stress in the pathogenic process of chronic liver diseases.

Low levels of serum AFP are detected in patients with chronic liver disease, and are positively 
correlated with the degrees of liver damages[8,24]. Although high levels of AFP expression were 
detected in mouse livers, we did not detect abnormally high levels of serum AFP in liver-injured mice, 
consistent with our observation in hepatoma cells[15]. These indicated that ER stress induced 
intracellular AFP expression by limiting its secretion. Given that healthy hepatocytes do not express 
AFP in adults it is possible that ER stress-induced hepatocyte injury may also induce compensative 
hepatocyte proliferation to repair liver damages in these models. However, the induced intracellular 
AFP is unlikely from the proliferation and differentiation of liver precursor cells. We are interested in 
further investigating how ER stress limits the secretion of AFP in hepatocytes during the process of 
chronic liver diseases.

AFP expression is regulated in a manner of tissue-specific and time-restriction[25]. Previous studies 
have shown that AFP expression is regulated by transcription factors, such as hepatocyte nuclear factor-
1 (HNF1), ACCAAT-enhancer binding protein (C/EBP) and NF-1 and their enhancers[26-28]. 
Furthermore, the mutation in the AFP promoter region can increase the binding affinity of HNF1, 
leading to sustained increase in the levels of AFP expression[29]. Moreover, the AFP promoter activity is 
also regulated by the competitive modulation of these transcription factors, activators and inhibitors
[30]. In this study, we explored how ER stress induced AFP expression in hepatocytes. ER stress mainly 
enhances eIF2α activation and regulates the expression of target molecules through ATF4, ATF6, and 
XBP1 to enhance cell ability to eliminate and degrade misfolded proteins[11]. We found that ATF6, but 
not PERK, silencing significantly mitigated the ER stress-induced AFP expression in LO2 cells. These 
data suggest that ATF6 may promote AFP expression in hepatocytes under an ER stress condition.
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Figure 5 Silencing of alpha-fetoprotein exacerbates the thapsigargin-induced LO2 cell injury. A: Western blot determined alpha-fetoprotein 
silencing in LO2 cells; B: Cell counting kit-8 analysis of LO2 cell viability; C: Western blot for the relative levels of indicated protein expression in LO2 cells; D: 
Western blot for the relative levels of endoplasmic reticulum stress-related protein. AFP: Alpha-fetoprotein; CCK-8: Cell counting kit-8; ER: Endoplasmic reticulum; 
TG: Thapsigargin; p-MLKL: Phosphorylated mixed lineage kinase domain-like pseudokinase; p-PERK: Phosphorylated protein kinase R-like endoplasmic reticulum 
kinase. Data are typical images or expressed as the mean ± SD of each group from 3 separate experiments. bP < 0.01 compared with these two groups.

Functionally, AFP can act as a carrier to maintain plasma colloidal osmotic pressure and transport 
bilirubin, estrogen, fatty acids, retinoids, steroids and progesterone to regulate hormone homeostasis
[31]. Second, AFP can induce immune cell apoptosis and down-regulates the gene expression of a 
variety of inflammatory factors, inhibiting autoimmunity and aberrant inflammation by protecting the 
fetus from maternal immune attack and attenuating the immune clearance of tumors[32,33]. 
Furthermore, AFP can enhance the malignant behavior of hepatoma cells by inhibiting their apoptosis 
and autophagy[34,35]. Accordingly, AFP can promote the survival and growth of a variety of tumor and 
non-tumor cells[36,37]. AFP can reduce the tumor necrosis factor alpha (TNF-α)-mediated damages of 
liver cancer cells or hepatocytes, and promotes their proliferation[38,39]. Studies have found that AFP 
can enhance the expression of p53, c-fos, c-jun, N-ras and hepatocyte growth factor receptor by binding 
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Figure 6 Silencing of alpha-fetoprotein increases liver injury in mice following CCl4 administration. A: Western blot for the protein levels of alpha-
fetoprotein (AFP) in the liver tissues of mice; B: Serum alanine aminotransferase levels; C: Serum levels of total bilirubin; D: Liver sections stained by hematoxylin 
and eosin and measurements of necrotic areas in mice; E: Western blot for the relative levels of AFP, cleaved caspase-3, and phosphorylated mixed lineage kinase 
domain-like pseudokinase expression in the liver tissues; F: TUNEL analysis of hepatocyte apoptosis; G: The relative levels of phosphorylated protein kinase R-like 
ER kinase, activating transcription factor-6 and C/enhancer binding protein homologous protein protein in liver tissues. AFP: Alpha-fetoprotein; ALT: Alanine 
aminotransferase; ATF6: Activating transcription factor-6; CCl4: Carbon tetrachloride; CHOP: C/enhancer binding protein homologous protein; H&E: Hematoxylin and 
eosin; p-MLKL: Phosphorylated mixed lineage kinase domain-like pseudokinase; p-PERK: Phosphorylated protein kinase R-like ER kinase; TBil: Total bilirubin; 
TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling. bP < 0.01 compared with these two groups.

to its receptors to activate the cyclic adenosine 3’, 5’-monophosphate (cAMP)-protein kinase A (PKA) 
pathway and induce Ca2+ influx. This process increases intracellular cAMP and PKA, and promotes the 
proliferation, differentiation and regeneration of hepatocytes. In this study, Afp silencing deteriorated 
the ER stress-mediated apoptosis and necroptosis of LO2 cells in vitro. Preferable liver Afp silencing also 
aggravated the CCl4-induced liver damages, hepatocyte apoptosis, and necroptosis in mice. The results 
suggest that the induced AFP expression in the liver by ER stress may enhance the resistance of 
hepatocytes to apoptosis and necroptosis stimulators, alleviating liver injury. Interestingly, we found 
that AFP silencing also exacerbated the ER stress, but lowed ATF6 expression in LO2 cells and in 
hepatocytes of liver tissues in mice, consistent with our previous observation[15]. These findings 
suggest that intracellular AFP induced by the ATF6 signaling may feedback-attenuate the ER stress-
induced hepatocyte apoptosis and necroptosis, partially by up-regulating ATF6 expression. Given that 
AFP is not a transcription factor for the ATF6 expression the ER stress-induced AFP expression may 
through signal-crosstalk induce the ATF6-specific transcription factor and activator expression, 
indirectly inducing ATF6 expression in hepatocytes in a condition of ER stress.

We have reported that ATF6 is important for hepatocyte apoptosis and programmed necrosis[40]. It is 
possible that intracellular AFP may interact with intracellular proteins, transcription factors, kinases, co-
activators and cell cycle regulators, such as PTEN to activate the PI3K/AKT/mTOR signaling to 
support the hepatocyte survival[41]. In addition, intracellular AFP may also interact with the apoptosis-
related signaling to enhance apoptosis resistance by up-regulating Bcl-2 expression[35]. However, how 
intracellular AFP mitigates the ER stress-induced hepatocyte injury remains to be further examined.

CONCLUSION
ER stress induced intracellular AFP expression through activating ATF6 and the induced intracellular 
AFP feedback-attenuated the ER stress-induced hepatocyte injury. Thus, our findings may shed lights 
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on the molecular regulation by which hepatocytes respond to ER stress, promoting compensative liver 
repair following ER stress-induced liver injury.

ARTICLE HIGHLIGHTS
Research background
Endoplasmic reticulum (ER) stress plays an important role in the pathogenesis of chronic liver diseases, 
but how hepatocytes respond to ER stress has not been clarified. Alpha-fetoprotein (AFP) is secreted by 
hepatoma cells and elevated levels of serum AFP are associated with development of liver malignancies.

Research motivation
Anti-injury response is an important force for hepatocytes to resist liver injury mediated by various 
reasons, which has a close relationship to the progress and prognosis of liver injury. Studying the anti-
injury mechanism of hepatocytes is important for the diagnosis and treatment of liver injury in the 
clinic.

Research objectives
To investigate whether and how AFP could regulate ER stress and hepatocyte injury.

Research methods
The distribution of AFP and the degrees of ER stress in liver tissues were characterized by histology, 
immunohistochemistry, and Western blot in biopsied human liver specimens, two mouse models of 
liver injury and a cellular model. The levels of AFP in sera and the supernatants of cultured cells were 
quantified by chemiluminescence.

Research results
ER stress induces liver injury and increases intracellular AFP expression in hepatocytes. ER stress up-
regulates intracellular AFP expression by up-regulating activating transcription factor-6 (ATF6). 
Upregulated AFP feedback attenuates ER stress, forming a regulatory loop. Upregulated AFP mitigates 
the ER stress-induced hepatocyte apoptosis and necroptosis.

Research conclusions
ER stress upregulated intracellular AFP expression in hepatocytes by up-regulating ATF6 during the 
process of liver injury and intracellular AFP feedback-attenuated hepatocyte apoptosis and necroptosis 
by alleviating ER stress.

Research perspectives
Intracellular AFP induced by ER stress alleviates hepatocyte apoptosis and necroptosis by activating 
ATF6.

FOOTNOTES
Author contributions: Chen YF, Liu SY, and Cheng QJ contributed equally to this work; Chen YF, Liu SY, Cheng QJ, 
and He YH conceived and designed research; Chen YF, Liu SY, Wang YJ, Chen S, Zhou YY, and Liu X collected data 
and conducted research; Jiang ZG, Chen YF, and Zhong WW analyzed and interpreted data; Chen YF, Liu SY, and 
Cheng QJ wrote the initial paper; He YH and Zhong WW revised the paper; He YH had primary responsibility for 
final content; all authors read and approved the final manuscript.

Supported by the National Natural Science Foundation of China, No. 81560110; Tian Qing Liver Disease Research 
Fund Project of the Chinese Foundation for Hepatitis Prevention and Control, No. TQGB20200001; and the Science 
and Technology Planning Projects of Guizhou Province and Zunyi City, No. QKH·ZC[2019] 2803, No. QKHJC-
ZK[2022]YB642, No. QKH·PTRC[2017]5733-013, No. gzwjkj2020-1-041, No. ZSKHSZ[2020]230, and No. 
ZMC·YZ[2018]38.

Institutional review board statement: The study was reviewed and approved by the Ethics Committee of Affiliated 
Hospital of Zunyi Medical University (ZYFYLS[2018] 28).

Institutional animal care and use committee statement: All procedures involving animals were reviewed and 
approved by the Animal Experiment Ethics Committee of Zunyi Medical University (LS[2020] 2-231).

Conflict-of-interest statement: There are no conflicts of interest to report.



Chen YF et al. Intracellular AFP mitigates hepatocyte injury

WJG https://www.wjgnet.com 3216 July 14, 2022 Volume 28 Issue 26

Data sharing statement: The datasets generated and analyzed during the current study are available from the 
corresponding author on reasonable request.

ARRIVE guidelines statement: The authors have read the ARRIVE guidelines, and the manuscript was prepared and 
revised according to the ARRIVE guidelines.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by 
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-
NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license 
their derivative works on different terms, provided the original work is properly cited and the use is non-
commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: China

ORCID number: Yun-Fen Chen 0000-0002-7940-7481; Si-Ying Liu 0000-0001-9938-4232; Qi-Jiao Cheng 0000-0002-3746-
5923; Yu-Jiao Wang 0000-0002-9077-4979; Shuang Chen 0000-0001-9879-7529; Yi-Yang Zhou 0000-0002-1549-1821; Xia 
Liu 0000-0003-4140-184X; Zhi-Gang Jiang 0000-0003-4539-6988; Wei-Wei Zhong 0000-0002-9736-8148; Yi-Huai He 0000-
0002-8639-3436.

S-Editor: Chen YL 
L-Editor: A 
P-Editor: Yuan YY

REFERENCES
Galle PR, Foerster F, Kudo M, Chan SL, Llovet JM, Qin S, Schelman WR, Chintharlapalli S, Abada PB, Sherman M, Zhu 
AX. Biology and significance of alpha-fetoprotein in hepatocellular carcinoma. Liver Int 2019; 39: 2214-2229 [PMID: 
31436873 DOI: 10.1111/liv.14223]

1     

Fouad R, Elsharkawy A, Abdel Alem S, El Kassas M, Alboraie M, Sweedy A, Afify S, Abdellatif Z, Khairy M, Esmat G. 
Clinical impact of serum α-fetoprotein and its relation on changes in liver fibrosis in hepatitis C virus patients receiving 
direct-acting antivirals. Eur J Gastroenterol Hepatol 2019; 31: 1129-1134 [PMID: 30896550 DOI: 
10.1097/MEG.0000000000001400]

2     

Tai WC, Hu TH, Wang JH, Hung CH, Lu SN, Changchien CS, Lee CM. Clinical implications of alpha-fetoprotein in 
chronic hepatitis C. J Formos Med Assoc 2009; 108: 210-218 [PMID: 19293036 DOI: 10.1016/S0929-6646(09)60054-1]

3     

Fausto N, Campbell JS. The role of hepatocytes and oval cells in liver regeneration and repopulation. Mech Dev 2003; 120: 
117-130 [PMID: 12490302 DOI: 10.1016/s0925-4773(02)00338-6]

4     

Vessey CJ, de la Hall PM. Hepatic stem cells: a review. Pathology 2001; 33: 130-141 [PMID: 11358043]5     
Kuhlmann WD, Peschke P. Hepatic progenitor cells, stem cells, and AFP expression in models of liver injury. Int J Exp 
Pathol 2006; 87: 343-359 [PMID: 16965562 DOI: 10.1111/j.1365-2613.2006.00485.x]

6     

Wang X, Shen C, Yang J, Yang X, Qin S, Zeng H, Wu X, Tang S, Zeng W. Alpha-Fetoprotein as a Predictive Marker for 
Patients with Hepatitis B-Related Acute-on-Chronic Liver Failure. Can J Gastroenterol Hepatol 2018; 2018: 1232785 
[PMID: 29854714 DOI: 10.1155/2018/1232785]

7     

Huang GQ, Xie YY, Zhu PW, Wang XD, Lin Z, Wang Y, Ye JP, Wang YM, Chen YX, Jin XZ, Van Poucke S, Chen YP, 
Zheng MH. Stratified alpha-fetoprotein pattern accurately predicts mortality in patients with acute-on-chronic hepatitis B 
liver failure. Expert Rev Gastroenterol Hepatol 2018; 12: 295-302 [PMID: 29300103 DOI: 
10.1080/17474124.2018.1424540]

8     

Malhi H, Kaufman RJ. Endoplasmic reticulum stress in liver disease. J Hepatol 2011; 54: 795-809 [PMID: 21145844 DOI: 
10.1016/j.jhep.2010.11.005]

9     

Zhong W, Wang X, Rao Z, Pan X, Sun Y, Jiang T, Wang P, Zhou H. Aging aggravated liver ischemia and reperfusion 
injury by promoting hepatocyte necroptosis in an endoplasmic reticulum stress-dependent manner. Ann Transl Med 2020; 
8: 869 [PMID: 32793713 DOI: 10.21037/atm-20-2822]

10     

Hetz C. The unfolded protein response: controlling cell fate decisions under ER stress and beyond. Nat Rev Mol Cell Biol 
2012; 13: 89-102 [PMID: 22251901 DOI: 10.1038/nrm3270]

11     

Jäger R, Bertrand MJ, Gorman AM, Vandenabeele P, Samali A. The unfolded protein response at the crossroads of cellular 
life and death during endoplasmic reticulum stress. Biol Cell 2012; 104: 259-270 [PMID: 22268789 DOI: 
10.1111/boc.201100055]

12     

Zhao XC, Livingston MJ, Liang XL, Dong Z. Cell Apoptosis and Autophagy in Renal Fibrosis. Adv Exp Med Biol 2019; 
1165: 557-584 [PMID: 31399985 DOI: 10.1007/978-981-13-8871-2_28]

13     

Grootjans S, Vanden Berghe T, Vandenabeele P. Initiation and execution mechanisms of necroptosis: an overview. Cell 
Death Differ 2017; 24: 1184-1195 [PMID: 28498367 DOI: 10.1038/cdd.2017.65]

14     

Chen H, Chen GM, Liu YJ, Rao JX, Zhou SZ, Chen S, Chen PT, Yang FW, Cheng QJ, He YH. Alpha-
fetoprotein/endoplasmic reticulum stress signaling mitigates injury in hepatoma cells. Neoplasma 2021; 68: 983-993 
[PMID: 34374292 DOI: 10.4149/neo_2021_210205N180]

15     

Chinese Society of Infectious Diseases;  Chinese Medical Association; Chinese Society of Hepatology, Chinese Medical 
Association. The guidelines of prevention and treatment for chronic hepatitis B (2019 version). Zhonghua Gan Zang Bing 

16     

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0002-7940-7481
http://orcid.org/0000-0002-7940-7481
http://orcid.org/0000-0001-9938-4232
http://orcid.org/0000-0001-9938-4232
http://orcid.org/0000-0002-3746-5923
http://orcid.org/0000-0002-3746-5923
http://orcid.org/0000-0002-9077-4979
http://orcid.org/0000-0002-9077-4979
http://orcid.org/0000-0001-9879-7529
http://orcid.org/0000-0001-9879-7529
http://orcid.org/0000-0002-1549-1821
http://orcid.org/0000-0002-1549-1821
http://orcid.org/0000-0003-4140-184X
http://orcid.org/0000-0003-4140-184X
http://orcid.org/0000-0003-4539-6988
http://orcid.org/0000-0003-4539-6988
http://orcid.org/0000-0002-9736-8148
http://orcid.org/0000-0002-9736-8148
http://orcid.org/0000-0002-8639-3436
http://orcid.org/0000-0002-8639-3436
http://orcid.org/0000-0002-8639-3436
http://www.ncbi.nlm.nih.gov/pubmed/31436873
https://dx.doi.org/10.1111/liv.14223
http://www.ncbi.nlm.nih.gov/pubmed/30896550
https://dx.doi.org/10.1097/MEG.0000000000001400
http://www.ncbi.nlm.nih.gov/pubmed/19293036
https://dx.doi.org/10.1016/S0929-6646(09)60054-1
http://www.ncbi.nlm.nih.gov/pubmed/12490302
https://dx.doi.org/10.1016/s0925-4773(02)00338-6
http://www.ncbi.nlm.nih.gov/pubmed/11358043
http://www.ncbi.nlm.nih.gov/pubmed/16965562
https://dx.doi.org/10.1111/j.1365-2613.2006.00485.x
http://www.ncbi.nlm.nih.gov/pubmed/29854714
https://dx.doi.org/10.1155/2018/1232785
http://www.ncbi.nlm.nih.gov/pubmed/29300103
https://dx.doi.org/10.1080/17474124.2018.1424540
http://www.ncbi.nlm.nih.gov/pubmed/21145844
https://dx.doi.org/10.1016/j.jhep.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/32793713
https://dx.doi.org/10.21037/atm-20-2822
http://www.ncbi.nlm.nih.gov/pubmed/22251901
https://dx.doi.org/10.1038/nrm3270
http://www.ncbi.nlm.nih.gov/pubmed/22268789
https://dx.doi.org/10.1111/boc.201100055
http://www.ncbi.nlm.nih.gov/pubmed/31399985
https://dx.doi.org/10.1007/978-981-13-8871-2_28
http://www.ncbi.nlm.nih.gov/pubmed/28498367
https://dx.doi.org/10.1038/cdd.2017.65
http://www.ncbi.nlm.nih.gov/pubmed/34374292
https://dx.doi.org/10.4149/neo_2021_210205N180


Chen YF et al. Intracellular AFP mitigates hepatocyte injury

WJG https://www.wjgnet.com 3217 July 14, 2022 Volume 28 Issue 26

Za Zhi 2019; 27: 938-961 [PMID: 31941257 DOI: 10.3760/cma.j.issn.1007-3418.2019.12.007]
Simmonds RC.   Bioethics and Animal Use in Programs of Research, Teaching, and Testing. In: Weichbrod RH, 
Thompson GAH, Norton JN, editors. Management of Animal Care and Use Programs in Research, Education, and Testing. 
Boca Raton (FL), 2018: 35-62

17     

Chen G, Yang X, He Y, Tang Y, Tian R, Huang W, Chen H, Yang F, Li Y, Lin S. Inhibiting alpha subunit of eukaryotic 
initiation factor 2 dephosphorylation protects injured hepatocytes and reduces hepatocyte proliferation in acute liver injury. 
Croat Med J 2019; 60: 532-544 [PMID: 31894919 DOI: 10.3325/cmj.2019.60.532]

18     

Tian RD, Chen YQ, He YH, Tang YJ, Chen GM, Yang FW, Li Y, Huang WG, Chen H, Liu X, Lin SD. Phosphorylation of 
eIF2α mitigates endoplasmic reticulum stress and hepatocyte necroptosis in acute liver injury. Ann Hepatol 2020; 19: 79-87 
[PMID: 31548168 DOI: 10.1016/j.aohep.2019.05.008]

19     

Knodell RG, Ishak KG, Black WC, Chen TS, Craig R, Kaplowitz N, Kiernan TW, Wollman J. Formulation and application 
of a numerical scoring system for assessing histological activity in asymptomatic chronic active hepatitis. Hepatology 1981; 
1: 431-435 [PMID: 7308988 DOI: 10.1002/hep.1840010511]

20     

Huang H, Zheng XL, Zheng JS, Pan J, Pu XY. Rapid analysis of alpha-fetoprotein by chemiluminescence microfluidic 
immunoassay system based on super-paramagnetic microbeads. Biomed Microdevices 2009; 11: 213-216 [PMID: 
18923903 DOI: 10.1007/s10544-008-9226-z]

21     

Lippi G, Dipalo M, Musa R, Avanzini P, Ferrarini C, Pattini A, Aloe R. Evaluation of the analytical performances of the 
novel Beckman Coulter AU5800. Clin Biochem 2012; 45: 502-504 [PMID: 22296728 DOI: 
10.1016/j.clinbiochem.2012.01.015]

22     

Kakisaka K, Kataoka K, Onodera M, Suzuki A, Endo K, Tatemichi Y, Kuroda H, Ishida K, Takikawa Y. Alpha-
fetoprotein: A biomarker for the recruitment of progenitor cells in the liver in patients with acute liver injury or failure. 
Hepatol Res 2015; 45: E12-E20 [PMID: 25376981 DOI: 10.1111/hepr.12448]

23     

Yang N, Li Z, Yan M, Xiao W, Zhang W, Long Y, Cheng Y, Ming K, Xu B. Evaluation of Serum Alpha-Fetoprotein Level 
in Chronic Hepatitis C Patients. Clin Lab 2019; 65 [PMID: 30775893 DOI: 10.7754/Clin.Lab.2018.180607]

24     

Zhang H, Cao D, Zhou L, Zhang Y, Guo X, Li H, Chen Y, Spear BT, Wu JW, Xie Z, Zhang WJ. ZBTB20 is a sequence-
specific transcriptional repressor of alpha-fetoprotein gene. Sci Rep 2015; 5: 11979 [PMID: 26173901 DOI: 
10.1038/srep11979]

25     

Lee K. [Regulation of human alpha-fetoprotein gene by C/EBPalpha]. Hokkaido Igaku Zasshi 2004; 79: 377-387 [PMID: 
15373210]

26     

Jose-Estanyol M, Danan JL. A liver-specific factor and nuclear factor I bind to the rat alpha-fetoprotein promoter. J Biol 
Chem 1988; 263: 10865-10871 [PMID: 2455718]

27     

Sakata N, Kaneko S, Ikeno S, Miura Y, Nakabayashi H, Dong XY, Dong JT, Tamaoki T, Nakano N, Itoh S. TGF- β 
Signaling Cooperates with AT Motif-Binding Factor-1 for Repression of the α -Fetoprotein Promoter. J Signal Transduct 
2014; 2014: 970346 [PMID: 25105025 DOI: 10.1155/2014/970346]

28     

Jeon Y, Choi YS, Jang ES, Kim JW, Jeong SH. Persistent α-Fetoprotein Elevation in Healthy Adults and Mutational 
Analysis of α-Fetoprotein Promoter, Enhancer, and Silencer Regions. Gut Liver 2017; 11: 136-141 [PMID: 27609486 DOI: 
10.5009/gnl16069]

29     

Bois-Joyeux B, Danan JL. Members of the CAAT/enhancer-binding protein, hepatocyte nuclear factor-1 and nuclear 
factor-1 families can differentially modulate the activities of the rat alpha-fetoprotein promoter and enhancer. Biochem J 
1994; 301 (Pt 1): 49-55 [PMID: 7518671 DOI: 10.1042/bj3010049]

30     

Terentiev AA, Moldogazieva NT. Structural and functional mapping of alpha-fetoprotein. Biochemistry (Mosc) 2006; 71: 
120-132 [PMID: 16489915 DOI: 10.1134/s0006297906020027]

31     

Wang X, Wang Q. Alpha-Fetoprotein and Hepatocellular Carcinoma Immunity. Can J Gastroenterol Hepatol 2018; 2018: 
9049252 [PMID: 29805966 DOI: 10.1155/2018/9049252]

32     

Meng W, Bai B, Bai Z, Li Y, Yue P, Li X, Qiao L. The immunosuppression role of alpha-fetoprotein in human 
hepatocellular carcinoma. Discov Med 2016; 21: 489-494 [PMID: 27448785]

33     

Wang S, Zhu M, Wang Q, Hou Y, Li L, Weng H, Zhao Y, Chen D, Ding H, Guo J, Li M. Alpha-fetoprotein inhibits 
autophagy to promote malignant behaviour in hepatocellular carcinoma cells by activating PI3K/AKT/mTOR signalling. 
Cell Death Dis 2018; 9: 1027 [PMID: 30301886 DOI: 10.1038/s41419-018-1036-5]

34     

Li M, Li H, Li C, Zhou S, Guo L, Liu H, Jiang W, Liu X, Li P, McNutt MA, Li G. Alpha fetoprotein is a novel protein-
binding partner for caspase-3 and blocks the apoptotic signaling pathway in human hepatoma cells. Int J Cancer 2009; 124: 
2845-2854 [PMID: 19267404 DOI: 10.1002/ijc.24272]

35     

Terentiev AA, Moldogazieva NT. Alpha-fetoprotein: a renaissance. Tumour Biol 2013; 34: 2075-2091 [PMID: 23765762 
DOI: 10.1007/s13277-013-0904-y]

36     

Yang X, Zhang Y, Zhang L, Mao J. Silencing alpha-fetoprotein expression induces growth arrest and apoptosis in human 
hepatocellular cancer cell. Cancer Lett 2008; 271: 281-293 [PMID: 18657899 DOI: 10.1016/j.canlet.2008.06.017]

37     

Semenkova LN, Dudich EI, Dudich IV, Shingarova LN, Korobko VG. Alpha-fetoprotein as a TNF resistance factor for the 
human hepatocarcinoma cell line HepG2. Tumour Biol 1997; 18: 30-40 [PMID: 8989923 DOI: 10.1159/000218013]

38     

Cavin LG, Venkatraman M, Factor VM, Kaur S, Schroeder I, Mercurio F, Beg AA, Thorgeirsson SS, Arsura M. 
Regulation of alpha-fetoprotein by nuclear factor-kappaB protects hepatocytes from tumor necrosis factor-alpha 
cytotoxicity during fetal liver development and hepatic oncogenesis. Cancer Res 2004; 64: 7030-7038 [PMID: 15466196 
DOI: 10.1158/0008-5472.CAN-04-1647]

39     

Huang MY, Wan DW, Deng J, Guo WJ, Huang Y, Chen H, Xu DL, Jiang ZG, Xue Y, He YH. Downregulation of RIP3 
Improves the Protective Effect of ATF an Acute Liver Injury Model. Biomed Res Int 2021; 2021: 8717565 [PMID: 
34778458 DOI: 10.1155/2021/8717565]

40     

Mizejewski GJ. Alpha-fetoprotein structure and function: relevance to isoforms, epitopes, and conformational variants. 
Exp Biol Med (Maywood) 2001; 226: 377-408 [PMID: 11393167 DOI: 10.1177/153537020122600503]

41     

http://www.ncbi.nlm.nih.gov/pubmed/31941257
https://dx.doi.org/10.3760/cma.j.issn.1007-3418.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/31894919
https://dx.doi.org/10.3325/cmj.2019.60.532
http://www.ncbi.nlm.nih.gov/pubmed/31548168
https://dx.doi.org/10.1016/j.aohep.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/7308988
https://dx.doi.org/10.1002/hep.1840010511
http://www.ncbi.nlm.nih.gov/pubmed/18923903
https://dx.doi.org/10.1007/s10544-008-9226-z
http://www.ncbi.nlm.nih.gov/pubmed/22296728
https://dx.doi.org/10.1016/j.clinbiochem.2012.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25376981
https://dx.doi.org/10.1111/hepr.12448
http://www.ncbi.nlm.nih.gov/pubmed/30775893
https://dx.doi.org/10.7754/Clin.Lab.2018.180607
http://www.ncbi.nlm.nih.gov/pubmed/26173901
https://dx.doi.org/10.1038/srep11979
http://www.ncbi.nlm.nih.gov/pubmed/15373210
http://www.ncbi.nlm.nih.gov/pubmed/2455718
http://www.ncbi.nlm.nih.gov/pubmed/25105025
https://dx.doi.org/10.1155/2014/970346
http://www.ncbi.nlm.nih.gov/pubmed/27609486
https://dx.doi.org/10.5009/gnl16069
http://www.ncbi.nlm.nih.gov/pubmed/7518671
https://dx.doi.org/10.1042/bj3010049
http://www.ncbi.nlm.nih.gov/pubmed/16489915
https://dx.doi.org/10.1134/s0006297906020027
http://www.ncbi.nlm.nih.gov/pubmed/29805966
https://dx.doi.org/10.1155/2018/9049252
http://www.ncbi.nlm.nih.gov/pubmed/27448785
http://www.ncbi.nlm.nih.gov/pubmed/30301886
https://dx.doi.org/10.1038/s41419-018-1036-5
http://www.ncbi.nlm.nih.gov/pubmed/19267404
https://dx.doi.org/10.1002/ijc.24272
http://www.ncbi.nlm.nih.gov/pubmed/23765762
https://dx.doi.org/10.1007/s13277-013-0904-y
http://www.ncbi.nlm.nih.gov/pubmed/18657899
https://dx.doi.org/10.1016/j.canlet.2008.06.017
http://www.ncbi.nlm.nih.gov/pubmed/8989923
https://dx.doi.org/10.1159/000218013
http://www.ncbi.nlm.nih.gov/pubmed/15466196
https://dx.doi.org/10.1158/0008-5472.CAN-04-1647
http://www.ncbi.nlm.nih.gov/pubmed/34778458
https://dx.doi.org/10.1155/2021/8717565
http://www.ncbi.nlm.nih.gov/pubmed/11393167
https://dx.doi.org/10.1177/153537020122600503


WJG https://www.wjgnet.com 3218 July 14, 2022 Volume 28 Issue 26

World Journal of 

GastroenterologyW J G
Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol 2022 July 14; 28(26): 3218-3231

DOI: 10.3748/wjg.v28.i26.3218 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

ORIGINAL ARTICLE

Retrospective Cohort Study

Divergent trajectories of lean vs obese non-alcoholic steatohepatitis 
patients from listing to post-transplant: A retrospective cohort study

Fakhar Ali Qazi-Arisar, Raj Uchila, Catherine Chen, Cathy Yang, Shi-Yi Chen, Ravikiran Sindhuvalada Karnam, 
Amirhossein Azhie, Wei Xu, Zita Galvin, Nazia Selzner, Leslie Lilly, Mamatha Bhat

Specialty type: Gastroenterology 
and hepatology

Provenance and peer review: 
Unsolicited article; Externally peer 
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific 
quality classification
Grade A (Excellent): 0 
Grade B (Very good): B 
Grade C (Good): C, C 
Grade D (Fair): 0 
Grade E (Poor): 0

P-Reviewer: Gluvic Z, Serbia; 
Sibulesky L, United States; Tiejun 
W, China

Received: February 3, 2022 
Peer-review started: February 3, 
2022 
First decision: April 10, 2022 
Revised: April 22, 2022 
Accepted: June 15, 2022 
Article in press: June 15, 2022 
Published online: July 14, 2022

Fakhar Ali Qazi-Arisar, Raj Uchila, Catherine Chen, Cathy Yang, Ravikiran Sindhuvalada Karnam, 
Amirhossein Azhie, Zita Galvin, Nazia Selzner, Leslie Lilly, Mamatha Bhat, Ajmera Transplant 
Program, Toronto General Hospital, University Health Network, Toronto M5G 2N2, Ontario, 
Canada

Fakhar Ali Qazi-Arisar, Raj Uchila, Ravikiran Sindhuvalada Karnam, Zita Galvin, Nazia Selzner, 
Leslie Lilly, Mamatha Bhat, Division of Gastroenterology and Hepatology, Department of 
Medicine, University of Toronto, Toronto M5G 2N2, Ontario, Canada

Fakhar Ali Qazi-Arisar, National Institute of Liver and GI Diseases, Dow University of Health 
Sciences, Karachi 75330, Pakistan

Shi-Yi Chen, Wei Xu, Department of Biostatistics, Princess Margaret Cancer Center, University 
Health Network, Toronto M5G 2C1, Ontario, Canada

Wei Xu, Division of Biostatistics, Dalla Lana School of Public Health, University of Toronto, 
Toronto M5G 2C1, Ontario, Canada

Corresponding author: Mamatha Bhat, FRCP (C), MD, PhD, Assistant Professor, Ajmera 
Transplant Program, Toronto General Hospital, University Health Network, 585 University 
Ave, 11th Floor, Room 183, Toronto M5G 2N2, Ontario, Canada. mbhat33@gmail.com

Abstract
BACKGROUND 
Non-alcoholic steatohepatitis (NASH) cirrhosis is the second most common 
indication for liver transplantation (LT). The role of body mass index (BMI) on 
outcomes of NASH cirrhosis has been conflicting.

AIM 
To compare the longitudinal trajectories of patients with lean vs obese NASH 
cirrhosis, from listing up to post-transplant, having adjusted their BMI for ascites.

METHODS 
We retrospectively reviewed all adult NASH patients listed for LT in our program 
from 2012 to 2019.  Fine-Gray Competing Risk analyses and Cox Proportional-
Hazard Models were performed to examine the cumulative incidence of trans-
plant and survival outcomes respectively.
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RESULTS 
Out of 265 NASH cirrhosis listed patients, 176 were included. Median age was 61.0 years; 46% 
were females. 111 patients underwent LT. Obese robust patients had better waitlist survival 
[hazard ratio (HR): 0.12; 95%CI: 0.05–0.29, P < 0.0001] with higher instantaneous rate of transplant 
(HR: 5.71; 95%CI: 1.26–25.9, P = 0.02). Lean NASH patients had a substantially higher risk of graft 
loss within 90 d post-LT (1.2% vs 13.8%, P = 0.032) and death post-LT (2.4% vs 17.2%, P = 0.029). 1- 
3- and 5-year graft survival was poor for lean NASH (78.6%, 77.3% and 41.7% vs 98.6%, 96% and 
85% respectively). Overall patient survival post-LT was significantly worse in lean NASH (HR: 
0.17; 95%CI: 0.03–0.86, P = 0.0142) with 83% lower instantaneous rate of death in obese group.

CONCLUSION 
Although lean NASH is considered to be more benign than obese NASH, our study suggests a 
paradoxical correlation of lean NASH with waitlist outcomes, and graft and patient survival post-
LT.

Key Words: Outcomes; Frailty; Waitlist; Liver transplant; Survival

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Non-alcoholic steatohepatitis continues to rise as an indication for liver transplantation (LT). In 
this study, we analyzed our single-center data of adult patients listed for LT between 2012 and 2019 and 
reported their outcomes on the waitlist as well as post-LT based on their body mass index.
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INTRODUCTION
Non-alcoholic steatohepatitis (NASH) cirrhosis is currently the second most common indication for liver 
transplantation (LT) and is on track to become the leading indication by 2030 in the United States[1,2]. 
The ability to cure hepatitis C with antivirals and the twin epidemics of diabetes and obesity have 
fueled the rise of NASH as an indication for LT worldwide.

NASH patients are often older at presentation and have some or all the components of metabolic 
syndrome such as diabetes, hypertension, dyslipidemia, and obesity. Non-alcoholic fatty liver disease 
(NAFLD) and NASH have also been described in the absence of obesity[3]. About 25% of all NAFLD 
patients exhibit this lean phenotype[4]. However, the role of body mass index (BMI) on outcomes of 
NASH cirrhosis has been conflicting. Several studies have disproved the perception of NAFLD being a 
'milder' condition in lean individuals. In fact, lean patients with NASH have been shown to have more 
severe liver disease, more advanced fibrosis, shorter waitlist survival, and poorer post-transplant graft 
and patient survival[5-8].

However, these retrospective studies have been limited by their ability to accurately interpret BMI 
and the paucity of specific details regarding waitlist and post-transplant outcomes such as car-
diometabolic disease, recurrent NASH, and graft fibrosis. Previous attempts to correct BMI for ascites 
have been shown to move at least 20% of patients to a lower BMI group[9]. Therefore, our study's 
objective is to compare the longitudinal trajectories of patients with lean vs obese NASH cirrhosis, from 
listing up to post-transplant, having adjusted their BMI for ascites.

MATERIALS AND METHODS
The study was approved by the Research Ethics Board of the University Health Network (Toronto, 
Canada).

Patients
This was a single-centre retrospective study of all NASH cirrhosis patients listed for LT between 
November 12, 2012, and May 31, 2019, in the Multi-Organ Transplant Program at the University Health 

https://www.wjgnet.com/1007-9327/full/v28/i26/3218.htm
https://dx.doi.org/10.3748/wjg.v28.i26.3218
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Network in Toronto, Canada. The study's start date was decided as November 13, 2012, as our program 
transitioned to the model for end stage liver disease (MELD)-Na system for listing on that day. All 
patients were followed until May 31, 2020, yielding a minimum follow-up of 1 year. In our program, 
NASH cirrhosis was diagnosed either based on findings of significant steatosis on histopathology (pre-
transplant liver biopsy or explant pathology), or the presence of risk factors (diabetes, obesity, and 
metabolic syndrome) in the absence of significant alcohol consumption and evidence of other etiology 
on serology or histopathology.

We excluded candidates listed for hepatocellular carcinoma with exception points, all other 
candidates listed with exception points, patients with fulminant liver failure, NASH concomitant with a 
secondary etiology of chronic liver disease (such as alcohol, viral, autoimmune hepatitis, or cryptogenic 
cirrhosis), multiorgan transplants and those relisted for transplantation.

Data collected from the database on each recipient at the time of listing included age, gender, height, 
weight, BMI, Na MELD, Creatinine, estimated glomerular filtration rate (eGFR), biochemical parameters 
(bilirubin, albumin, international normalized ratio), frailty using clinical frailty scale, complications of 
cirrhosis including the severity of ascites and associated comorbidities were collected. The severity of 
ascites (mild, moderate, or severe) is graded according to what was recorded in the patient's clinical 
notes as determined either by physical or more often by radiological examination. Duration on the 
waitlist, intensive care unit (ICU) stay, sepsis, outcomes on the waitlist, reasons for delisting, and cause 
of death were also collected. Post-transplant data includes the type of transplant, re-hospitalization 
within 90 d, recurrence of NAFLD and NASH, time to recurrent NAFLD or NASH, metabolic, 
cardiovascular, and biliary complications, BMI at 1 and 5 years, patient, and graft survival details.

The above data was collected from the Organ Transplant Tracking Registry software, an internal 
transplant database linked to the electronic medical record of all patients evaluated at the University 
Health Network.

Our primary outcomes included patient and graft survival at 90 d, 1- 3- and 5 years.

Dry-weight BMI or adjusted BMI
The adjusted BMI was calculated by evaluating the patient's dry weight, which is estimated by post-
paracentesis body weight, or weight recorded before fluid retention if available, or by subtracting a 
percentage of weight based upon the severity of ascites (mild 5%; moderate 10%; severe 15%) as 
performed in several studies. The dry-weight BMI or adjusted BMI was then calculated by dividing the 
patient’s estimated dry weight (kg) by the square of the patient’s height (m) as performed in several 
studies[10,11]. We categorized the variable of calculated adjusted BMI at listing into two groups: Group 
1 comprising of overweight (BMI ≥ 25 and < 30 kg/m2) or obese group (BMI ≥ 30 kg/m2) and Group 2 
comprising of underweight (< 18.5 kg/m2) or normal (≥ 18.5 and < 25 kg/m2) BMI group.

Adjusted BMI was determined for all the listed patients. The cohort of patients was analyzed 
according to their weight category.

Statistical analysis
A two-sided test with an overall sample size of 153 subjects (51 in the underweight or normal group, 
and 102 in the overweight or obese group) achieved 80% power at a 0.05 significance level when the 
estimated hazard ratio (HR) for the overall survival was 0.5 with the null hypothesis of HR = 1. To 
account for drop-offs, final sample size was increased to 54 and 122. These results assume that the HR 
was constant throughout the study and that Cox proportional hazards (PH) regression was used to 
analyze the data.

Descriptive statistics were performed for demographic and clinical variables. Counts and proportions 
were calculated for categorical variables and the differences between patients with lean vs obese NASH 
were compared using the Chi-squared test or Fisher’s exact test. Mean ± SD and median (range) were 
calculated for continuous variables and the differences between the two groups were compared using 
two-sample t-tests or Wilcoxon tests, depending on the distribution of the data.

Cumulative incidence of transplant by lean vs obese NASH was plotted and group differences were 
compared using Gray k-sample test and Fine-Gray Competing risk models. Kaplan-Meier plots for 
waitlist survival and post-transplant survival were also plotted and differences between patients with 
lean and obese NASH were compared using log-rank tests and Cox PH models. Complete-case analyses 
were performed on observations with complete sets of data while the data for observations that has one 
or more missing values were removed.

Sample size was calculated using PASS (Power Analysis and Sample Size Software) 2021. (NCSS, 
LLC. Kaysville, Utah, United States, ncss.com/software/pass). SAS 9.4 (SAS Institute, Cary NC) was 
used to perform statistical analyses. Statistical significance was defined as a P value of ≤ 0.05.
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RESULTS
Patient characteristics
Out of 265 patients listed for NASH cirrhosis, 176 met the eligibility criteria. The median age was 61 
(32–71.4) years; 46% were females. A total of 111 patients underwent LT, 78 deceased donor LT (DDLT), 
and 33 living donor LT (LDLT). Table 1 describes the pre-LT clinical and laboratory variables.

Impact of ascites on BMI
Correcting for ascites volume resulted in patients moving into a lower BMI classification among all 
groups except the underweight group (BMI < 18 kg/m2). The change was larger among patients in the 
higher BMI groups with 72.2%, 62.9%, and 78.1% of patients moved to a lower BMI group from Obesity 
classes 3, 2, and 1, respectively as shown in Table 2.

Waitlist parameters and outcomes
Patients in lean NASH group were elderly at time of listing (median age 61.6 years vs 60.3 years, P = 
0.048), had worse renal functions at end of listing (median eGFR 48 mL/min/1.73 m2 vs 57 
mL/min/1.73 m2, P = 0.017), carried more severe ascites (66.6% vs 45%, P = 0.03) and were more 
paracentesis dependent (72.2% vs 52.9%, P = 0.016). Other characteristics such as sex, clinical frailty 
scale, and frequency of complications were similar between the two groups.

Patients in the overweight/obese group spent a median of 139.5 d on the waitlist which was not 
dissimilar to the 117 d spent by their counterparts in the lean group. Waitlist events such as episodes of 
sepsis and ICU stay were similar in the two groups. With regards to waitlist outcomes, a similar number 
of patients were de-listed or transplanted in both groups. More patients belonging to the lean NASH 
group compared to the obese group died (31.5% vs 20.5%, P = 0.26); however, the difference was not 
significant. Time to death or delisting was similar in both obese and lean groups (HR: 0.83; 95%CI: 
0.46–1.50, P = 0.53). However, when sub-grouped based on BMI and frailty, patients with obese NASH 
and none/mild frailty had better survival than lean NASH with moderate to severe frailty (HR: 0.12; 
95%CI: 0.05–0.29, P < 0.0001) (Figure 1).

With regards to transplant data, a comparable number of patients underwent DDLT and LDLT in 
both obese and lean groups (DDLT: 69.5% in overweight/obese group and 72.4% in the lean group; P = 
0.77). The cumulative incidence of transplant was equal in both groups (HR: 1.33; 95%CI: 0.87–2.05, P = 
0.16). However, obese NASH patients with none/mild frailty had a significantly better instantaneous 
rate of transplant than lean NASH with moderate to severe frailty (HR: 5.71; 95%CI: 1.26–25.9, P = 0.02) 
(Figure 2). The Median cold ischemia time in obese patients undergoing DDLT was significantly longer 
than that of lean patients (465 min vs 330.5 min, P = 0.024).

Post-transplant outcomes
Compared to listing, the obese group had a significant reduction in BMI 1 year post-transplant (β = -
2.08, SE = 0.87, P = 0.006). At 5-year post-transplant, the overweight or obese group's BMI returned to 
the same level as listing time (β = 1.80, SE = 1.54, P = 0.52). No change in BMI was observed in the 
underweight or normal group (overall P = 0.3) (Figure 3). There was no difference in post-transplant 
parameters such as 90-d rehospitalization, biliary complications or recurrence of NASH in lean vs obese 
groups. However, renal function was significantly better in lean NASH patients at 5 years (median 
creatinine 111 μmol/L vs 153.5 μmol/L, P = 0.019) (Table 3).

The graft loss within 90 d post-transplant (1.2% vs 13.8%, P = 0.032) and death following transplant 
(2.4% vs 17.2%, P = 0.029) were significantly higher in lean patients compared to obese patients. The 1- 3- 
and 5-year graft survivals were significantly worse for lean patients 98.6%, 96% and 85% vs 78.6%, 77.3% 
and 41.7% respectively, all P < 0.05) (Table 3). There was a trend toward worse 1- 3- and 5-year patient 
survival (98.7%, 96% and 90% vs 89.7%, 81.8% and 58.3%; P = 0.06, 0.07 and 0.07 respectively). The two 
groups were analysed to compare patient survival using Kaplan Meier Survival Plots and Cox PH 
models, which noted a statistically significant difference in overall survival between the two groups 
(HR: 0.17; 95%CI: 0.03–0.86, P = 0.0142). The instantaneous rate of death in the overweight/obese group 
was 83% lower than those in the underweight/normal weight group (Figure 4).

DISCUSSION
Our study highlights the paradoxical impact of pretransplant BMI on the survival of NASH patients 
post-liver transplant, with lean NASH patients demonstrating inferior 90-d, 1- 3- and 5-year graft 
survival, and overall patient survival.

Lean NAFLD prevalence varies from 12% to 20% depending on the population. The presence of 
comorbid conditions such as components of metabolic syndrome along with older age increases the 
morbidity and mortality of NASH cirrhotic patients. However, it is unclear if the same applies to lean 
NASH. The prevalence of metabolic syndrome is less common in lean NAFLD patients as compared to 



Qazi-Arisar FA et al. Lean vs obese NASH outcomes

WJG https://www.wjgnet.com 3222 July 14, 2022 Volume 28 Issue 26

Table 1 Pre-liver transplant clinical and laboratory variables

BMI groups after ascites correction
Total (n = 176) Overweight or obese (n = 

122)
Underweight or normal (n 
= 54)

P value

Age at listing, median (range) years 61.0 (32.0–71.4) 60.3 (32.0–71.4) 61.6 (45.2–71.0) 0.048a

Age at end of listing, median (range) years 61.0 (32.0–72.0) 61.0 (32.0–71.0) 62.0 (48.0–72.0) 0.09

Female sex, n (%) 81 (46.02) 53 (43.44) 28 (51.85) 0.30

Height at listing, median (range) cm 168.0 (148.0–193.0) 168.0 (148.0–188.0) 168.0 (150.0–193.0) 0.23

Weight at listing, median (range) kg 88.3 (39.6–146.5) 94.9 (69.0–146.5) 72.0 (39.6–94.2) < 0.001c

Ascites adjusted weight at listing, median 
(range) kg

77.4 (33.7–140.0) 85.1 (60.5–140.0) 64.4 (33.7–80.1) < 0.001c

Weight at end of listing, median (range) kg 86.9 (39.6–161.8) 92.9 (50.7–161.8) 73.9 (39.6–94.2) < 0.001c

BMI at listing, median (range) kg/m2 31.0 (17.6–48.9) 33.7 (25.6–48.9) 25.4 (17.6–30.8) < 0.001c

Ascites adjusted BMI at listing, median 
(range) kg/m2

27.4 (15.0–45.3) 29.2 (25.0–45.3) 22.6 (15.0–24.9) < 0.001c

Na MELD (at listing), median (range) 22.0 (10.0–48.0) 21.0 (11.0–48.0) 22.0 (10.0–43.0) 0.34

Na MELD at end of listing, median (range) 23.0 (6.0–45.0) 23.0 (6.0–44.0) 23.0 (10.0–45.0) 0.41

Creatinine at listing, median (range) 
μmol/L

98.5 (51.0–564.0) 96.5 (55.0–564.0) 103.0 (51.0–399.0) 0.50

Creatinine at end of listing, median (range) 
μmol/L

112.5 (44.0–719.0) 115.0 (44.0–719.0) 109.0 (49.0–483.0) 0.50

eGFR at listing, median (range) 
mL/min/1.73 m2

63.0 (17.0–120.0) 65.5 (18.0–117.0) 56.0 (17.0–120.0) 0.11

eGFR at end of listing, median (range) 
mL/min/1.73 m2

52.5 (17.0–116.0) 57.0 (17.0–116.0) 48.0 (20.0–98.0) 0.017a

Bilirubin at listing, median (range) μmol/L 49.0 (8.0–955.0) 51.0 (8.0–755.0) 45.5 (14.0–955.0) 0.11

Bilirubin at end of listing, median (range) 
μmol/L

56.5 (3.0–927.0) 58.0 (8.0–927.0) 50.0 (3.0–802.0) 0.19

INR at listing, median (range) 1.5 (1.1–4.7) 1.5 (1.1–4.7) 1.5 (1.1–3.9) 0.05

INR at end of listing, median (range) 1.7 (1.1–7.6) 1.7 (1.1–7.6) 1.8 (1.1–5.0) 0.46

Na at listing, median (range) mEq/L 134.0 (116.0–147.0) 135.0 (120.0–147.0) 133.0 (116.0–142.0) 0.014a

Na at end of listing, median (range) mEq/L 135.0 (116.0–159.0) 135.0 (116.0–159.0) 134.0 (120.0–152.0) 0.10

Albumin at listing, median (range) g/L 30.5 (9.0 – 47.0) 29.5 (20.0–47.0) 31.0 (9.0–42.0) 0.08

Albumin at end of listing, median (range) 
g/L

30.0 (10.0–54.0) 30.0 (12.0–54.0) 30.0 (10.0–50.0) 0.28

Frailty score (n = 159), median (range) 4.0 (2.0–8.0) 4.0 (2.0–8.0) 5.0 (3.0–8.0) 0.25

None to mild, n (%) 116 (72.96) 78 (71.56) 38 (76) 0.56

Moderate to severe, n (%) 43 (27.04) 31 (28.44) 12 (24)

Missing, n (%) 17 (9.66) 13 (10.66) 4 (7.41)

Encephalopathy, n (%) 141 (80.11) 99 (81.15) 42 (77.78) 0.61

Ascites, n (%) 161 (91.48) 109 (089.34) 052 (096.30) 0.15

Degree of ascites, n (%)

None 14 (07.95) 13 (10.66) 1 (1.85) 0.030a

Mild 41 (23.30) 30 (24.59) 11 (20.37)

Moderate 30 (17.05) 24 (019.67) 6 (11.11)

Severe 91 (51.70) 55 (45.08) 36 (66.67)

Need for LVP, n (%) 103 (58.86) 64 (52.89) 39 (72.22) 0.016a
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SBP, n (%) 46 (26.44) 33 (27.05) 13 (25.00) 0.78

Variceal bleed, n (%) 53 (30.11) 34 (27.87) 19 (35.19) 0.33

Hepatorenal syndrome, n (%) 48 (27.27) 30 (24.59) 18 (33.33) 0.23

Hypertension, n (%) 80 (45.45) 58 (47.54) 22 (40.74) 0.40

Diabetes, n (%) 104 (59.09) 68 (55.74) 36 (66.67) 0.17

Hyperlipidemia, n (%) 57 (32.39) 35 (28.69) 22 (40.74) 0.12

CKD, n (%) 18 (10.23) 12 (9.84) 6 (11.11) 0.80

CAD, n (%) 29 (16.48) 22 (18.03) 7 (12.96) 0.40

Time on waiting list, median (range) days 136.0 (1.0–1566.0) 139.5 (1.0–1497.0) 117.0 (1.0–1566.0) 0.42

ICU stay within 90 d before end of listing, n 
(%)

30 (17.05) 21 (17.21) 9 (16.67) 0.93

No of hospitalizations within 90 d before 
end of listing, median (range), n (%)

1.0 (0.0–5.0) 1.0 (0.0–5.0) 1.0 (0.0–5.0) 0.42

< 2 151 (85.80) 105 (86.07) 46 (85.19) 0.88

≥ 2 25 (14.20) 17 (13.93) 8 (14.81)

Bacteraemia/sepsis within 90 d before end 
of listing, n (%)

19 (11.66) 12 (10.62) 7 (14.00) 0.54

Outcome, n (%)

Active living 1 (0.57) 1 (0.82) 0 (00) 0.26

De-listed 22 (12.50) 14 (11.48) 8 (14.81)

Died 42 (23.86) 25 (20.49) 17 (31.48)

Transplanted 111 (63.07) 82 (67.21) 29 (53.70)

Type of LT received, n (%)

DDLT 78 (70.27) 57 (69.51) 21 (72.41) 0.77

LDLT 33 (29.73) 25 (30.49) 8 (27.59)

aP < 0.05.
cP < 0.001.
BMI: Body mass index; CAD: Coronary artery disease; CKD: Chronic kidney disease; DDLT: Deceased donor liver transplant; eGFR: Estimated glomerular 
filtration rate; ICU: Intensive care unit; INR: International normalized ratio; LT: Liver transplant; LDLT: Living donor liver transplant; LVP: Large volume 
paracentesis; MELD: Model for end stage liver disease; Na: Sodium; SBP: Spontaneous bacterial peritonitis.

obese[4,12-14]. A long-term follow-up study showed that biopsy-proven lean NAFLD patients are more 
likely to develop severe liver disease (F3/F4) than overweight patients[5]. Literature is scant about the 
outcomes of lean NASH while on the waiting list for LT. A study comprising of 1090 patients revealed 
shorter cumulative survival in lean NAFLD compared to non-lean NAFLD (log-rank test = 5.6; P < 0.02)
[6] In a recent study, morbid obesity and diabetes were related to an increased risk of drop out of NASH 
patients from the waiting list[15].

Frailty, a common complication of cirrhosis, is seen more frequently in NASH cirrhosis patients as 
compared to other etiologies such as alcoholic liver disease[16]. Frailty has previously been shown to 
determine a patient’s overall health, the number of hospitalizations, length of hospital stay, delisting, 
and waitlist mortality[17-21]. especially in patients older than 65 years of age[22] independent of 
portosystemic encephalopathy or ascites[23]. However, the impact of frailty in the NASH cohort was 
not assessed. In a multicentre study, frailty was associated with a 2-fold higher risk of wait-list mortality 
among nonobese/class 1 obese patients, while more than 3-fold higher risk of wait-list mortality among 
class 2 or greater obese liver transplant candidates[24]. However, NASH comprised only 17.5% of their 
patient population, while BMI was not corrected for ascites which was present in 37.1% of their patients. 
In a retrospective analysis, a higher frailty score was associated with an increased risk of delisting in 
NASH patients (HR: 1.46; 95%CI: 1.06–2.03, P = 0.02)[16]. In our study, lean NASH patients with frailty 
had poor survival (HR: 0.12; 95%CI: 0.05–0.29, P < 0.0001) with lower instantaneous rate of transplant 
(HR: 5.71; 95%CI: 1.26–25.9, P = 0.02). Therefore, the convergence of frailty with lean NASH led to 
significantly worse outcomes on the waitlist as well as in the early period post-transplant.

Though lean NAFLD is considered to be benign, the dysfunctional adipose tissue, in particular, 
visceral adiposity is related with increase cardiometabolic risk in lean NAFLD. Further, alterations in 
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Table 2 Percentage of patients who changed body mass index groups after ascites correction

Reduction in BMI after ascites correction

Underweight Normal Overweight Obesity 1 Obesity 2
Original/uncorrected Unchanged

Underweight, 2 (1.1%) 2 (100%)

5 (22.73%) Normal, 22 (12.5%) 17 (77.27%)

29 (55.77%) Overweight, 52 
(29.55%)

23 (44.23%)

1 (1.82%) 42 (76.36%) Obesity 1, 55 (31.25%) 12 (21.82%)

17 (62.96%) Obesity 2, 27 (15.34%) 10 (37.04%)

2 (11.11%) 11 (61.11%) Obesity 3, 18 (10.23%) 5 (27.78%)

All BMI group had some level of decrease after correctionEspecially higher BMI groups 
have more % reduction

Total (n = 176) % of unchanged are higher among 
low BMI groups 

BMI: Body mass index.

TM6SF2, a gene conferring susceptibility to NASH and fibrosis, are shown to be increased in lean 
NAFLD than obese NAFLD patients. However, there is a paucity of data on post-transplant outcomes in 
lean patients specifically[25]. In the post-transplant setting, a pivotal study looking at the patients on the 
UNOS database revealed that both short- and long-term survivals were low in patients who were 
morbidly obese before transplantation, owing to adverse cardiovascular events[26]. However, none of 
the patients in this study belonged to the NASH group. On the contrary, obesity was noted to paradox-
ically favour the NASH patients compared to their non-NASH counterparts. A recent study found that 
lean patients have both poorer graft and patient survival than their obese counterparts[7]. However, 
they did not adjust the BMI for ascites, whereas elevated BMI might have reflected fluid overload 
instead of true obesity. There is still much that is not known or understood, and hence it is challenging 
to explain the underlying molecular mechanisms linking lean NASH with worse outcomes post LT. 
Nonetheless, our study also confirms the enigmatic effect of obesity in the NASH subset. This study also 
highlighted the importance of correcting BMI for ascites. Despite correcting BMI for ascites, 69% of 
NASH patients belong to the overweight/obese group.

NASH has been associated with metabolic syndrome-related complications such as cardiovascular 
disease and chronic kidney disease (CKD)[27]. Post-transplant the risk of metabolic complications 
increases further owing to the immunosuppressive medications. Furthermore, calcineurin inhibitors 
carry direct nephrotoxic effects. In general, obese NAFLD patients appear to have a higher risk of 
developing CKD than non-obese[28]. In post-LT patients, obesity has been identified as a risk for post-
operative severe acute kidney injury[29] as well as renal disease progression needing a kidney 
transplant after LT[30]. We further augmented this data by showing that median creatinine in our obese 
patients was significantly higher than in lean patients at 5 years (153.5 μmol/L vs 111 μmol/L, P = 
0.019). The incidence of diabetes and hypertension were numerically higher in the obese group at 1 and 
5 years, however, this difference was statistically insignificant. Further, the incidence of cardiovascular 
events was also not significantly different among the two groups. Further expansion of follow-up to 10 
years might show a statistically meaningful difference. However, this analysis was not possible in the 
current study. Given the selection criteria with the start of the study from November 2012, none of the 
patients has achieved the 10-year benchmark yet.

This study has been limited by its retrospective design, smaller sample size, and lack of a comparison 
group from a non-NASH subset. We also acknowledge the limitation of missing data given the 
retrospective design, transfer of care to other local centres post-transplant, and a limited number of 
patients achieving the 5-year benchmark. The results of this study should be interpreted cautiously as it 
does not suggest the listing of all morbidly obese NASH cirrhotic patients for liver transplant. 
Nonetheless, under current practice, outcomes of carefully selected NASH patients with higher BMI are 
better than their lean counterparts. This conundrum could have been explained by improvement in 
patient selection protocols, post-transplant critical care support, and immunosuppressive treatment. 
Future larger studies would be required to validate the generalizability of our findings. Moreover, there 
is need of identifying the factors such as genetic variants, and body fat distribution/visceral adiposity, 
which can play role in this paradox.

CONCLUSION
Lean NASH is associated with adverse outcomes on the waiting list as well as early post-transplant, in 
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Table 3 Post transplant outcomes

BMI after ascites correction
Total (n = 111) Overweight or obese (n = 

82)
Underweight or normal (n = 
29)

P value

Biliary stricture, n (%) 22 (19.8) 16 (19.5) 6 (20.7) 0.97

Biliary leak, n (%) 10 (9) 7 (8.5) 3 (10.3) 1.0

Hepatic artery thrombosis, n (%) 2 (1.8) 0 (0) 2 (6.9) 0.07

90-d re-hospitalization (n = 103), n (%) 23 (22.3) 17 (22.6) 6 (21.4) 0.89

Recurrent NAFLD, n (%) 57 (51.4) 44 (53.7) 13 (44.8) 0.59

Time to recurrent NAFLD, median (range) days 568 (13–2135) 489 (13–1821) 757 (80–2135) 0.21

Recurrent NASH, n (%) 7 (6.3) 5 (6.1) 2 (6.9) 1.0

Time to recurrent NASH, median (range) days 812 (363–1119) 802 (363–1119) 957.5 (812–1103) 0.28

BMI at 1 yr (n = 83), median (range) kg/m2 30.3 (19.2–44.0) 31.7 (23.2–44.0) 26.1 (19.2–34.2) < 0.001c

BMI at 5 yr (n = 17), median (range) kg/m2 33.9 (20.3–47.9) 35.1 (26.6 – 47.9) 27.0 (20.3–31.5) 0.004b

Creatinine at 1 yr (n = 70), median (range) 
μmol/L

114.0 (54.0–279.0) 117.5 (63.0–279.0) 106.0 (54.0–178.0) 0.21

Creatinine at 5 yr (n = 19), median (range) 
μmol/L

143.0 (67.0-257.0) 153.5 (78.0–257.0) 111.0 (67.0–127.0) 0.019a

Diabetes at 1 yr (n = 82), n (%) 36 (43.9) 27 (45.8) 9 (39.1) 0.59

Diabetes at 5 yr (n = 20), n (%) 10 (50) 8 (53.3) 2 (40) 0.72

Hypertension at 1 yr (n = 83), n (%) 44 (53) 33 (55) 11 (47.8) 0.56

Hypertension at 5 yr (n = 20), n (%) 12 (60) 10 (66.7) 2 (40) 0.35

Cardiovascular events post LT, n (%) 22 (19.8) 14 (17) 8 (27.6) 0.45

Fibroscan Elastography (n = 48), median (range) 
kPa

6.4 (2.3–21.8) 6.8 (3.5–21.8) 4.8 (2.3–14.5) 0.011a

Fibroscan CAP (n = 48), median (range) dB/m 286.5 (181.0–400.0) 298.0 (198.0–400.0) 283.5 (181.0–400.0) 0.26

Graft loss within 90 d post LT, n (%) 5 (4.5) 1 (1.2) 4 (13.8) 0.032a

Graft survival post LT 1 yr (n = 101), n (%) 94 (93.1) 72 (98.6) 22 (78.6) 0.002b

Graft survival post LT 3 yr (n = 72), n (%) 65 (90.3) 48 (96) 17 (77.3) 0.025a

Graft survival post LT 5 yr (n = 32), n (%) 22 (68.8) 17 (85) 5 (41.7) 0.018a

Deaths post LT, n (%) 7 (6.3) 2 (2.4) 5 (17.2) 0.029a

Time to death post LT (n = 7), median (range) 
days

224 (13–1176) 192.5 (20–365) 224 (13–1176) 0.42

Death within 90 d post-LT, n (%) 2 (1.8) 1 (1.2) 1 (3.4) 0.38

Patient survival at 1 yr (n = 108), n (%) 104 (96.3) 78 (98.7) 26 (89.7) 0.06

Patient survival at 3 yr (n = 97), n (%) 66 (91.7) 48 (96) 18 (81.8) 0.07

Patient survival at 5 yr (n = 32), n (%) 25 (78.1) 18 (90) 7 (58.3) 0.07

aP < 0.05.
bP < 0.01.
cP < 0.001.
BMI: Body mass index; CAP: Controlled attenuation parameter; LT: Liver transplant; NAFLD: Non-alcoholic fatty liver disease; NASH: Non-alcoholic 
steatohepatitis.

conjunction with often comorbid frailty. Our study emphasizes the need to actively support the 
nutritional and physical functional status of lean NASH patients on the waiting list. Post-transplant, all 
NASH patients should have active lifestyle counselling regarding a healthy diet and regular exercise to 
improve long-term cardiometabolic outcomes.
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Figure 1 Kaplan-Meier–overall survival: Time to delisting or death on waitlist. A: Ascites adjusted body mass index (BMI) groups (non-transplanted 
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patients only); B: Ascites adjusted BMI and frailty (full cohort); C: Ascites adjusted BMI and frailty (non-transplanted patients only). HR: Hazard ratio; BMI: Body mass 
index.

Figure 2 Competing risk analysis for time to transplant. A: Ascites adjusted body mass index (BMI) groups; B: Ascites adjusted BMI and frailty. HR: 
Hazard ratio; BMI: Body mass index.
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Figure 3 Change in body mass index from time of listing to post liver transplant at 1 and 5 yr. BMI: Body mass index.

Figure 4 Kaplan-Meier–overall survival: Time to death post liver transplant stratified by ascites adjusted body mass index groups. Lower 
panel shows the 1- and 5-yr survival estimates. HR: Hazard ratio; BMI: Body mass index.
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ARTICLE HIGHLIGHTS
Research background
Non-alcoholic steatohepatitis (NASH) cirrhosis is the second leading indication for liver transplantation 
(LT). There is a conflicted role of body mass index (BMI) on outcomes of NASH cirrhosis while on 
waitlist and post liver transplant.

Research motivation
There are few reports on the waitlist and post liver transplant outcomes of lean vs obese NASH patients, 
and the impact of ascites adjusted BMI have not been fully clarified.

Research objectives
The objective of this study was to compare the longitudinal trajectories of patients with lean vs obese 
NASH cirrhosis, from listing up to post-transplant, having adjusted their BMI for ascites.

Research methods
A retrospective analysis of all adult NASH patients listed for LT at the University Health Network, 
Toronto between November 2012 and May 2019 was performed. We summarized the clinical character-
istics of patients with lean and obese NASH. Competing risk analyses and Cox Proportional Hazard 
models were used to assess the cumulative incidence of transplant and survival outcomes.

Research results
Out of 265 patients listed for NASH cirrhosis, 176 were included. The median age was 61 (32–71.4) 
years; 46% were females. 111 patients underwent LT. Lean NASH patients were elderly at time of listing 
(median age 61.6 years vs 60.3 years, P = 0.048), worse renal functions at end of listing (median 
estimated glomerular filtration 48 mL/min/1.73 m2 vs 57 mL/min/1.73 m2, P = 0.017), carried more 
severe ascites (66.6% vs 45%, P = 0.03) and were more paracentesis dependent (72.2% vs 52.9%, P = 
0.016). Obese robust patients had better waitlist survival [hazard ratio (HR): 0.12; 95%CI: 0.05–0.29, P < 
0.0001] with higher instantaneous rate of transplant (HR: 5.71; 95%CI: 1.26–25.9, P = 0.02). Lean NASH 
patients had a substantially higher risk of graft loss within 90 d post-LT (1.2% vs 13.8%, P = 0.032) and 
death post-LT (2.4% vs 17.2%, P = 0.029). 1- 3- and 5-year graft survival was poor for lean NASH (78.6%, 
77.3% and 41.7% vs 98.6%, 96% and 85% respectively). Overall patient survival post-LT was significantly 
worse in lean NASH (HR: 0.17; 95%CI: 0.03–0.86, P = 0.0142) with 83% lower instantaneous rate of death 
in obese group. Post-transplant renal function was significantly better in lean NASH patients at 5 years 
(median creatinine 111 μmol/L vs 153.5 μmol/L, P = 0.019).

Research conclusions
Although lean NASH was thought to be more benign than obese NASH, our study suggests a 
paradoxical correlation of lean NASH with waitlist outcomes, and graft and patient survival post-LT, in 
conjunction with often comorbid frailty.

Research perspectives
To understand the underlying molecular mechanisms linking lean NASH with worse outcomes, there is 
need of identifying the factors such as genetic variants, body fat distribution/visceral adiposity, which 
can play role in this paradox.
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Abstract
BACKGROUND 
Recently, hepatic arterial infusion chemotherapy (HAIC) plus lenvatinib has been 
frequently used to treat unresectable hepatocellular carcinoma (uHCC) in China. 
In the clinic, the hepatic arteries of some patients shrink significantly during this 
treatment, leading to improved short-term efficacy.

AIM 
To investigate the relationship between the shrinkage of hepatic arteries and the 
short-term effect of HAIC plus lenvatinib treatment.

METHODS 
Sixty-seven participants with uHCC were enrolled in this retrospective study. The 
patients received HAIC every 3 wk, followed by oral lenvatinib after the first 
HAIC course. Hepatic artery diameters were measured on CT before treatment 
and after 1 and 2 mo of treatment. Meanwhile, the changes in tumor capillaries 
were also examined on pathological specimens before and after 1 mo of treatment. 
The antitumor response after 1, 3, and 6 mo of treatment was assessed using the 
modified Response Evaluation Criteria in Solid Tumors (mRECIST). The rela-
tionship between the changes in vessel diameters and the short-term effect of the 
combination treatment was evaluated by receiver-operating characteristic and 
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logistic regression analyses.

RESULTS 
The hepatic artery diameters were all significantly decreased after 1 and 2 mo of treatment (P < 
0.001), but there was no difference in the vessel diameters between 1 and 2 mo (P > 0.05). The 
microvessel density in the tumor lesions decreased significantly after 1 mo of combination 
treatment (P < 0.001). According to mRECIST, 46, 41, and 24 patients had complete or partial 
responses after 1, 3, and 6 mo of treatment, respectively, whereas 21, 21, and 32 patients had a 
stable or progressive disease at these times, respectively. Shrinkage of the tumor-feeding artery 
was significantly associated with the tumor response after 1, 3, and 6 mo of treatment (P < 0.001, P 
= 0.004, and P = 0.023, respectively); however, changes in other hepatic arteries were not 
significantly associated with the tumor response. Furthermore, shrinkage of the tumor-feeding 
artery was an independent factor for treatment efficacy (P = 0.001, P = 0.001, and P = 0.002 and 1, 3, 
and 6 mo, respectively).

CONCLUSION 
The hepatic arteries shrank rapidly after treatment with HAIC plus lenvatinib, and shrinkage of 
the tumor-feeding artery diameter was closely related to improved short-term efficacy.

Key Words: Hepatocellular carcinoma; Hepatic arterial infusion chemotherapy; Lenvatinib; Short-term effect; 
Hepatic artery; Vessel diameter
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Core Tip: In this study, it was observed for the first time that the hepatic arteries shrank rapidly after 
hepatic arterial infusion chemotherapy plus lenvatinib therapy, and the close relationship between 
shrinkage of the tumor-feeding artery and improved short-term effect in patients with unresectable hepato-
cellular carcinoma was also confirmed. These findings would be of great significance to physicians for 
evaluating the effectiveness of this combination therapy earlier in the course of treatment and altering the 
treatment plan as needed.

Citation: Wu DD, He XF, Tian C, Peng P, Chen CL, Liu XH, Pang HJ. Tumor-feeding artery diameter reduction is 
associated with improved short-term effect of hepatic arterial infusion chemotherapy plus lenvatinib treatment. 
World J Gastroenterol 2022; 28(26): 3232-3242
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3232.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3232

INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors, with 850000 new cases 
reported per year worldwide[1,2]. In total, 70%-80% of patients with HCC in China are ineligible for 
surgical resection at the time of onset[3]. Recently, hepatic arterial infusion chemotherapy (HAIC) has 
been increasingly used to treat patients with unresectable HCC (uHCC) in Asian countries[4,5]. HAIC is 
recommended as a major treatment option in patients with intermediate and advanced HCC by current 
Japanese and Chinese guidelines[6].

Lenvatinib is an oral multi-target tyrosine kinase inhibitor (TKI) with antiangiogenic effects. Previous 
studies demonstrated the survival benefit of lenvatinib plus HAIC vs lenvatinib alone in patients with 
advanced HCC[7]. This combination therapy often requires 6-8 cycles, and early assessment of the 
antitumor response appears essential for both patients and physicians[8].

Recently, a clinical study demonstrated that the diameters of hepatic arteries are significantly reduced 
after TKI therapy[9]. Since the early imaging response is often associated with survival benefits, it 
should be clarified whether the changes in hepatic vessel diameters are related to the efficacy of HAIC 
combined with lenvatinib. As a result, we conducted a retrospective study of patients with uHCC 
treated with HAIC plus lenvatinib. The aim of this study was to: (1) Explore the changes in hepatic 
arteries after combination treatment; and (2) Determine the relationship between the hepatic artery 
changes and early therapeutic effects.

https://www.wjgnet.com/1007-9327/full/v28/i26/3232.htm
https://dx.doi.org/10.3748/wjg.v28.i26.3232
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MATERIALS AND METHODS
Patient eligibility
This was a single-center, retrospective analysis of data from 67 patients with uHCC treated at our 
institution from January 2019 to October 2020. Approval for the study was obtained from the local ethics 
committee on human research. The HCC diagnosis was based on the findings of pathological, imaging, 
and clinical assessments using the European Association for the Study of the Liver criteria[10]. Eligible 
patients were those aged 18 years or older with uHCC (including patients with large/multifocal HCC 
and/or with vascular invasion and extrahepatic spread) who received HAIC plus lenvatinib as an initial 
treatment. Patients who underwent transcatheter arterial chemoembolization or received other TKIs 
before combination therapy were excluded. Enrolled patients who discontinued treatment during the 
follow-up period were also excluded.

Treatments
HAIC was repeated at an interval of 3 wk in enrolled patients in our hospital. A catheter was initially 
advanced into the celiac or superior mesenteric artery for digital subtraction angiography from the 
femoral artery; then, a microcatheter was left in the tumor-feeding artery (TFA) for subsequent 
treatment.

The patients received the following regimen for HAIC through the indwelling microcatheter 
connected to an artery infusion pump in the ward: oxaliplatin 85 mg/m2 administered intraarterially for 
2 h, leucovorin 400 mg/m2 administered intraarterially for 1 h, and 5FU 400 mg/m2 intra-arterial bolus 
injection on day 1, followed by 5FU 2400 mg/m2 continuous arterial infusion for 46 h. Three days after 
the first HAIC course, patients began to take lenvatinib (Eisai, Tokyo, Japan) orally at the recommended 
doses of 12 mg/day for patients weighing ≥ 60 kg and 8 mg/day for patients weighing < 60 kg[11]. 
Dose adjustment or termination of lenvatinib therapy was allowed when drug-related adverse events 
(AEs) occurred. Discontinuation of the combination treatment was also allowed for potentially fatal 
AEs, clinical tumor progression, or the need for conversion therapy.

Evaluations and measurement
Therapeutic responses after 1, 3, and 6 mo of combination treatment were assessed according to the 
modified Response Evaluation Criteria in Solid Tumors using CT (Philips Brilliance iCT; Philips Medical 
Systems, Best, the Netherlands) images. Treatment responders were defined as patients with a complete 
response (CR) or partial response (PR). Non-responders were defined as patients with stable disease 
(SD) or progressive disease (PD). AEs were assessed using the Common Terminology Criteria for 
Adverse Events (CTCAE) version 5.0[12].

Epigastric enhanced CT Digital Imaging and Communication of Medicine (DICOM) data were 
collected before treatment and after 1 and 2 mo of treatment and introduced into an image post-
processing workstation (Philips IntelliSpace Portal; Koninklijke Philips N.V., Eindhoven, the 
Netherlands) for three-dimensional reconstruction. On the image post-processing workstation, 
multiplanar reconstruction images centered on the contrast-enhanced hepatic arteries and the centerline 
(CLL) of the blood vessels were generated by the software to straighten the curved arteries. The trunk or 
the thickest branch of the TFA was selected as the object of measurement. The CLL was adjusted 
manually to measure the largest diameter of the arteries. The diameters of the opening of the common 
hepatic artery (CHA), proper hepatic artery (PHA), left hepatic artery (LHA), right hepatic artery 
(RHA), and TFA were further measured by manually drawing the region of interest (Figure 1)[13]. The 
change in vessel diameters was defined and calculated using the following formula: Δartery = (Dpost - Δpre)
/Δpre (Δartery: The rate of change in the diameter of CHA, PHA, LHA, RHA, or TFA; Dpre: The vessel 
diameter before combination treatment; Dpost: The vessel diameter after combination treatment).

Both the measurement of artery diameters and the evaluation of therapeutic efficacy were 
individually conducted by two physicians with experience in gastroenterological diagnostics, and 
differences were resolved by a more experienced physician.

Immunohistochemistry 
Tumor angiogenesis was evaluated by measuring microvessel density (MVD) after staining using an 
anti-CD34 antibody. Punch biopsy samples were obtained from tumor lesions before and 1 mo after the 
start of HAIC plus lenvatinib therapy. The tumor samples were fixed in 10% formalin and embedded in 
paraffin. After routine laboratory procedures, immunohistochemistry was performed to detect the 
expression of CD34 (endothelial cell marker) through the avidin–biotin–peroxidase complex[14,15]. 
MVD was measured at × 100 magnification in five regions of interest using a light microscope. All 
endothelial cells, including individual cells and grouped cells, were counted as a single vessel if they 
were separated from the surrounding tumor and other connective tissues[16].

Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 26.0. The measurement data were 
presented as the mean ± SD, and P < 0.05 indicated statistical significance. Considering the loss to 
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Figure 1 Reconstruction and measurement of the hepatic arteries. A: The thickest branch of tumor-feeding arteries generated from the right hepatic 
artery; B: Three-dimensional reconstruction of hepatic arteries in an image post-processing workstation and the adjustment of center line (arrows) on multiple layers; 
C: The hepatic artery diameters are measured automatically by drawing the region of interest. F1-5, the opening of the common hepatic artery, the proper hepatic 
artery, the left hepatic artery, the right hepatic artery and the tumor-feeding artery.

follow-up, the changes in the artery diameters were compared using the mixed linear model for 
repeated measured data, and follow-up pairwise comparison was conducted among the three periods. 
The independent-samples t-test was used to analyze the changes in MVD. Receiver-operating charac-
teristic (ROC) analysis was used to evaluate the changes in the diameter of all hepatic arteries to differ-
entiate between responders and non-responders and identify the cutoff values. The cutoff was 
calculated for any factors that were statistically significant in the ROC analysis, which were candidates 
for univariate and multivariable logistic regression analyses with baseline data.

RESULTS
Participant characteristics
During the study period, patients meeting the inclusion criteria were followed up for 6 mo after the start 
of the combination treatment. The study population was predominantly male (59/67, 88.1%), and most 
of the enrolled patients were infected with hepatitis B virus (53/67, 79.1%). In total, 45 (67.2%) patients 
were estimated to have Child–Pugh stage A liver function, and 22 (32.8%) patients were categorized as 
Child–Pugh stage B. Portal vein tumor thrombosis was diagnosed in 44 (65.7%) patients, hepatic vein 
tumor thrombus in 17 (25.4%) patients, and extrahepatic spread occurred in 13 (19.4%) patients. The 
characteristics of the patients are summarized in Table 1.

Treatment-related AEs 
There were no treatment-related deaths in our study. According to CTCAE, grade 1-2 events were 
observed in 37 patients (55.2%) and grade 3 events in 2 (3.0%) patients, whereas no grade ≥ 4 AEs 
occurred. The most common grade 1-2 events were abdominal pain (17/67, 25.4%), fever (8/67, 11.9%), 
and transient nausea and vomiting (8/67, 11.9%). The grade 3 events were liver dysfunction and 
decreased leukocyte counts, both of which normalized after treatment.
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Table 1 The baseline characteristics of patients

Characteristics n (%)

Age

≤ 60 52 (77.6)

> 60 15 (22.4)

Gender

Male 59 (88.1)

Female 8 (11.9)

ECOG PS

0 52 (77.6)

1 15 (22.4)

HBsAg

Positive 53 (79.1)

Negative 14 (20.9)

Child-Pugh Class

Class A 45 (67.2)

Class B 22 (32.8)

Tumor size, cm

≤ 10 43 (64.2)

> 10 24 (35.8)

No. of intrahepatic tumors

≤ 3 32 (47.8)

> 3 35 (52.2)

Baseline AFP level, ng/mL

≤ 400 29 (43.3)

> 400 38 (56.7)

PVTT

Absent 23 (34.3)

Present 44 (65.7)

HVTT

Absent 50 (74.6)

Present 17 (25.4)

Metastasis

Absent 54 (80.6)

Present 13 (19.4)

ECOG PS: Eastern Cooperative Oncology Group performance status; HBsAg: Hepatitis B surface antigen; AFP: Alfa-fetoprotein; PVTT: Portal vein tumor 
thrombus; HVTT: Hepatic vein tumor thrombus.

Efficacy
Five patients missed the 3-mo imaging evaluation, and 11 patients missed the 6-mo evaluation because 
of loss to follow-up. In total, 46, 41, and 24 patients were classified as responders (CR + PR) after 1, 3, 
and 6 mo of treatment, respectively, whereas the numbers of non-responders (SD + PD) at these time 
points were 21, 21, and 32, respectively. The overall response rates (ORR) in this study at 1, 3, and 6 mo 
were 68.7%, 66.1%, and 42.9%, respectively. Eight patients received downstaging therapy within 1 year 
after treatment, of which six patients underwent hepatectomy and the other two patients underwent 
radiofrequency ablation.
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Artery diameters
Vessel diameters were measured in all patients before treatment and after 1 mo of treatment, whereas 
six patients missed the 2-month measurement. After 1 and 2 mo of treatment, all vessel diameters had 
gradually decreased compared with the baseline (P < 0.001), but the difference in vessel diameters 
between 1 and 2 mo was not significant (P > 0.05, Figure 2). According to the ROC analysis, the change 
in the TFA diameter was significantly different between the responders and non-responders at 1, 3, and 
6 mo (P < 0.001, P = 0.004, and P = 0.023, respectively), and the corresponding cutoff values were -0.169, 
-0.169, and -0.264, respectively. Meanwhile, there were no significant differences in the diameters of 
other hepatic arteries between the groups (Table 2). Considering the unclear clinical meaning of 
continuous changes in vessel diameters, the change in the TFA diameter was classified as reduced or 
unchanged based on the cutoff values.

The results of the univariate and multivariable logistic regression analyses of tumor response are 
listed in Table 3. According to the multivariable analysis, the change in the TFA diameter was an 
independent factor for the efficacy of HAIC plus lenvatinib after 1 [odds ratio (OR) = 0.12; 95% 
confidence interval (CI): 0.03-0.43; P = 0.001], 3 (OR = 0.06; 95%CI: 0.01-0.29; P = 0.001), and 6 mo (OR = 
0.14; 95%CI: 0.04-0.47; P = 0.002) of treatment. Other independent factors included the alpha-fetoprotein 
level (OR = 0.17; 95%CI: 0.04-0.73; P = 0.018) at 1 mo and tumor size (OR = 7.65; 95%CI: 1.36-42.88; P = 
0.021) at 3 mo.

MVD
The MVD of tumor lesions after the administration of lenvatinib was robustly smaller than that before 
treatment, suggesting that angiogenesis was strongly suppressed by lenvatinib (P < 0.001, Figure 3).

DISCUSSION
In the present study, significant shrinkage of hepatic arteries was observed in patients with uHCC after 
1 mo of HAIC plus lenvatinib therapy for the first time. We also confirmed that the morphological 
change in the TFA was closely related to the tumor response after 1, 3, and 6 mo of combination 
treatment, and this change was an independent factor for improved short-term therapeutic efficacy. 
These findings would be of great significance to physicians for evaluating the effectiveness of this 
combination therapy earlier in the course of treatment and altering the treatment plan as needed.

Hepatic arteries were shown to be markedly thin following TKI treatment, and Chen et al[17] 
attributed these morphological changes to the anti-angiogenic effect of targeted drugs. Notably, 
lenvatinib more effectively suppresses angiogenesis and inhibits tumor growth than sorafenib by 
targeting both vascular endothelial growth factor (VEGF) and fibroblast growth factor[18,19]. In our 
study, shrinkage of hepatic vessels was observed early after the start of HAIC plus lenvatinib therapy, 
and the powerful antiangiogenic effect of lenvatinib was proven by the decrease in the MVD of the 
tumor lesions. Meanwhile, anti-VEGF therapies can reverse vessel abnormalities and improve the tumor 
microenvironment[20]. The decline in local tumor perfusion secondary to the decrease in tumor 
capillaries and the “normalization hypothesis” may be the main reasons for the conspicuous reduction 
of hepatic arteries with the combination regimen.

The efficiency of HAIC combined with lenvatinib for intermediate and advanced HCC has been 
confirmed in previous studies[21,22]. In this study, the ORR reached 68.7%, 66.1%, and 42.9% at 1, 3, 
and 6 mo, and conversion therapy was achieved in eight patients, which further verified the effect-
iveness of the combination therapy. Thus, it was necessary to explore the mechanism of action of this 
combination therapy. A reduction in hepatic artery diameters was observed in most patients in the 
present study. Kuorda et al[23] also reported that local tumor perfusion declined significantly after oral 
lenvatinib administration. These findings illustrated that lenvatinib reduces the tumor blood supply 
after combination therapy. Meanwhile, HAIC has the advantage of achieving high local concentrations 
in the tumor during arterial infusion[24]. According to the pharmacokinetic characteristics of the intra-
arterial infusion[25], a decrease in tumor blood flow can increase the dose of the drug in the target 
organ, thus enhancing the antitumor effect of HAIC. Furthermore, the normalization and improved 
functionality of tumor vessels including reduced hypoxia, reduced vascular leakage, and improved 
vascular permeability can improve the delivery of local chemotherapeutic drugs in tumors[26,27]. The 
increased drug accumulation in the target organ often results in improved therapeutic efficacy. Since the 
combined therapy could improve the therapeutic effect, it may also expand the scope of HAIC, which is 
limited to patients with HCC and multinodule lesions or vascular invasion.

In clinical practice, HAIC often requires 6-8 courses. Moreover, repetitive and inefficient treatment is 
harmful to patients with uHCC. Therefore, early evaluation of the treatment response is of great 
significance. In this study, we found that the reduction in the TFA diameter after combination therapy 
was an independent factor for improved therapeutic efficacy within 6 mo. The morphological change in 
the TFA is easy to observe during HAIC, and it can help in estimating the early therapeutic effect. Since 
an improved short-term effect often results in a good prognosis, the observation on thinning of the TFA 
is significant and more practical for patients with uHCC who are receiving HAIC plus lenvatinib.
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Table 2 Receiver-operating characteristic analysis for antitumor response

1 mo 3 mo 6 mo
Δartery Responder Non- 

responder P value Responder Non- 
responder P value Responder Non- 

responder P value

CHA - (0.17 ± 0.17) - (0.14 ± 0.18) 0.25 - (0.15 ± 0.16) - (0.18 ± 0.19) 1.00 - (0.18 ± 0.16) - (0.15 ± 0.18) 0.51

PHA - (0.21 ± 0.14) - (0.13 ± 0.25) 0.15 - (0.20 ± 0.15) - (0.16 ± 0.20) 0.35 - (0.16 ± 0.16) - (0.22 ± 0.17) 0.30

LHA - (0.27 ± 0.17) - (0.21 ± 0.28) 0.59 (0.28 ± 0.18) (0.20 ± 0.27) 0.43 - (0.22 ± 0.24) - (0.30 ± 0.17) 0.18

RHA - (0.22 ± 0.17) - (0.16 ± 0.23) 0.26 - (0.20 ± 0.19) - (0.22 ± 0.20) 0.58 - (0.16 ± 0.23) - (0.24 ± 0.17) 0.44

TFA - (0.33 ± 0.20) - (0.16 ± 0.19) < 0.001 - (0.32 ± 0.19) - (0.18 ± 0.22) 0.004 - (0.36 ± 0.16) - (0.25± 0.23) 0.023

Δartery: The rate of change in vessel diameters of hepatic arteries; CHA: Common hepatic artery; PHA: Proper hepatic artery; LHA: Left hepatic artery; 
RHA: Right hepatic artery; TFA: Tumor-feeding artery.

Table 3 Univariate and multivariate logistic regression analysis for efficacy of treatment with hepatic arterial infusion chemotherapy 
plus lenvatinib

1 mo 3 mo 6 mo

Univariate Multivariate Univariate Multivariate Univariate Multivariate

P1 value P2 value OR 
(95%CI) P1 value P2 value OR 

(95%CI) P1 value P2 value OR 
(95%CI)

TFA (reduced/basically 
unchanged)

< 0.001 0.001 0.12 (0.03-
0.43)

< 0.001 0.001 0.06 (0.01-
0.29)

0.002 0.002 0.14 (0.04-
0.47)

Sex (male/female) 0.680 - - 0.349 - - 0.892 - -

Age (≤ 60/> 60) 0.850 - - 0.868 - - 0.573 - -

ECOG (0/1) 0.412 - - 0.147 - - 0.365 - -

HBsAg 
(positive/negative)

0.122 - - 0.113 - - 0.784 - -

AFP, ng/mL (≤ 400/> 
400)

0.003 0.018 0.17 (0.04-
0.73)

0.089 0.546 - 0.040 0.122 -

Child-Pugh (A/B) 0.384 - - 0.897 - - 0.869 - -

Tumor size, cm (≤ 10/> 
10)

0.166 - - 0.053 0.021 7.65 (1.36-
42.88)

0.625 - -

Tumor number (≤ 3/> 
3)

0.609 - - 0.533 - - 0.280 - -

PVTT (absent/present) 0.220 - - 0.169 - - 0.577 - -

HVTT (absent/present) 0.842 - - 0.455 - - 1.000 - -

Metastasis 
(absent/present)

0.960 - - 0.694 - - 0.615 - -

Any factors that were statistically significant at P < 0.10 in the univariate logistic regression analysis were candidates for entry into the multivariate logistic 
regression analysis. TFA: The tumor-feeding artery; ECOG PS: Eastern Cooperative Oncology Group performance status; HBsAg: Hepatitis B surface 
antigen; AFP: Alfa-fetoprotein; PVTT: Portal vein tumor thrombus; HVTT: Hepatic vein tumor thrombus; OR: Odds ratio; CI: Confidence interval.

The present study had some limitations. This was a single-center retrospective study, and the sample 
size was small.

CONCLUSION
In conclusion, lenvatinib can reduce the diameters of hepatic arteries and thus enhance the effect of 
HAIC. Shrinkage of the TFA after HAIC plus lenvatinib therapy was linked to improved short-term 
outcomes in patients with uHCC.
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Figure 2 Shrinkage of the hepatic artery diameters in patient with unresectable hepatocellular carcinoma after treatment with hepatic 
arterial infusion chemotherapy plus lenvatinib. A-C: Digital subtraction angiography performed before treatment (A), after 1 (B) and 2 (C) mo of treatment; 
D-H: Bars represent the vessel diameters before treatment, at 1 and 2 mo after treatment. P-values are calculated using the mixed linear model for repeated 
measured data. cP < 0.001. NS: Not significant (P > 0.05); CHA: Common hepatic artery; PHA: Proper hepatic artery; LHA: Left hepatic artery; RHA: Right hepatic 
artery; TFA: Tumor-feeding artery.

Figure 3 Anti-angiogenic activities of lenvatinib in tumor lesions. A and B: The microvessels in the tumor lesion collected before (A) and after 1 mo (B) 
of treatment with lenvatinib are stained with anti-CD34 antibody (× 100); C: Bars represent the microvessel density that decreased sharply after administration of 
lenvatinib. Data are presented as means ± SD. cP < 0.001 vs before treatment. MVD: Micro-vessel density.

ARTICLE HIGHLIGHTS
Research background
Combination of hepatic arterial infusion chemotherapy (HAIC) and lenvatinib has been frequently used 
to treat unresectable hepatocellular carcinoma (uHCC) in China.

Research motivation
Shrinkage of hepatic arteries after the combination therapy is a common phenomenon and may early 
reflect the antitumor response, the relationship between which needs further exploration.
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Research objectives
To investigate the relationship between hepatic artery diameters reduction and the short-term efficacy 
of HAIC plus lenvatinib.

Research methods
Sixty-seven patients with uHCC receiving HAIC plus lenvatinib were analyzed retrospectively. The 
modified Response Evaluation Criteria in Solid Tumors was used to assess the antitumor response after 
1, 3, and 6 mo of treatment. The measurement of hepatic artery diameters before treatment and after 1 
and 2 mo of treatment were conducted in a computed tomography image post-processing workstation. 
Meanwhile, the changes in tumor capillaries were also examined on pathological specimens before and 
after 1 mo of treatment.

Research results
All the hepatic artery diameters and the microvessel density in the tumor lesions were significantly 
decreased after the combination treatment (all P < 0.001). Shrinkage of the tumor-feeding artery (TFA) 
was significantly associated with the antitumor response after 1, 3, and 6 mo of treatment (P < 0.001, P = 
0.004, and P = 0.023, respectively) and an independent factor for treatment efficacy (P = 0.001, P = 0.001, 
and P = 0.002 and 1, 3, and 6 mo, respectively).

Research conclusions
The retrospective study demonstrated that the shrinkage of the TFA diameter was closely related to 
improved short-term efficacy of treatment with HAIC plus lenvatinib for the first time.

Research perspectives
We believe the findings in this paper will be of interest to the researchers in uHCC. Further, prospective 
randomized multicenter trials are needed to confirm the relationship between the morphological change 
in TFA and the early therapeutic effect of uHCC treatment.
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Abstract
BACKGROUND 
Sodium glucose cotransporter-2 inhibitors (SGLT2-I) are the most recently 
approved drugs for type 2 diabetes (T2D). Recent clinical trials of these 
compounds reported beneficial cardiovascular (CV) and renal outcomes. A major 
cause of vascular dysfunction and CV disease in diabetes is hyperglycemia 
associated with inflammation and oxidative stress. Pre-clinical studies 
demonstrated that SGLT2-I reduce glucotoxicity and promote anti-inflammatory 
effects by lowering oxidative stress.

AIM 
To investigate the effects of SGLT2-I on markers of oxidative stress, inflammation, 
liver steatosis, and fibrosis in patients of T2D with non-alcoholic fatty liver disease 
(NAFLD).

METHODS 
We referred fifty-two consecutive outpatients treated with metformin monoth-
erapy and exhibiting poor glycemic control to our centre. We introduced the 
outpatients to an SGLT2-I (dapagliflozin, empagliflozin, or canagliflozin; n = 26) 
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or a different hypoglycemic drug [other glucose-lowering drugs (OTHER), n = 26]. We evaluated 
circulating interleukins and serum hydroxynonenal (HNE)- or malondialdehyde (MDA)-protein 
adducts, fatty liver index (FLI), NAFLD fibrosis score, aspartate aminotransferase (AST)/alanine 
aminotransferase (ALT) ratio, AST-to-platelet-ratio index (APRI), and fibrosis-4 on the day before 
(T0) and following treatment for six months (T1). We also performed transient elastography at T0 
and T1.

RESULTS 
Add-on therapy resulted in improved glycemic control and reduced fasting blood glucose in both 
groups. Of note, following treatment for six months, a reduction of FLI and APRI, as well as of the 
FibroScan result, was reported in patients treated with SGLT2-I, but not in the OTHER group; 
furthermore, in the SGLT2-I group, we reported lower circulating levels of interleukin (IL)-1β, IL-6, 
tumor necrosis factor, vascular endothelial growth factor, and monocyte chemoattractant protein-
1, and higher levels of IL-4 and IL-10. We did not observe any modification in circulating 
interleukins in the OTHER group. Finally, serum HNE- and MDA-protein adducts decreased 
significantly in SGLT2-I rather than OTHER patients and correlated with liver steatosis and 
fibrosis scores.

CONCLUSION 
The present data indicate that treatment with SGLT2-I in patients with T2D and NAFLD is 
associated with improvement of liver steatosis and fibrosis markers and circulating pro-inflam-
matory and redox status, more than optimizing glycemic control.

Key Words: Sodium glucose cotransporter-2 inhibitors; Non-alcoholic fatty liver disease; Oxidative stress; 
Type 2 diabetes; Liver fibrosis; Inflammation

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Non-alcoholic fatty liver disease (NAFLD) is the most common hepatic disorder, and it is often 
associated with type 2 diabetes mellitus (T2DM). Diabetic patients often suffer from advanced NAFLD 
and are keen on progressing toward severe fibrosis and end-stage liver disease. There is no approved 
treatment for NAFLD, but new drug classes introduced to treat T2DM can exert favorable effects beyond 
glucose control. This pilot study demonstrates that treatment with sodium glucose cotransporter-2 
inhibitors in patients with T2DM and NAFLD is associated with improving liver steatosis and fibrosis 
markers and circulating pro-inflammatory and redox status.

Citation: Bellanti F, Lo Buglio A, Dobrakowski M, Kasperczyk A, Kasperczyk S, Aich P, Singh SP, Serviddio G, 
Vendemiale G. Impact of sodium glucose cotransporter-2 inhibitors on liver steatosis/fibrosis/inflammation and 
redox balance in non-alcoholic fatty liver disease. World J Gastroenterol 2022; 28(26): 3243-3257
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3243.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3243

INTRODUCTION
Patients affected by type 2 diabetes mellitus (T2DM) present with an increased risk of cardiovascular 
(CV) disease, which is associated with a high mortality rate and low quality of life[1,2]. T2DM is 
strongly associated with non-alcoholic fatty liver disease (NAFLD), whose prevalence in diabetic 
patients is over 60%[3,4]. NAFLD is the most common chronic liver disease, characterized by a broad 
spectrum of hepatic disorders, ranging from simple steatosis to steatohepatitis (non-alcoholic steatohep-
atitis), fibrosis, and cirrhosis[5]. The co-existence of NAFLD and T2DM pushes the progression of liver 
damage, increasing the risk of advanced fibrosis[6]. Besides, NAFLD is an independent risk factor of CV 
disease. Patients with T2DM and NAFLD present a higher CV risk than diabetic patients without 
NAFLD, suggesting that these conditions share common pathophysiological mechanisms, including 
low-grade systemic inflammation and oxidative stress[7].

Studies using new classes of antidiabetic drugs, such as sodium-glucose co-transporter-2 inhibitors 
(SGLT2-I) and glucagon-like peptide-1 receptor agonists (GLP1-RA), demonstrated definite CV 
advantage in patients with T2D[8]. Several clinical trials suggest that both classes also ameliorate liver 
steatosis and inflammation, potentially reversing fibrosis in NAFLD[9]. The currently approved SGLT2-
I are dapagliflozin, canagliflozin, empagliflozin, and ertugliflozin, which increase urinary glucose 
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excretion and improve glycemic control independent of insulin. Furthermore, these drugs reduce body 
weight, visceral adiposity, blood pressure, and arterial stiffness[10]. Real-world CVD-REAL and CVD-
REAL 2 studies have demonstrated that the benefits of SGLT2-I on CV outcomes observed in clinical 
trials may be attributed to a class effect and may be extended to a broad range of patients[11,12]. Despite 
clinical evidence on the efficacy of SGLT2-I in both the reduction of CV events and the improvement of 
hepatic damage in NAFLD, human mechanistic trials remain elusive.

Pre-clinical studies demonstrated that dapagliflozin, empagliflozin, and canagliflozin attenuate 
inflammation in apolipoprotein E knockout mice[13-15], reduce oxidative stress and improve 
mitochondrial function through direct pleiotropic and epigenetic effects[16,17]. Furthermore, these 
compounds may also exert antifibrotic effects in diabetic and non-diabetic cardiopathy or nephropathy
[18-20]. Such results strongly encourage clinical studies to clarify the impact of SGLT2-I on systemic 
inflammation, oxidative stress, and liver fibrosis in diabetic patients with NAFLD. Thus, the present 
investigation was aimed to evaluate the effects of SGLT2-I addition to metformin on circulating markers 
of inflammation and oxidative protein damage in patients affected by uncontrolled T2DM and NAFLD 
and compare these outcomes with other glucose-lowering drugs (OTHER).

MATERIALS AND METHODS
Study design
We collected and analyzed data from 204 patients affected by T2DM who underwent outpatient 
consultation between June 2017 and June 2018 at the University Internal Medicine clinic of the 
“Policlinico Riuniti” in Foggia (Italy). We designed the investigation as an observational pilot study 
considering the problematic setting, the limited scale, and the multiple outcome parameters. Patients 
aged > 18 years old who were: (1) Diagnosed with NAFLD; and (2) Presented with glycated hemoglobin 
equal to or greater than 7% after at least three months of treatment with metformin monotherapy at the 
maximal tolerated dosage were assessed for eligibility. NAFLD was suspected on previous ultrasound 
imaging and/or altered liver function tests[21]. We did not consider subjects diagnosed with viral or 
autoimmune hepatitis, atherosclerotic CV disease, chronic inflammatory disorders, or those diagnosed 
with active cancer for the study. Further exclusion criteria were alcohol consumption > 20 g/d (women) 
or > 30 g/d (men), anemia, severe hepatic failure, glomerular filtration rate < 60 mg/min/m2, use of 
drugs affecting redox balance, use of anti-inflammatory medications or corticosteroids during the 
observational period, use of medications associated with fatty liver (amiodarone, tamoxifen, sodium 
valproate, methotrexate), current smoker status, and prescription of a glucagon-like peptide-1 agonist 
(Supplementary Figure 1).

52 patients were finally referred to a combination therapy; of these, 26 patients were treated with an 
SGLT2-I, while 26 patients were treated with OTHER. The combination therapy was not randomized, 
and the second compound was chosen according to the standard of medical care in diabetes - 2017, 
considering the clinical characteristics of patients to maximize therapeutic advantages and minimize 
risks and side effects[22]. Compliance and adverse events were assessed by a verbal questionnaire. The 
frequency and distribution of the different compounds prescribed are reported in the Supple-
mentary Table 1. For the study purposes, patients enrolled were assessed at baseline (T0) and after six 
months (T1). Our Institutional Review Board approved the study at the Policlinico Riuniti in Foggia 
(reference number 2325/2018) and performed it according to the Declaration of Helsinki. All patients 
gave written informed consent.

Laboratory measurements
Blood samples were obtained from a brachial vein between 8:00 and 9:00 AM, after an overnight fast, 
and immediately processed. Standard laboratory measurements included glycated hemoglobin A1c 
(HbA1c), fasting serum glucose, serum triglycerides, serum aspartate aminotransferase (AST), alanine 
aminotransferase (ALT) and gamma-glutamyl transpeptidase (gamma-GT) activities, platelet count, and 
serum albumin. The concentrations of serum cytokines and growth factors, including several 
interleukins (IL), such as IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, tumor necrosis factor (TNF), interferon-
γ (IFN-γ), monocyte chemoattractant protein-1 (MCP-1), epidermal growth factor (EGF), and vascular 
endothelial growth factor (VEGF), were measured using the EV 3513 cytokine biochip array and 
competitive chemiluminescence immunoassays (Randox Laboratories Ltd, Crumlin, United Kingdom), 
according to the manufacturer’s instructions, using the Randox Evidence Investigator[23]. As previously 
reported, serum fluorescent adducts formed between peroxidation-derived aldehydes [hydroxynonenal 
(HNE) and malondialdehyde (MDA)] and proteins were measured by spectrofluorimetry[24].

Non-invasive markers of liver steatosis and fibrosis
Patients were assessed at baseline and after six months of treatment for the following parameters: Fatty 
liver index (FLI), calculated according to the formula ey / (1 + ey) × 100, where “y” = 0.953 × ln(trigly-
cerides, mg/dL) + 0.139 × body mass index (BMI), kg/m2 + 0.718 × ln (gamma-GT, U/L) + 0.053 × waist 
circumference, cm - 15.745[25]; AST-to-platelet ratio index (APRI), calculated according to the formula 

https://f6publishing.blob.core.windows.net/c3746425-c111-41fb-808f-32356df44ab5/WJG-28-3243-supplementary-material.pdf
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Figure 1 Glycemic control and body weight in patients enrolled in the study and included in groups treated with the sodium-glucose co-
transporter-2 inhibitors or other glucose-lowering drugs before (T0) and after 1 wk of treatment (T1). A: Serum fasting glucose; B: Serum 
hemoglobin A1c; C: Serum triglycerides; D: Body mass index in patients observed in the study, grouped according to the assigned treatment. Data in the graphs are 
represented as mean ± SEM. Two-way analysis of variance and Tukey assessed statistical differences as post hoc test. aP < 0.05, bP < 0.001. HbA1c: Hemoglobin 
A1c; SGLT2-I: Sodium-glucose co-transporter-2 inhibitor; OTHER: Other glucose lowering drug; BMI: Body mass index.

AST, IU/L/AST upper limit of normal, IU/L/platelets, 109/L[26]; NAFLD fibrosis score, calculated 
according to the formula - 1.675 + 0.037 × age, years + 0.094 × BMI, kg/m2 + 1.13 × impaired fasting 
glucose or diabetes (yes = 1, no = 0) + 0.99 × AST/ALT ratio - 0.013 × platelets, 109/L - 0.66 × albumin, 
g/dL[27]. The cut-off values chosen to categorize fibrosis grades F0-F2 or F3-F4 were < -1.455 and > 
0.675, respectively; fibrosis-4 (FIB-4), calculated according to the formula (age, years × AST, 
IU/L)/(platelets, 109/L × rad ALT, IU/L)[28]. The cut-off values chosen to categorize fibrosis grades F0-
F1 or F3-F4 were < -1.30 and > 2.67, respectively; AST/ALT ratio, whose cut-off value > 0.8 is associated 
with advanced disease[29].

Transient elastography
Transient elastography (TE) was performed by a Fibroscan (Echosense, Paris) on supine patients with 
the right arm elevated. The probe tip was put on the intercostal space at the level of the right liver lobe. 
The Fibroscan probe contains an ultrasound transducer and a mechanical device that provides a 
controlled vibrating external shot on the body surface to generate shear waves. TE measures liver 
stiffness (LS) in 1 cm cylindric volume (width: 25-65 mm, M probe; 35-75 mm, XL probe) below the skin 
surface. Criteria for a valid examination were as follows: (1) At least 10 valid measurements; (2) A 
success rate [(valid + invalid measurements)/total measurements] > 70%; and (3) An interquartile range 
< 30% of the median value. Measurements were expressed as KPa[30].

Statistical analysis
Data were expressed as count and percentages for categorical variables and as mean ± SDM for 
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Table 1 Baseline characteristics of patients observed in the study (n = 52) and included in groups treated with the sodium-glucose co-
transporter-2 inhibitors or other glucose lowering drugs

Variable SGLT2-I (n = 26) OTHER (n = 26) P value

Age (yr) 60.6 ± 6.78 63.4 ± 10.4 0.246

Sex (male/female) 15/11 15/11 1.000

BMI (kg/m2) 34.8 ± 7.7 34.5 ± 5.9 0.875

No comorbidities, n (%) 2 (7.7) 2 (7.7) 1.000

Dyslipidemia, n (%) 13 (50.0) 15 (57.7) 0.578

Hypertension, n (%) 10 (38.5) 15 (57.7) 0.165

Chronic heart failure, n (%) 8 (30.8) 3 (11.5) 0.089

Chronic kidney disease, n (%) 9 (34.6) 4 (15.4) 0.109

AST (U/L) 48.5 ± 26.6 54.7 ± 13.3 0.293

ALT (U/L) 49.6 ± 39.2 65.0 ± 18.7 0.077

Gamma-GT (U/L) 151.3 ± 87.2 179.2 ± 56.9 0.178

Tryglycerides (mg/dL) 140.2 ± 45.9 133.5 ± 33.2 0.549

Fasting glucose (mg/dL) 150.1 ± 45.9 159.7 ± 49.8 0.473

HbA1c (%) 9.24 ± 3.01 8.73 ± 2.31 0.496

Creatininemia (mg/dL) 1.01 ± 0.44 0.88 ± 0.32 0.229

eGFR (mL/min/1.73 m2) 61.4 ± 38.9 73.2 ± 24.6 0.197

Albuminemia (g/dL) 3.91 ± 0.44 4.08 ± 0.47 0.184

Platelets (n, × 103/mm3) 175.7 ± 113.1 179.7 ± 76.7 0.882

BMI: Body mass index; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; Gamma-GT: Gamma-glutamyl transpeptidase; HbA1c: 
Hemoglobin A1c; eGFR: Epidermal growth factor receptor; SGLT2-I: Sodium-glucose co-transporter-2 inhibitor; OTHER: Other glucose lowering drug.

quantitative variables. Gaussian distribution of the samples was evaluated by Kolgomorov-Smirnov 
test. The significance of differences between the 2 treatment groups (SGLT2-I vs OTHER) at baseline was 
assessed by student’s t-test (continuous variables) or in contingency tables by Pearson’s Chi-squared test 
and Fisher’s exact test (categorical variables). The significance of differences between the 2 treatment 
groups between the beginning (T0) and the end of the observational period (T1) was assessed by the 
two-way analysis of variance to test the main effects of time and treatment as a between-subject factor; 
the interaction time × treatment was studied, and a Tukey test was applied as post hoc test for multiple 
comparisons. The correlation analysis between changes in non-invasive markers of hepatic steatosis and 
fibrosis with fasting serum glucose or HbA1c, serum interleukins, or serum HNE- and MDA-protein 
adducts was performed using Pearson correlation test followed by linear regression. All tests were 2-
sided, and P < 0.05 were considered statistically significant. Statistical analysis was performed with the 
Statistical Package for Social Sciences version 23.0 (SPSS, Inc., Chicago, IL) and Graph-Pad Prism 6.0 for 
Windows (GraphPad Software, Inc., San Diego, CA).

RESULTS
Baseline characteristics of the subjects included in the SGLT2-I or the OTHER group are represented in 
Table 1. The two groups were comparable in terms of clinical and biochemical features. No side effects 
in both groups were reported. After six months of treatment, a lowering effect on both fasting serum 
glucose (time factor: F(1, 100) = 16.04, P < 0.0001) and HbA1c (time factor: F(1, 100) = 14.83, P < 0.0001) was 
observed, with a significant reduction from T0 to T1 in both groups (Figures 1A and B). No significant 
variations were reported as regards serum triglycerides after 6 mo of treatment (Figure 1C). 
Interestingly, we observed an impact of time, treatment and interaction on body mass index (time factor: 
F(1, 100) = 4.146, P = 0.0444; treatment factor: F(1, 100) = 4.169, P = 0.0438; interaction factor: F(1, 100) = 5.650, P = 
0.0194), and the post hoc analysis resulted in significant differences between the two treatment groups 
at T1, and between T0 and T1 in the SGLT2-I group (Figure 1D). These data suggest that 6 mo of add-on 
treatment to metformin improves glycemic control compared to baseline; nevertheless, this 
improvement is not related to a particular drug class. Furthermore, a beneficial impact on weight loss is 
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Figure 2 Serum liver enzyme activities in patients enrolled in the study and included in groups treated with the sodium-glucose co-
transporter-2 inhibitors or other glucose-lowering drugs before (T0) and after 1 wk of treatment (T1). A: Serum aspartate aminotransferase; B: 
Serum alanine aminotransferase; C: Serum gamma-glutamyl transpeptidase activities in patients observed in the study, grouped according to the assigned treatment. 
Data in the graphs are represented as mean ± SEM. Two-way analysis of variance and Tukey assessed statistical differences as posthoc test. aP < 0.05. AST: 
Aspartate aminotransferase; ALT: Alanine aminotransferase; Gamma-GT: Gamma-glutamyl transpeptidase; SGLT2-I: Sodium-glucose co-transporter-2 inhibitor; 
OTHER: Other glucose lowering drug.

exerted by SGLT2-I but not by other glucose-lowering agents.

Effect of different add-on therapies on liver function tests and non-invasive markers of hepatic 
steatosis/fibrosis
We then compared the impact of combined treatment with SGLT2-I vs OTHER on circulating liver 
enzymes. The effect of treatment was significant for serum AST level (F(1, 100) = 7.703, P = 0.0066), and the 
post hoc analysis showed lower values in SGLT2-I rather than the OTHER group at T1 (Figure 2A). No 
significant variations were reported for serum ALT and gamma-GT activities (Figures 2B and C). Non-
invasive liver steatosis and fibrosis markers were further evaluated at baseline and after 6 mo of therapy 
in both groups. We observed the effect of both time and treatment on FLI (time factor: F(1, 100) = 8.279, P = 
0.0049 and treatment factor: F(1, 100) = 5.113, P = 0.0259), but after 6 mo it decreased only in the SGLT2-I 
group - and not in OTHER patients - with respect to baseline (Figure 3A). A significant effect of 
treatment was also observed for the APRI (F(1, 100) = 5.309, P = 0.0233), with a lower value in SGLT2-I 
rather than OTHER group at T1 (Figure 3B). The proportion of patients affected by a fibrotic form of 
liver disease according to NAFLD fibrosis score, FIB-4, and AST/ALT ratio reduced significantly after 6 
mo of therapy in the SGLT2-I group rather than in the OTHER group (Table 2). Finally, we observed a 
significant effect of time (F(1, 100) = 7.996, P = 0.0057) and interaction (F(1, 100) = 4.772, P = 0.0313) on hepatic 
elastometry, and LS in patients treated with SGLT2-I for six months was lower with respect to baseline 
and to the OTHER group (Figure 3C).
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Table 2 Non-invasive markers of hepatic fibrosis in patients observed in the study (n = 52) and included in groups treated with the 
sodium-glucose co-transporter-2 inhibitors or other glucose lowering drugs at baseline (T0) and after 6 mo of therapy (T1)

T0 T1 P value

SGLT2-I (n = 26) 9 (34.6) 4 (15.4)NAFLD fibrosis score (F3/4), n (%)

OTHER (n = 26) 7 (26.9) 7 (26.9)

0.042

SGLT2-I (n = 26) 11 (42.3) 6 (23.1)FIB-4 (F3/4), n (%)

OTHER (n = 26) 7 (26.9) 7 (26.9)

0.036

SGLT2-I (n = 26) 15 (57.7) 6 (23.1)AST/ALT ≥ 0.8, n (%)

OTHER (n = 26) 10 (38.5) 11 (42.3)

0.001

NAFLD: Non-alcoholic fatty liver disease; FIB-4: Fibrosis-4; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; SGLT2-I: Sodium-glucose 
co-transporter-2 inhibitor; OTHER: Other glucose lowering drug.

Figure 3 Non-invasive markers of liver steatosis and fibrosis in patients enrolled in the study and included in groups treated with the 
sodium-glucose co-transporter-2 inhibitors or other glucose glucose-lowering before (T0) and after 1 wk of treatment (T1). A: Fatty liver 
index; B: Aspartate aminotransferase-to-platelet ratio index; C: Hepatic elastometry in patients observed in the study grouped according to the assigned treatment. 
Data in the graphs are represented as mean ± SEM. Two-way analysis of variance and Tukey assessed statistical differences as posthoc test. aP < 0.05, bP < 0.01. 
SGLT2-I: Sodium-glucose co-transporter-2 inhibitor; OTHER: Other glucose lowering drug; APRI: Aspartate aminotransferase-to-platelet ratio index.

Effect of different add-on therapies on circulating markers of inflammation and oxidative stress
We further analyzed markers of systemic inflammation, such as circulating interleukins and growth 
factors. Table 3 summarizes the results related to serum levels of 12 different cytokines and growth 
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Table 3 Circulating interleukin levels in patients enrolled in the study and included in groups treated with the sodium-glucose co-
transporter-2 inhibitors or other glucose lowering drugs before (T0) and after 1 wk of treatment (T1)

SGLT2-I (n = 26) OTHER (n = 26) Fisher’s test (1, 100)
Variable

T0 T1 T0 T1 Time Treatment Interaction

IL-1α (pg/mL) 1.35 ± 1.64 1.58 ± 1.30 1.44 ± 1.88 1.59 ± 1.56 0.373 0.026 0.016

IL-1β (pg/mL) 9.90 ± 2.39 7.31 ± 3.51e 8.84 ± 2.54 9.15 ± 2.42 4.455a 0.521 7.207b

IL-2 (U/mL) ≤ 0.5 ≤ 0.5 ≤ 0.5 ≤ 0.5 - - -

IL-4 (pg/mL) 5.39 ± 4.20 8.54 ± 3.51d 4.89 ± 3.54 5.94 ± 3.66 8.207b 4.471a 2.052

IL-6 (pg/mL) 9.41 ± 4.21 6.92 ± 1.98 11.4 ± 5.41 13.7 ± 9.01h 0.007 15.4c 4.516a

IL-8 (pg/mL) 428 ± 216 409 ± 271 412 ± 296 449 ± 204 0.338 0.060 0.327

IL-10 (pg/mL) 1.33 ± 1.02 2.31 ± 1.12e 1.29 ± 1.06 1.32 ± 1.04g 5.894a 6.130a 5.214a

TNF (pg/mL) 6.82 ± 3.02 4.61 ± 2.01d 7.94 ± 3.14 7.81 ± 3.56g 3.989a 13.59c 3.151

VEGF (pg/mL) 262 ± 162 142 ± 109d 244 ± 201 268 ± 147f 2.393 3.029 5.384a

IFN-γ (pg/mL) 0.53 ± 0.23 0.57 ± 0.57 0.50 ± 0.39 0.61 ± 0.44 0.809 0.004 0.176

MCP-1 (pg/mL) 411 ± 168 291 ± 156 389 ± 154 414 ± 184f 2.131 2.408 4.964a

EGF (pg/mL) 25.7 ± 13.7 22.2 ± 12.1 24.9 ± 20.1 23.6 ± 18.6 0.553 0.009 0.116

aP < 0.05.
bP < 0.01.
cP < 0.001.
dP < 0.05 vs sodium-glucose co-transporter-2 inhibitor T0.
eP < 0.01 vs sodium-glucose co-transporter-2 inhibitor T0.
fP < 0.05 vs sodium-glucose co-transporter-2 inhibitor T1.
gP < 0.01 vs sodium-glucose co-transporter-2 inhibitor T1.
hP < 0.001 vs sodium-glucose co-transporter-2 inhibitor T1.
Data are expressed as mean ± SD. Statistical differences were assessed by two-way analysis of variance. VEGF: Vascular endothelial growth factor; MCP-1: 
Monocyte chemoattractant protein-1; EGF: Epidermal growth factor; SGLT2-I: Sodium-glucose co-transporter-2 inhibitor; OTHER: Other glucose lowering 
drug; IL: Interleukin; TNF: Tumor necrosis factor; IFN: Interferon.

factors evaluated at baseline (T0) and after 6 mo of therapy (T1) in both treatment groups. We could not 
observe any significant impact of time, treatment, or interaction on IL-1α, IL-2, IL-8, IFN-γ, and EGF. On 
the contrary, the time effect was observed for IL-1β, IL-4, IL-10, and TNF; the treatment effect was 
reported for IL-4, IL-6, IL-10, and TNF; the interaction effect was described for IL-1β, IL-6, IL-10, VEGF, 
and MCP-1. According to the post-hoc analysis, SGLT2-I patients at T1 showed: (1) Lower values of the 
pro-inflammatory cytokines IL-1β and TNF, and VEGF than T0; (2) Lower values of the pro-inflam-
matory cytokines IL-6 and TNF, VEGF, and MCP-1 than OTHER patients at T1; and (3) Higher values of 
the anti-inflammatory cytokines IL-4 and IL-10 as compared to SGLT2-I at T0 and OTHER at T1.

We evaluated systemic oxidative stress markers changes by measuring serum HNE- and MDA-
protein adducts. A significant effect of treatment and interaction was observed for both HNE-protein 
adducts (treatment factor: F(1, 100) = 7.924, P = 0.0059; interaction factor: F(1, 100) = 4.820, P = 0.0305) and 
MDA-protein adducts (treatment factor: F(1, 100) = 10.17, P = 0.0019; interaction factor: F(1, 100) = 5.844, P = 
0.0174). The post hoc analysis showed that, after 6 mo of therapy, circulating markers of oxidative stress 
were lower in the SGLT2-I group rather than OTHER patients; furthermore, HNE-protein adducts were 
significantly reduced from T0 to T1 in SGLT2-I patients (Figures 4A and B).

Reduction of liver steatosis and fibrosis markers is associated with decreased circulating oxidative 
stress in patients treated with SGLT2-I
We then focused on patients treated with SGLT2-I. We performed a Pearson’s correlation analysis on 
non-invasive markers of hepatic steatosis and fibrosis, circulating parameters of glucose metabolism, 
inflammation, and oxidative stress after 6 mo of therapy. Of note, the FLI, the APRI, and LS showed: (1) 
A positive bivariate relationship with pro-inflammatory cytokines (IL-1β, IL6, TNF); and (2) A negative 
correlation with the anti-inflammatory cytokines (IL-4 and IL-10). Interestingly, all the non-invasive 
liver steatosis and fibrosis markers were strongly related to HNE- and MDA-protein adducts 
(Supplementary Table 2).

To verify whether the improvement of non-invasive markers of liver steatosis and fibrosis reported in 
patients treated with SGLT2-I after 6 mo of therapy was associated with the observed reduction of 
serum HNE- and MDA-protein adducts, a linear regression analysis on T1-T0 difference values was 

https://f6publishing.blob.core.windows.net/c3746425-c111-41fb-808f-32356df44ab5/WJG-28-3243-supplementary-material.pdf
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Figure 4 Circulating markers of oxidative stress in patients enrolled in the study and included in groups treated with the sodium-glucose 
co-transporter-2 inhibitors or other glucose-lowering drugs before (T0) and after 1 wk of treatment (T1). Data in the graphs are represented as 
mean ± SEM. Two-way analysis of variance and Tukey assessed statistical differences as a post hoc test. aP < 0.05, bP < 0.01, cP < 0.001. HNE: Hydroxynonenal; 
MDA: Malondialdehyde; SGLT2-I: Sodium-glucose co-transporter-2 inhibitor; OTHER: Other glucose lowering drug.

performed. Further, SGLT2-I treatment related alterations in both markers of circulating oxidative stress 
were directly related to variations in FLI, APRI, and LS (Figures 5A-C).

DISCUSSION
The present study demonstrates that the addition of an SGLT2-I - as compared to dipeptidyl peptidase-4 
inhibitors (DPP4-I) or pioglitazone - to metformin monotherapy exerts a positive impact on systemic 
inflammation and circulating oxidative stress in patients with T2DM and NAFLD. It is associated with 
favorable changes in the non-invasive hepatic steatosis and fibrosis markers. The incidence of T2DM is 
exponentially increasing worldwide[31]. T2DM often presents associated with NAFLD since insulin 
resistance accounts for the alteration of lipid homeostasis, favoring hepatic fat accumulation by 
induction of lipogenesis and inhibition of very-low-density lipoprotein secretion[32,33]. Furthermore, 
hyperglycemia in diabetic patients worsens insulin resistance through mechanisms induced by glucose 
toxicity[34]. In addition, the efficacy of several antidiabetic drugs is lost during the time, leading to the 
progression of T2DM, which could worsen NAFLD[35]. There are currently no approved therapies for 
the treatment for NAFLD. Several compounds tested in phase 2 and phase 3 clinical trials target 
metabolic stress as a critical factor for the initiation and progression of hepatic injury. Data on the effects 
of antidiabetic drugs in NAFLD are limited although pioglitazone and GLP1-RA have demonstrated 
some protective effects[36]. SGLT2-I are molecules with direct action on the kidney, reduce the 
reabsorption of filtered glucose and significantly decrease blood glucose levels both in fasting and post-
prandial conditions, with consequent decline of glucose toxicity and improvement of insulin resistance
[37]. Moreover, these drugs may interfere with several mechanisms involved in the progression of 
T2DM, such as dysfunction or apoptosis of pancreatic β-cells[38].

Clinical studies testing the efficacy of SGLT2-I on NAFLD demonstrated that this class of drugs 
reduces both hepatic steatosis, as evaluated by several imaging techniques, and serum liver enzymes
[39]. Our study confirms these observations since we report that the addition of SGLT2-I to metformin 
reduces both the FLI and serum AST after 6 mo; this effect is not observed when pioglitazone or DPP4-I 
are added to metformin. Furthermore, our data show that six months of therapy with an SGLT2-I are 
associated with reducing hepatic fibrosis - which occurs mainly in NAFLD patients with higher fibrosis 
grade - as suggested by decrease in NAFLD fibrosis score, FIB-4, as well as LS measured by TE. These 
results are comparable to the reported outcome in a similar study, suggesting that SGLT2-I are superior 
to other oral hypoglycemic agents in reducing hepatic steatosis and fibrosis[40].

Among other glucose-lowering agents, pioglitazone and GLP1-RA were demonstrated to reduce 
hepatic steatosis, inflammation, and fibrosis[41,42]. We designed this study by excluding patients 
treated with GLP1-RA, even though 38.5% of patients of the OTHER group were treated with 
pioglitazone added to metformin. Despite this subgroup of patients in the comparison group, SGLT2-I 
improved non-invasive liver steatosis and fibrosis markers. A previous randomized trial compared the 
SGLT2-I ipragliflozin against pioglitazone, showing that both treatments were equivalent in reducing 
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Figure 5 Linear regression analysis between the variation of circulating oxidative stress parameters and non-invasive markers of hepatic 
steatosis or fibrosis in patients treated with the sodium-glucose co-transporter-2 inhibitors. Data in the graphs represent scatterplots of 
hydroxynonenal- or malondialdehyde-protein adducts A: Fatty liver index; B: Aspartate aminotransferase-to-platelet ratio index; C: Liver stiffness. HNE: 
Hydroxynonenal; AST: Aspartate aminotransferase; MDA: Malondialdehyd.

liver fat infiltration and serum aminotransferase levels, even though ipragliflozin effected a reduction in 
body weight and abdominal fat area[43]. However, it is worth noting that more than one-third of 
patients included in our study showed a high grade of steatosis and fibrosis as assessed by non-invasive 
markers. In contrast, previous studies using pioglitazone enrolled patients with milder hepatic injury. 
More than potentially explaining differences between the present results and those of different studies, 
our results suggest that SGLT2-I treatment would be more beneficial in T2DM patients with advanced 
NAFLD.

Mechanisms explaining the benefits of SGLT2-I therapy in T2DM and NAFLD are primarily 
undefined, but the results of this study lead to several speculations. Even though SGLT2-I significantly 
controls blood glucose, an improvement in glucose metabolism was described in all patients treated 
with additional drugs. However, other studies could not demonstrate that amelioration of NAFLD after 
SGLT2-I treatment was dependent on improved circulating glucose concentration[44-46]. Weight loss 
induced by non-pharmacological interventions such as diet, exercise, or bariatric surgery, may 
ameliorate liver damage in NAFLD[47]. SGLT2-I decreases body weight and fat mass, reducing hepatic 
steatosis and serum liver enzymes[48]. Our data show that SGLT2-I effectively promoted weight loss 
after 6 mo of therapy in patients with T2DM and NAFLD. However, there was no relationship between 
BMI reduction and the improvement of non-invasive markers of hepatic steatosis and fibrosis.

Besides, previous studies have also shown improved liver function tests, and steatosis irrespective of 
weight loss in patients affected by T2DM and NAFLD treated with SGLT2-I[49,50]. The evidence so far 
indicated that SGLT2-I would induce different beneficial mechanisms than glucose control and weight 
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loss in NAFLD. The present results further revealed that SGLT2-I - and not pioglitazone or DPP4-I - 
favorably modulate circulating cytokines, switching from pro-inflammatory to anti-inflammatory 
patterns, and reducing systemic markers of oxidative stress. These results are further buttressed by pre-
clinical studies providing proving2-I inhibits pro-inflammatory cytokine secretion and reduces 
oxidative stress[16,51,52]. Our study clearly demonstrates a significant association between improving 
hepatic steatosis/fibrosis markers and reducing circulating oxidative stress in patients treated with 
SGLT2-I for 6 mo. On the other hand, we could not find any relationship between changes in circulating 
cytokines and reduction of liver injury markers. Reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) represent physiological products of cellular metabolism, which are normally counteracted 
by endogenous antioxidants. When ROS/RNS production overwhelms the antioxidant defense, 
oxidative stress occurs with consequent injury of macromolecules such as nucleic acids (DNA 
oxidation), lipids (lipoperoxidation), and proteins, which in turn leads to an impairment of normal 
cellular functions[53]. Oxidative stress promotes the generation of HNE and MDA, lipid peroxidation 
products which are able to generate adducts with cellular and circulating proteins, which may be used 
as systemic markers of injury. Oxidative stress is considered one of the main determinants of NAFLD 
pathogenesis and progression[54]. For the first time, our study provides evidence that the reduction of 
circulating oxidative stress induced by SGLT2-I is related to improved markers of hepatic damage in 
T2DM patients with NAFLD, suggesting a potential protective mechanism by this drug class. Studies to 
define how SGLT2-I modulate molecular pathways that impact redox balance need to be designed.

This study suffers from the following limitations: (1) It was not designed as a randomized placebo-
controlled trial since the type of combined treatment was decided according to a patient-centered 
approach (of note, the newest Standards of Medical Care in Diabetes were not available at the time of 
enrolment); (2) Patients treated with GLP-1 agonists were not included; (3) Since this study was 
performed at a single-center, it may have presented some bias, resulting in slightly larger intervention 
effects than multicenter studies; (4) Our small pilot study was not designed to determine the impact of 
single compounds; and (5) Liver histology was not performed to evaluate steatosis, inflammation, and 
fibrosis.

CONCLUSION
In conclusion, treatment with SGLT2-I in T2DM patients affected by NAFLD is associated with a rapid 
improvement of non-invasive markers of hepatic steatosis and fibrosis, providing insights into the 
mechanisms by which such class of antidiabetic drugs may reduce liver damage in humans. More 
extensive randomized controlled trials are encouraged to confirm these preliminary observations, and 
fundamental studies are needed to define the molecular mechanisms underlying the effects of SGLT2-I 
in NAFLD.

ARTICLE HIGHLIGHTS
Research background
Clinical trials of sodium glucose cotransporter-2 inhibitors (SGLT2-I), recently approved drugs for type 
2 diabetes (T2D), reported beneficial cardiovascular (CV) and renal outcomes.

Research motivation
Inflammation and oxidative stress are major causes of vascular dysfunction and CV disease in diabetes 
and pre-clinical studies demonstrated that SGLT2-I promote anti-inflammatory effects by lowering 
oxidative stress.

Research objectives
To investigate the effects of SGLT2-I on markers of oxidative stress, inflammation, liver steatosis, and 
fibrosis in patients of T2D with non-alcoholic fatty liver disease (NAFLD).

Research methods
Observational prospective study enrolling 52 consecutive outpatients treated with metformin 
monotherapy and exhibiting poor glycemic control, which were introduced to an SGLT2-I (n = 26) or a 
different hypoglycemic drug (n = 26). Circulating interleukins and serum hydroxynonenal (HNE)- or 
malondialdehyde (MDA)-protein adducts, fatty liver index (FLI), NAFLD fibrosis score, aspartate 
aminotransferase (AST)/alanine aminotransferase (ALT) ratio ratio, AST-to-platelet-ratio index (APRI), 
and fibrosis-4, as well as transient elastography (FibroScan) on the day before (T0) and following 
treatment for six months (T1) were evaluated.
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Research results
With respect to other hypoglycemic drugs, treatment with SGLT2-I resulted in a reduction of FLI and 
APRI, as well as of the FibroScan result, as well as lower circulating levels of interleukins (IL)-1β, IL-6, 
tumor necrosis factor, vascular endothelial growth factor, and monocyte chemoattractant protein-1, 
higher levels of IL-4 and IL-10, decreased serum HNE- and MDA-protein adducts. Markers of 
circulating oxidative stress correlated with liver steatosis and fibrosis scores.

Research conclusions
This study indicates that, more than optimizing glucose control, treatment with SGLT2-I in patients with 
T2D and NAFLD is associated with improvement of liver steatosis and fibrosis markers and circulating 
pro-inflammatory and redox status.

Research perspectives
This study encourages extensive randomized controlled trials to confirm these preliminary 
observations, and basic investigations to define the molecular mechanisms underlying the effects of 
SGLT2-I in NAFLD.
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Abstract
BACKGROUND 
The correct localization of the primary tumor site and a complete histological 
diagnosis represent the milestones for the proper management of gastro-entero-
pancreatic neuroendocrine neoplasms (GEP-NENs).

AIM 
To analyze current evidence on the role of endoscopy in the diagnosis/treatment 
of GEP-NENs.

METHODS 
An extensive bibliographical search was performed in PubMed to identify 
guidelines and primary literature (retrospective and prospective studies, 
systematic reviews, case series) published in the last 15 years, using both medical 
subject heading (MeSH) terms and free-language keywords: gastro-entero-
pancreatic neuroendocrine neoplasms; endoscopy; ultrasound endoscopy; capsule 
endoscopy; double-balloon enteroscopy; diagnosis; therapy; staging.

RESULTS 
In the diagnostic setting, endoscopic ultrasonography (EUS) represents the 
diagnostic gold standard for pancreatic NENs and the technique of choice for the 
locoregional staging of gastric, duodenal and rectal NENs. The diagnosis of small 
bowel NENs (sbNENs) has been improved with the advent of video capsule 
endoscopy and double-balloon enteroscopy, which allow for direct visualization 
of the entire small bowel; however, data regarding the efficacy/safety of these 
techniques in the detection of sbNENs are scanty and often inconclusive. From a 
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therapeutic point of view, endoscopic removal is the treatment of choice for the majority of gastric 
NENs (type 1/2), for well-differentiated localized nonmetastatic duodenal NENs < 1 cm, confined 
to the submucosa layer and for < 10 mm, stage T1–T2, rectal NENs. EUS-guided pancreatic locore-
gional ablative treatments have been proposed in recent studies with promising results in order to 
control symptoms or reduce tumor burden in selected patients.

CONCLUSION 
Standard axial endoscopy and EUS still play a pivotal role in several GEP-NENs. Advanced 
techniques for increasing the rate of R0 resection should be reserved for high-volume referral 
centers.

Key Words: Gastro-entero-pancreatic neuroendocrine neoplasms; Endoscopy; Ultrasound endoscopy; 
Capsule endoscopy; Double-balloon enteroscopy; Diagnosis; Therapy; Staging

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Standard axial endoscopy and endoscopic ultrasonography (EUS) play a pivotal role in gastro-
entero-pancreatic neuroendocrine neoplasms (GEP-NENs). Upper/lower gastrointestinal endoscopy is 
essential for the detection of gastrointestinal NENs. EUS represents the diagnostic gold standard for 
pancreatic NENs and the technique of choice for the locoregional staging of gastric, duodenal and rectal 
NENs. The diagnosis of small bowel NENs has been improved with the advent of capsule endoscopy and 
double-balloon enteroscopy, however, their use is limited in clinical practice. In selected localized GEP-
NENs, endoscopic therapy is appropriate with radical intent. The multidisciplinary management and the 
referral to high-volume tertiary centers remain fundamental.

Citation: Rossi RE, Elvevi A, Gallo C, Palermo A, Invernizzi P, Massironi S. Endoscopic techniques for diagnosis 
and treatment of gastro-entero-pancreatic neuroendocrine neoplasms: Where we are. World J Gastroenterol 2022; 
28(26): 3258-3273
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3258.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3258

INTRODUCTION
Gastro-entero-pancreatic neuroendocrine neoplasms (GEP-NENs) represent heterogeneous and rare 
tumors, whose incidence has been progressively increased in the last decades[1]. The prognosis of these 
neoplasms is widely variable depending on several factors including the site of the primary tumor, the 
grading as assessed by the specific WHO classification, and the stage as classified in a specific TNM 
system[2]. It is therefore clear that the correct localization of the primary tumor site, as well as a 
complete histologic diagnosis, represent the milestones for the proper management and the prognosis of 
these tumors[3-5].

In this scenario, despite advances in radiological and metabolic imaging, standard axial endoscopy 
and endoscopic ultrasonography (EUS) still play a pivotal role in several GEP-NENs. Upper 
gastrointestinal (GI) endoscopy is essential for the detection and characterization of esophageal, gastric, 
and duodenal NENs. Ileocolonoscopy allows the assessing and diagnosing of rectal, colonic and rarely 
distal ileal lesions. Small bowel NENs have proven difficult to diagnose, given their nonspecific 
presentation and poor accessibility of the distal small bowel to common endoscopic techniques. The 
diagnosis of small bowel NENs (sbNENs) has been largely improved with the advent of video capsule 
endoscopy (CE) in 2000 and double-balloon enteroscopy (DBE), the most promising device-assisted 
enteroscopy (DAE) system, in 2001, which allow for direct visualization of the entire Sb[6]. Finally, EUS 
is the modality of choice for both diagnosing pancreatic NENs and for the locoregional staging of 
several NENs, including gastric, duodenal, pancreatic and rectal NENs; of note, in the setting of 
pancreatic NENs (panNENs), it has demonstrated higher accuracy in tumor detection than other 
imaging modalities[7].

The present review is aimed at analyzing current evidence on the role of endoscopy in the 
management of GEP-NENs, with a specific focus on CE and DBE for sbNENs and EUS for the diagnosis 
and staging of panNENs and other NENs. Furthermore, we summarized available evidence on the role 
of endoscopy in the radical treatment of selected GEP-NENs.

https://www.wjgnet.com/1007-9327/full/v28/i26/3258.htm
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MATERIALS AND METHODS
An extensive bibliographical search was performed in PubMed to identify guidelines and primary 
literature (retrospective and prospective studies, systematic reviews, case series) published in the last 15 
years, using both medical subject heading (MeSH) terms and free-language keywords: gastro-entero-
pancreatic neuroendocrine neoplasms; endoscopy; ultrasound endoscopy; capsule endoscopy; double-
balloon enteroscopy; diagnosis; therapy; staging. The reference lists from the studies returned by the 
electronic search were manually searched to identify further relevant reports. The reference lists from all 
available review articles, primary studies, and proceedings of major meetings were also considered. 
Articles published as abstracts were included, whereas non-English language papers were excluded.

RESULTS
A total of 448 records were reviewed and 84 were defined as fulfilling the criteria for final consideration. 
Figure 1 presents the flow chart showing the process of study selection.

DIAGNOSIS
Ultrasound endoscopy (EUS)
EUS represents the diagnostic gold standard for panNENs and the technique of choice for the locore-
gional staging of gastric, duodenal and rectal NENs. According to the latest European Neuroendocrine 
Tumor Society (ENETS) Consensus guidelines, EUS proved to be the most accurate diagnostic technique 
in panNENs detection, leading to an up-to-94% sensitivity[8]; PanNENs usually appear rounded and 
homogeneously hypoechoic at EUS examination (Figure 2). EUS sensitivity in detecting panNENs is 
even higher than noninvasive computed tomography (CT)-scan or magnetic resonance imaging (MRI) 
pancreatic lesion detection rate[9]. EUS is also extremely accurate in locating the lesions, even very small 
ones, within the pancreatic parenchyma, and it can describe the distance between the lesion and the 
main pancreatic duct, which represents an independent predictor of aggressive tumor behavior and of 
developing pancreatic fistulas[10]. EUS overall complication rate is about 1%–2%, higher for pancreatic 
cysts rather than for solid masses[11].

Advanced EUS techniques allow to study specific morphological and histological details of the 
detected lesions that may be helpful in the differential diagnosis of panNENs and in the choice of the 
corresponding best-suited treatment[7]. Contrast-enhanced harmonic EUS (CH-EUS) allows real-time 
visualization of parenchymal perfusion and, thus, helps in distinguishing hypovascular carcinomas 
from hypervascular less aggressive lesions. It consists of harmonic detectors that register microbubbles 
produced by contrast agents administrated intravenously; this method allows the identification of 
microvessels even with slow blood flow[12]. As demonstrated for nonfunctioning panNENs, the CH-
EUS vascular pattern of neuroendocrine lesions represents an indirect reliable surrogate predictor of 
their aggressiveness and, thus, of their prognosis; a statistically significant positive correlation was, in 
fact, proven between the inhomogeneous sonographic pattern of the lesions and their Ki67 proliferative 
index, which in turn represents the most reliable independent predictor of malignancy. Sonographic 
heterogeneity at CH-EUS, and especially hypoenhancement in the early arterial phase, corresponds to 
lower intratumoral microvascular density and to a greater degree of fibrosis on pathological specimens, 
which were demonstrated to be typical features of tumor aggressiveness on a par with tumor grading
[13]. According to a Japanese retrospective study[14], hypoenhancement at CH-EUS proved to be a 
reliable predictor of tumor aggressiveness and poor prognosis also for G1 and G2 panNENs, with 
sensitivity, specificity, positive predictive value, negative predictive value and accuracy of 94.7%, 100%, 
100%, 96.6% and 97.9%, respectively.

EUS-fine needle aspiration (FNA) is another diagnostic advanced EUS technique, which represents 
the gold standard least invasive option to obtain the histological identification of a suspected pancreatic 
neoplasm or peripancreatic lymph nodes, with a sensitivity ranging between 80% and 90% and a 
specificity of nearly 96%[15] (Figure 3). It is also the operative technique of choice to aspirate the 
contents of cystic lesions for serological analysis and for the tumor marker dosage, which might help in 
the differential diagnosis of pancreatic cystic lesions. It can be performed with different diameter 
needles, mainly depending on the type and site of the lesion, its consistency, and echogenicity. There are 
several techniques described, which make different use of the suction: some of them suggest not to 
apply any suction due to the high risk of contaminating the specimen with blood (especially in case of 
highly vascularized lesions), some others apply wet or dry negative-pressure suction to guarantee 
sufficient material for histological diagnosis, and others again proposed a slow-pull fanning technique 
to ensure at the same time a greater collection of pathological cells and a low blood contamination risk
[16]; to date, even if still no consensus has been reached on the optimal strategy, overall FNA–EUS 
sampling adequacy rates up to 94%[17,18] and its diagnostic sensitivity proved to be significantly higher 
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Figure 1 The flow chart showing the process of study selection.

Figure 2 Endoscopic appearance at endoscopic ultrasound of a pancreatic neuroendocrine neoplasm with marginal vascularization.

than CT and/or MRI specifically in case of solid, cystic and combined solid-cystic panNENs (84% vs 
42%, 70% vs 10% and 81% vs 36% respectively)[19].

The Ki-67 index histological expression of the suspected pancreatic lesion plays a fundamental role in 
defining the aggressiveness of the tumor, together with its radiological aspect, its localization and 
distance from the pancreatic duct, and its CH-EUS vascular behavior. Therefore, the Ki-67 index also 
drives the choice of the best-suited therapeutic approach. Data about the concordance rate between 
EUS–FNA and surgical specimens in terms of G1, G2 or G3 panNEN and G3 pan-neuroendocrine 
carcinoma differentiation based on the Ki-67 index are discordant, ranging from a 78% of accordance 
rate (k-statistic: 0.65)[10], to a relatively significant discrepancy, especially for G2 lesions[20]. This 
discordance may be first attributed to the fact that endoscopic sampling of large lesions > 20 mm, often 
included in the studies available to date, may not be representative of the area with the highest concen-
tration of malignant cells and, thus, that the measured Ki-67 index might be not indicative of the most 
proliferative area of the neoplasm. There is a strong necessity for further studies that subclassify more 
accurately the included lesions depending on their size.
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Figure 3 Endoscopic appearance at endoscopic ultrasound of a pancreatic neuroendocrine neoplasm located at the tail of the pancreas 
during fine needle aspiration/biopsy procedure.

New EUS needle acquisition techniques (i.e., 19/22/25- G ProCoreTM needle, Cook Endoscopy, 
Winston-Salem, NC, USA; 19-G fine-needle biopsy, Cook Endoscopy Inc., Limerick, Ireland; Acquire® 

Endoscopic Ultrasound Fine Needle Biopsy (FNB) Device 22/25-G, Boston Scientific, Natick, MA, USA; 
SharkCoreTM, Covidien, Dublin, Ireland) have been proposed to overcome the rare cases of EUS–FNA 
inadequate tissue sampling; these devices are designed to maximize tissue capture and minimize 
bleeding and tissue fragmentation and some of them are thought to provide both cytological and 
histological sampling[21]. However, further studies are needed to validate these approaches in the 
specific setting of NENs.

EUS real-time elastography (EUS–RTE) allows not only a qualitative but also a quantitative 
assessment of the elasticity of the suspected pancreatic lesion compared to the one of the normal 
surrounding pancreatic parenchyma. Based on the evidence of higher tissue stiffness in the case of 
malignant lesions when compared to the normal parenchyma[22], some authors have proposed 
different quantitative elastography cutoffs to stratify the risk of malignancy. Havre et al[23] observed a 
EUS–RTE sensitivity of 67% and specificity of 71% in detecting pancreatic malignant lesions with a 
strain ratio cutoff of 4.4. Iglesias-García et al[24] showed an EUS–RTE sensitivity of 100% and specificity 
of 88% in differentiating specifically pancreatic adenocarcinomas from panNENs with a 26.6 strain ratio 
cutoff value. Even if, according to the European Federation of Societies for Ultrasound in Medicine and 
Biology (EFSUMB) guidelines, EUS–RTE cannot yet replace the histo-cytopathological diagnosis of 
carcinoma[25], this technique may facilitate the differentiation from benign to malignant pancreatic 
lesions.

Another advanced technique in EUS that can drive in the diagnostic orientation is represented by the 
needle-based confocal laser endomicroscopy, which allows the real-time direct in vivo visualization of 
the histological aspect of the GI mucosa overlying pancreatic NENs, which is traditionally described as 
clusters of compact cells on a dark background surrounded by numerous small and irregular vessels 
and fibrotic areas[26]. Giovannini et al[27], observed a negative predictive value of 100% for the charac-
terization of pancreatic NENs in EUS needle-based confocal laser endomicroscopy; therefore supporting 
the concept that it cannot be considered as an alternative to the histological diagnosis, but that it may 
help to rule out malignancy.

Further applications of EUS in panNENs is represented by the preoperative EUS-guided fine-needle 
tattooing and EUS-guided fiducial implantation, which may help surgeons find little pancreatic lesions 
during laparoscopic surgery, limiting the laparoscopic resection to the lesion itself, sparing the normal 
surrounding parenchyma, and reducing the operating time[28].

As regards GI-NENs, EUS mainly plays a diagnostic and staging role; its sensitivity in detecting GI-
NENs is up to 94%[29]; they usually appear as submucosal rounded, hypoechoic, well-demarcated 
lesions and can be detected when smaller than 10 mm, especially rectal NENs thanks to the growing 
sensibility to colorectal carcinoma screening. According to the ENETS most recent guidelines, in case of 
the endoscopic identification of a GI lesion that is compatible with a GI-NEN, EUS is recommended in 
case of lesions > 10 mm in order to study the depth of the lesion, to stage the hypothetical presence of 
locoregional lymph nodes and, thus, to drive the choice of the most appropriate endoscopic or surgical 
treatment[30]. Less than 10 mm GI-NENs, in fact, have a low risk of both lymphatic invasion and distant 
metastases, which is reported to be 1%–2%[31]. GI-NENs measuring 10–19 mm at their first endoscopic 
diagnosis deserve more accurate EUS evaluation because of the reported higher incidence rate of lymph 
node invasion or distant metastases, leading up to 5%–15%[32]. If the GI-NEN is limited to the 
submucosa and does not invade the muscularis mucosae (which corresponds to a T1 lesion), regardless 
of its lateral spreading, a simple en bloc endoscopic resection treatment has proved to be effective in 
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guaranteeing a radical resection and a very limited recurrence rate during the follow-up[33], otherwise, 
a surgical approach is suggested. T2 or N+ stage lesions should be accurately studied with total body 
imaging such as 68-Ga-DOTATATE positron emission tomography (PET) and a CT scan in order to plan 
the best therapeutic approach.

Capsule Endoscopy (CE) and Double-balloon enteroscopy (DBE)
The small intestine is the most common NEN site in humans. Historically, sbNENs have proved 
difficult to diagnose because of both the lack of specific symptoms at presentation and the poor access-
ibility of the distal small bowel[34]. Conventional radiology (both CT and MRI either in the standard 
technique or in combination with enteroclysis) are often not accurate enough in the detection of sbNENs
[35], whereas PET/CT with 68Ga-DOTA peptides remains the most sensitive modality in the detection 
of well-differentiated NENs, although it does not allow to get a histological diagnosis and might not be 
fully accurate in the anatomical location of the primary tumor being, for instance, unable to differentiate 
between intestinal and mesenteric localization[36]. Furthermore, in the case of metastatic disease, the 
detection of the primary tumor is recommended in both resectable and non resectable diseases. 
However, in up to 10% of the cases after the discovery of liver or lymph node metastases, the primary 
tumor site remains unknown despite an extensive workup[35].

With the advent of CE and DBE the diagnosis of sbNENs has improved, even if data regarding the 
efficacy and safety of these techniques in the detection of sbNENs are scanty and mainly based on small 
retrospective series, given the rarity of the disease and the still-limited use of these techniques in routine 
clinical practice. Most of the available studies are focused on small bowel tumors in general and only a 
small percentage of included patients displayed an sbNEN[37-39]. In a study comparing CT, entero-
clysis, nuclear imaging, and CE of the small bowel[34], CE showed a high diagnostic yield (45%) in 
identifying primary tumors. Of note, in 12 of 20 patients (60%), CE showed small-intestinal lesions that 
were then confirmed histologically as NEN in six of seven patients who underwent surgery.

When considering the few studies specifically focused on NENs, the results came back to be 
inconclusive. In a retrospective study by Frilling et al[40], including 390 patients with metastatic NENs 
of whom 11 with unknown primary tumor, CE identified lesions suggestive of small bowel primary in 
8/10 patients in whom it was successful, and these tumors were all histologically confirmed. In a recent 
prospective study[41], the diagnostic yield of CE was reported to be limited. In 24 patients with a 
histological diagnosis of metastatic NEN of unknown origin, CE, which was preferred to DBE as less 
invasive and less expensive, was requested before explorative laparotomy and its diagnostic yield was 
compared to the surgical exploration. CE identified a primary sbNEN in 11 subjects. However, 
diagnosis of sbNEN was confirmed only in five (41%) cases after surgical and ultrasound exploration 
were performed. The high number of false-positive results could have been related to small bowel 
contractions, extrinsic compression, lymph stasis, or submucosal lesion of another type.

Although CE is less invasive, DBE is necessary for determining the precise location, number of 
tumors, and pathological diagnosis; it can be carried out through the oral (antegrade) or the anal 
(retrograde) route and with a combined oral and anal approach[42]. Bellutti et al[43], in a study 
involving 12 consecutive patients with suspected sbNEN or with liver NEN metastases, who underwent 
DBE, found a diagnostic yield of DBE for primary tumor of 33%. In a case series by Scherubl et al[44], 
five consecutive patients with metastatic midgut carcinoids underwent DBE and an NEN of the ileum 
was detected in four of the five patients; the histopathological evaluation of their biopsy specimens 
confirmed the diagnosis revealing well-differentiated NENs. Conversely, conventional radiological 
imaging did not visualize any of the primary tumors.

In our recent prospective study[45], we reported sensitivity and specificity of 60% and 100%, 
respectively for DBE in detecting sbNEN in six patients with unknown primary, showing that DBE is a 
safe and effective procedure in diagnosing sbNENs. We suggested that when a sbNEN is suspected, 
DBE should be taken into account as an accurate diagnostic tool in order both to collect biopsies for final 
diagnosis and to make tattoos before surgery; of note, DBE should be preferred over CE in the 
presurgical setting given the high specificity. Considering the limited available data, further studies are 
needed to better define the actual role of CE and DBE in the diagnosis of sbNENs.

TREATMENT
Gastric NENs 
Gastric NENs (gNENs) are usually subclassified into three types, according to their pathophysiology 
and behavior[29,46]. Type I tumors correspond to the majority of gNENs (~80%) and are associated with 
autoimmune atrophic gastritis. Histologically, type I gNENs are composed of enterochromaffin-like 
cells. The diagnosis is made by upper digestive endoscopy with biopsy. The majority of type I gNENs 
present as small, multiple tumors, located in the gastric body or fundus, and limited to the mucosal or 
submucosal layers of the stomach wall[46,47]. Since the risk of metastasis is < 5% in type I gNENs, a 
conservative approach based on endoscopic follow-up with lesion resection is advised for this kind of 
tumor. The treatment of choice for type I gNENs is endoscopic resection for lesions > 0.5 cm and 
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endoscopic surveillance for lesions < 0.5 cm[46,48,49]. This approach has been shown to be safe and 
effective in a prospective series of 33 type I gNENs, with no significant procedure-related complications, 
no development of metastases, and a 100% long-term survival rate[50].

The ENETS guidelines[29] suggest performing EUS in case of lesions > 1 cm. Staging EUS is 
frequently performed to confirm the appropriateness of endoscopic resection, which applies to lesions 
not infiltrating beyond the muscularis propria[7]. For lesions > 1 cm, EUS is excellent for determining 
the exact tumor size and for excluding infiltration of the type I gNENs into the muscularis propria (T2) 
or enlarged regional lymph nodes[47,51].

Type II gNENs correspond to 5%–10% of gNENs; they usually develop when multiple endocrine 
neoplasia type 1 is present and are often associated with Zollinger–Ellison syndrome[46,48]. Like type I 
gNENs, type II gNENs originate from enterochromaffin-like cells. They are small, multiple, and 
relatively benign tumors, even though about 10%–30% of patients present as metastatic at the diagnosis
[52]. For type II gNENs local excision is recommended, preferentially by endoscopy; as well as for type I 
gNENs, EUS plays a pivotal role in determining the tumor size, lymph node involvement, and depth of 
invasion; endoscopic treatment is again reserved for lesions not infiltrating beyond the muscularis 
propria, without lymph node involvement[7,53].

Type III gastric NENs are usually larger sporadic tumors with an infiltrative and metastatic tendency 
and account for 15% of all gNENs. They are generally characterized by being single lesions, > 1 cm and 
with a greater likelihood of evolving to regional and systemic metastases, as more than half of patients 
with type III gNENs are metastatic at diagnosis, mainly to the liver[46,48]. From a therapeutic point of 
view, surgery is the standard treatment, i.e., total or subtotal gastrectomy together with lymphaden-
ectomy, as recommended in gastric adenocarcinoma. For patients with any surgical contraindication, 
endoscopic resection may be an alternative, but the risk of regional lymph node spread remains high
[46]. Of note, in selected cases of small (< 1 cm) type III G1/G2 (Ki-67 < 5%) gNENs fully resected (R0) 
by endoscopy with no risk factors for metastatic disease, endoscopic resection might be sufficient[54]. 
As for other gNENs, EUS is a useful tool for locoregional staging, particularly to stage the disease by 
assessing the presence of regional lymph node involvement.

Conventional polypectomy with a snare for flat mucosal lesions should be avoided because complete 
resection is often not achieved. Early gNENs are generally removed by endoscopic mucosal resection 
(EMR) or endoscopic submucosal dissection (ESD)[47,54]. In EMR, snare resection is preceded by the 
submucosal injection of saline in order to raise the tumor and cut into the submucosa below the tumor
[47]. ESD is preferred over EMR in case of suspicion of limited submucosal invasion or a tumor > 2 cm
[55]. After submucosal injection of saline, the submucosa is dissected with specific knives in order to 
achieve endoscopic en bloc resection of the whole neoplasm.

The resected specimen has to be carefully evaluated regarding grade, angioinvasion, and infiltration 
of the deep resection margin. In case of angioinvasion, histological infiltration of the muscularis propria 
(T2), or grade G2/G3, radicalization with surgery with lymph node dissection is the therapy of choice in 
localized neuroendocrine disease[47].

Duodenal NENs 
Duodenal NENs (dNENs) are rare, usually small well-differentiated tumors in most of the cases; 
however, according to a recent multicenter retrospective study[56], dNENs’ prognosis may be highly 
variable as these tumors can be metastatic in up to 50% of the cases at the time of first diagnosis and can 
develop metastases thereafter. Upper GI endoscopy with biopsy is necessary for dNEN diagnosis and 
EUS should be performed to assess the local extent of tumor depth.

In view of this heterogeneous behavior, surgical resection has been suggested as the preferred 
treatment modality over endoscopic treatment, and surgery is generally recommended for ampullary 
dNENs and lesions > 2 cm in size[38]. Endoscopic resection is the treatment of choice for well-differen-
tiated localized nonmetastatic tumors with a diameter < 1 cm and confined to the submucosa layer and 
the rationale for preferring the endoscopic treatment for tumors < 1 cm relies on the fact that they seem 
to have a low rate of nodal disease[57]. In this setting, there is no current evidence to prefer an 
endoscopic approach over another as prospective studies comparing the available techniques (i.e., ESD 
vs EMR) are lacking.

However, there is still controversy regarding the management of tumors between 1 and 2 cm, which 
is mainly based on the tumor location and the presence of nodal involvement on imaging. According to 
some authors, > 10% of patients with dNENs < 1 cm in size develop lymph node metastases, thus 
suggesting the need for a radical surgical approach for all dNENs despite the size of the primary tumor
[58-60]. Another issue to be taken into account is the high risk of conventional and functional imaging of 
understaging mainly due to the presence of nodal and distant micrometastases[60]. These results 
represent a sign of warning for conservative approaches including endoscopy, suggesting as a possible 
strategy, the inclusion of EUS in the preoperative phase, although prospective studies are necessary to 
draw solid conclusions.

In summary, all considered, endoscopic resection either EMR or ESD should be reserved for dNENs < 
10 mm, limited to the submucosal layer without evidence of lymph node or distant metastases, whereas 
surgery might be advised for dNENs > 10 mm with evidence of muscular layer invasion or nodal 
involvement. EUS should be encouraged for all dNENs in order to plan the best therapeutic approach.
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Rectal NENs 
Endoscopic treatment for rectal NENs (rNENs) is indicated if there is no evidence of invasion beyond 
submucosa and presence of locoregional disease since it aims to achieve a complete oncological 
resection[61].

The ENETS guidelines[30] suggest that well-differentiated (G1/G2) rNENs that are < 10 mm in stage 
T1 and T2 and rNENs between 10 and 20 mm in stage T1 without lymph node metastasis should be 
removed endoscopically. On the contrary, surgical resection is indicated in cases of G3 rNENs, 10–19 
mm with muscolaris propria invasion (stage T2) and for tumors > 20 mm and/or in presence of lymph 
node metastases.

Endoscopic techniques for treating rNENs include standard polypectomy, EMR, modified EMR, ESD, 
and endoscopic full-thickness resection (EFTR). Standard polypectomy does not offer an adequate and 
complete resection of the lesion; therefore, it is not indicated in rNEN treatment[62]. Of note, a large 
number of rNENs is still removed by an improper method, such as routine snare polypectomy, during 
colorectal cancer screening making management more complex and putting patients at risk of metastatic 
spread[63].

EMR is largely used in the resection of small and superficial neoplasia confined to the mucosa and 
submucosal layer, but its application in rNENs is still debated since modified EMR and ESD are 
superior in terms of en bloc resection rate and histological complete resection rate (defined as en bloc 
resection with no margin involved)[64,65].

Recently, Park et al[66] observed that when EMR is performed underwater, the histological complete 
resection rate of NENs < 10 mm is similar to that for ESD (86.1% vs 86.1%, respectively) but with a 
shorter procedure time (5.8 ± 2.9 vs 26.6 ±13.4 min, respectively).

EMR performed with a dual-channel endoscope allows deeper resection compared to conventional 
EMR by lifting the lesion with forceps. Lee et al[67] observed that dual-channel EMR reaches a complete 
histological resection rate similar to that of ESD for rNENs < 16 mm (86.3 vs 88.4 %, respectively), but 
with a shorter procedure time (9.75 ± 7.11 vs 22.38 ± 7.56 min, respectively) and fewer complications.

Modified EMR techniques include the use of special devices that allow better resection of the tumor. 
EMR after circumferential precutting (EMR-P) is performed by lifting the submucosal with saline 
injection, precutting using the tip of the snare or special endoknife and resecting the tumor with a snare. 
Cap-assisted EMR (EMR-C) is performed by lifting the mucosa with saline injection, suctioning the 
lesion with a transparent cap fitted to the scope and then removing it with a snare looped along the 
ridge of the cap. EMR with a ligation device (EMR-L) is conducted by lifting the lesion with saline 
injection, deploying an elastic band around its base, and resecting with a snare. Histological complete 
resection rate for EMR-P is superior to EMR and no difference was found between EMR-P and the other 
modified EMR techniques, even if it required a longer procedure time[68]. Park et al[69] demonstrated 
that EMR-C is a safe and effective technique for rNENs, with a histological complete resection rate even 
better than that of ESD (92.3% vs 78.4%, respectively).

EMR-L is only applicable for tumors of < 10 mm due to the short diameter of the caps fitted to colono-
scopes, but it is significantly superior to EMR in terms of complete resection of rNENs (93.3% vs 65.5%, 
respectively), regardless of the tumor location[70]. Histological complete resection rate is similar 
between EMR-C and EMR-L. However, Lee et al[71] demonstrated that EMR-L might be preferable for 
achieving a higher rate of en bloc resection (100% vs 92.9%, respectively), but this could be due to the fact 
that the band thickness used in EMR-L is larger than the snare thickness of EMR-C.

ESD is an interventional procedure suitable for en bloc resection of slightly invasive GI lesions. After 
injection of the submucosal with a viscous solution, an endoknife is used to incise the mucosa 
surrounding the lesion and to dissect it from the submucosal layer. ESD is an effective technique to treat 
rectal lesions, even if it is associated with a high risk of complications and a long procedure time. As it 
concerns rNENs, ESD has been demonstrated to be superior to EMR in terms of histological complete 
resection rate, but there are no significant differences between ESD and modified EMR[70].

Niimi et al[72] observed that ESD is associated with a longer procedure time and hospitalization 
period compared with EMR-L, with a similar complete resection rate. In order to reduce procedure time, 
Wang et al[73] proposed a hybrid ESD, in which the mucosal incision is performed with a polypectomy 
snare instead of an endoknife. This technique showed a similar en bloc resection rate (99.2% vs 98.2) and 
complete resection rate (94.1% vs 90.9%) to ESD but with a shorter procedure time (13.2 ± 8.3 vs 18.1 ± 
9.7 min).

EFTR is a technique mainly used in lesions that are difficult to resect and its application in rNENs has 
recently been proposed. A full-thickness resection device is fitted over the scope and, after placement of 
a modified over-the-scope-clip, allows a single step EFTR (Figure 4).

Meier et al[74] collected data on 40 EFTRs in rNENs and observed that resection was macroscopically 
and histologically complete in all cases without major events, but prospective comparative studies 
between different resection techniques are still missing.

To conclude, rNENs < 10 mm should be treated endoscopically, and EMR-L should be considered as 
the first-line treatment; ESD can be used as second-line therapy when EMR-L is not applicable. EFTR 
can be an effective and safe technique in lesions that are difficult to treat. Treatment of rNENs with a 
size of 10-19 mm should be chosen after assessing the stage and the grade of differentiation.
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Figure 4 Over-the-scope clipping system for endoscopic full-thickness resection of a rectal neuroendocrine neoplasm.

pancreatic NENs
In recent years there has been a great development of EUS techniques, not only used as diagnostic, but 
also as therapeutic tools. These methods find application in the management of panNENs, given the 
direct approach to the pancreas through the echoendoscope. The incidentally discovered small 
panNENs, mainly nonfunctional, represent a therapeutic challenge because surgery could be very 
complex in the face of neoplasms with indolent biological behavior, and active surveillance may 
represent an option for G1 or low G2 neoplasms, asymptomatic, mainly localized in the head of the 
pancreas, without radiological signs suspicious for malignancy[8,75]. In this setting, however, EUS-
guided pancreatic locoregional ablative treatments, using either ethanol injection or radiofrequency 
ablation, have been proposed in recent studies with promising results in order to control symptoms or 
reduce tumor burden in selected patients[76]. The thermoablative techniques are the most used, mainly 
the radiofrequency methods. EUS-guided radiofrequency ablation (RFA) is reported to be a potentially 
effective and safe treatment for Pan-NENs[77].

Several RFA devices for EUS-guided applications are currently available. The Habib EUS-guided RFA 
probe (EndoHPB, EMcision UK, London, UK) is a 1 Fr (0.33 mm), monopolar catheter, which can be 
inserted through a regular 19- or 22-gauge FNA needle and connected to a standard radiofrequency 
generator. The other systems are needle-electrodes, and the most commonly used in literature is the one 
from Taewoong Medical (EUSRA, Taewoong Medical Co. Ltd., Gimpo-si, Geyonggi-do, South Korea), 
an 18- or 19-gauge needle with a long electrode lacking insulation over the terminal tip, connected to a 
dedicated RF current source, and an inner cooling system that circulates chilled saline inside the needle 
to avoid tissue charring. Under the EUS guide, the needle is inserted into the target lesion that is being 
treated by using high-frequency alternating current, and the energy release is applied when the needle 
tip of the electrode is within the lesion, while maintaining a distance of at least 2 mm from the 
pancreatic and bile ducts and vessels, to avoid injury or duct strictures. A recent systematic literature 
review explored the feasibility, effectiveness, and safety of EUS–RFA in the treatment of panNENs[94]: 
12 articles describing 61 patients and 73 panNENs were analyzed and the overall effectiveness of 
EUS–RFA resulted in 96% (75%–100%) without any difference between functional and nonfunctional 
panNENs and without relevant side effects (mild adverse events, AEs 13.7%)[78-81].

The same conclusions were also confirmed by a further systematic review which included 14 studies 
with a total of 158 patients with solid pancreatic tumors[82]. However, even if the results of these 
studies are encouraging, especially for nonfunctioning panNENs and insulinomas < 2 cm, EUS–RFA is a 
recent technique and long-term data are thus lacking[82]. Larger studies with longer follow-up are 
needed to evaluate the long-term effectiveness of EUS–RFA. The specific setting of patients and the 
actual indication for the radiofrequency has not been standardized.

As concerned EUS-guided ethanol injection for small panNENs, this option has been proposed and 
studied for the treatment of patients with small panNENs not suitable for surgery or who refused 
surgical approach. Using pure ethanol or ethanol–lipiodol emulsion, the complete ablation rate has been 
reported to be ~50% up to 80% by performing more sessions[83].

In view of these results, a study protocol for a multicenter prospective study has been published[84] 
and the results will become available in due time.

Finally, possible future intriguing perspectives can be represented by the application, also in 
panNENs, of the novel techniques of locoregional delivery of drugs, such as LOcal Drug EluteR 
[LODER(TM)] which is a novel biodegradable polymeric matrix that shields drugs. panNENs may be 
considered as a possible future field of application of locoregional radiotherapy by using fiducial 
markers implantation, similarly to other pancreatic cancers.
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Table 1 Available endoscopic treatment options for gastro-entero-pancreatic neuroendocrine neoplasms

Primary site Tumor characteristics Endoscopic management

Type I < 5 mm Surveillance

Type I ≥ 5 mm

Type II

Resection (EMR, ESD)

Type III 

G1-G2

Stomach

< 10 mm

Resection (EMR, ESD)1

< 10 mm2

G1

No muscularis mucosae invasion

Duodenum

No periampullary

Resection (EMR, ESD)

≤ 20 mm

G1-low G2 

Non-functioning

No bile/pancreatic duct compression

Surveillance; EUS-guided RFA; EUS-guided ethanol injection 

Functioning tumors, not suitable for surgery

Pancreas

The patient refuses the surgical approach

EUS-guided ethanol injection 

< 10 mm3

G1-G2

Rectum

No muscularis mucosae invasion

Resection (EMR, mEMR, ESD, EFTR)

1Endoscopic resection of type III gastric NENs can be considered curative only in case of histological complete resection.
2There is still controversy regarding the management of duodenal NENs between 10 and 20 mm.
3Treatment of rectal NENs with a size of 10–19 mm should be chosen after assessing the stage and the grade of differentiation.
G: Grading according to WHO classification; EMR: Endoscopic mucosal resection; mEMR: Modified endoscopic mucosal resection; ESD: Endoscopic 
submucosal dissection; EFTR: Endoscopic full-thickness resection; EUS: Endoscopic ultrasound.

DISCUSSION
The incidence of GEP-NENs has hugely increased over the last decades mainly due to better disease 
knowledge and to an improvement in diagnostic techniques, including endoscopy. Standard axial 
endoscopy and EUS still play a pivotal role in several GEP-NENs. Upper GI endoscopy is essential for 
the detection and characterization of esophageal, gastric and duodenal NENs. EUS represents the 
diagnostic gold standard for panNENs and the technique of choice for the locoregional staging of 
gastric, duodenal and rectal NENs. Ileocolonoscopy allows the assessing and diagnosing of rectal, 
colonic and rarely distal ileal lesions. However, the diagnosis of sbNENs has been largely improved 
with the advent of CE and DBE, although data regarding the safety and efficacy of these techniques in 
the neuroendocrine setting are still scanty and their use is still limited in clinical practice. In terms of 
treatment, in selected localized GI-NENs with the absence of features associated with lymph node 
metastases, endoscopic therapy is generally an appropriate treatment with radical intent. In highly 
selected G1 or low G2 small neoplasms without radiological signs suspicious for malignancy EUS-
guided pancreatic locoregional ablative treatments, using either ethanol injection or radiofrequency 
ablation, have been proposed in recent studies with promising results in order to control symptoms or 
reduce tumor burden. Table 1 summarizes available endoscopic treatment options for GEP-NENs.

CONCLUSION
In summary, endoscopy plays a key role for diagnosis and treatment of GEP-NENs. In selected localized 
GEP-NENs, endoscopic therapy is appropriate with radical intent. Advanced resection techniques 
aimed at increasing the rate of R0 resection should be reserved to high-volume referral centers. The 
multidisciplinary management remains the gold standard to offer the patient the best therapeutic 
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approach.

ARTICLE HIGHLIGHTS
Research background
The prognosis of gastro-entero-pancreatic neuroendocrine neoplasms (GEP-NENs) is widely variable 
depending on several factors including the site of the primary tumor, the grading, and the stage. The 
correct localization of the primary tumor site, as well as a complete histologic diagnosis, represent the 
milestones for the proper management and the prognosis of these tumors. Standard axial endoscopy 
and endoscopic ultrasonography (EUS) still play a pivotal role in several GEP-NENs.

Research motivation
The incidence of GEP-NENs has hugely increased over the last decades; given the well-known hetero-
geneity of these tumors and the lack of large prospective studies, there is an urgent need to standardize 
their management.

Research objectives
To analyze current evidence on the role of endoscopy in the management of GEP-NENs (both diagnosis 
and potential treatment). A specific focus will be reserved to capsule endoscopy, double-balloon 
enteroscopy and ultrasound endoscopy.

Research methods
An extensive bibliographical search was performed in PubMed to identify guidelines and primary 
literature (retrospective and prospective studies, systematic reviews, case series) published in the last 15 
years, using both medical subject heading (MeSH) terms and free-language keywords: gastro-entero-
pancreatic neuroendocrine neoplasms; endoscopy; ultrasound endoscopy; capsule endoscopy; double-
balloon enteroscopy; diagnosis; therapy; staging.

Research results
EUS represents the diagnostic gold standard for pancreatic NENs (panNENs) and the technique of 
choice for the locoregional staging of gastric, duodenal and rectal NENs. EUS proved to be the most 
accurate diagnostic technique in panNEN detection. EUS–fine needle aspiration is a diagnostic 
advanced EUS technique, which represents the gold standard least invasive option to obtain the 
histological identification of a suspected pancreatic neoplasm or peripancreatic lymph node. The 
diagnosis of small bowel NENs (sbNENs) has been improved with the advent of capsule endoscopy 
(CE) and double-balloon enteroscopy (DBE), even if data regarding the efficacy and safety of these 
techniques in the detection of sbNENs are scanty and mainly based on small retrospective series, given 
the rarity of the disease and the still-limited use of these techniques in routine clinical practice. In 
selected localized gastrointestinal NENs with the absence of features associated with lymph node 
metastases, endoscopic therapy is generally an appropriate treatment with radical intent. In highly 
selected G1 or low G2 small neoplasms without radiological signs suspicious for malignancy EUS-
guided pancreatic locoregional ablative treatments, using either ethanol injection or radiofrequency 
ablation, have been proposed in recent studies with promising results in order to control symptoms or 
reduce tumor burden.

Research conclusions
Endoscopy plays a key role in GEP-NENs for both the diagnosis and the treatment. In selected localized 
GEP-NENs, endoscopic therapy is appropriate with radical intent. The multidisciplinary management 
and the referral to high-volume tertiary centers remain fundamental.

Research perspectives
Further studies are needed: (1) To better define the actual role of CE and DBE in the diagnosis of 
sbNENs; and (2) To better analyze the possible role of endoscopic confocal laser endomicroscopy in the 
diagnosis of panNENs and radiofrequency ablation as a potential treatment. Possible future intriguing 
perspectives can be represented by the application, also in panNENs, of the novel techniques of locore-
gional delivery of drugs.
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Abstract
The recent manuscript entitled “Relationship between clinical features and 
intestinal microbiota in Chinese patients with ulcerative colitis” reported a 
difference in the intestinal microbiota of patients with ulcerative colitis according 
to the severity of the colitis. The influence of the intestinal microbiota on the 
development and progress of gastrointestinal disorders is well established. 
Besides the diversity in the microbiome, the presence of virulence factors and 
toxins by commensal bacteria may affect an extensive variety of cellular processes, 
contributing to the induction of a proinflammatory environment.
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Core Tip: The manuscript entitled “Relationship between clinical features and intestinal microbiota in 
Chinese patients with ulcerative colitis” and previous investigations have identified alterations in the 
intestinal microbiome of patients with inflammatory bowel disease, ulcerative colitis, and colorectal 
cancer. The microbiota composition impacts the development of inflammatory disorders. Nevertheless, 
investigations should focus on identifying alterations not only on the diversity of the microbiota but the 
presence of the toxin-producing bacteria. Further investigations should investigate alterations in the 
microbiota composition and the production of toxins by commensal bacteria such as Escherichia coli, 
Clostridium perfringens, and Bacteroides fragilis.

Citation: Alberca GGF, Cardoso NSS, Solis-Castro RL, Nakano V, Alberca RW. Intestinal inflammation and the 
microbiota: Beyond diversity. World J Gastroenterol 2022; 28(26): 3274-3278
URL: https://www.wjgnet.com/1007-9327/full/v28/i26/3274.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i26.3274

TO THE EDITOR
We read with great interest the manuscript entitled “Relationship between clinical features and 
intestinal microbiota in Chinese patients with ulcerative colitis” published by He et al[1] in the World 
Journal Gastroenterology. He et al[1] performed an investigation on the microbiota composition on the 
fecal and mucosa samples from patients with ulcerative colitis. Their work reinforces the importance of 
the microbiota on the inflammatory process and gastrointestinal disorders. Importantly, the manuscript 
provided information on the composition of the gastrointestinal microbiota of patients with ulcerative 
colitis of various severity and patients without ulcerative colitis[1]. We would like to raise a few consid-
erations regarding the microbiota and gastrointestinal inflammatory disorders.

The microbiota is an ecosystem in constant regulation, influenced by the diet, antibiotics, sanitary 
conditions, environmental stimulus, and the host’s immune system[2]. The gastrointestinal tract is the 
largest reservoir of bacteria in the human body and shapes both the local and systemic immune 
responses[3-5]. The microbiome influences the maturation and development of the host’s immune 
system[6], regulating the development of food tolerance, response to inflammation, infections, 
vaccination, and metabolism[7,8]. Importantly, the microbiota directly influences the development of 
the inflammatory process independent of dietary intake[9], and abrupt alterations in the microbiota 
composition can result in an inflammatory insult[10]. He et al[1] identified an increase in Escherichia and 
Shigella in patients with ulcerative colitis in comparison to patients without ulcerative colitis[1]. 
Escherichia and Shigella has been implicated in a reduction in the response to anticoagulation therapy 
and could impact the treatment of patients with gastrointestinal disorders and under anticoagulation 
therapy such as coronavirus disease 2019 patients[11-14].

Shiga toxin-producing Shigella species and Escherichia coli are considered pathogenic, associated with 
diarrhea and colitis[15]. These toxins can induce the activation of the NOD-like receptor protein 3 
inflammasome, inducing the production of interleukin (IL)-1β and IL-18 and cellular death by 
pyroptosis[16]. The virulence of Shiga-toxin-producing Escherichia coli can lead to diarrheal sicknesses 
and death[17,18]. Shiga-toxins can be encapsulated within microvesicles and influence the inflammatory 
response in other organs, such as the kidneys[19]. Shiga toxin-producing Escherichia coli (O26:H11 strain 
97-3250 and O145:H28 strain 4865/96) induces a greater production of chemokines and cytokines, such 
as IL-8 and IL-1β, in comparison to Escherichia coli (O9:H4 strain HS)[20].

The complex symbiotic interaction between the microbiota and the host is mediated by an 
equilibrium in the tolerance and inflammatory response to microbial products in the gut[6]. He et al[1] 
did not identify an increase in other strains in patients with ulcerative colitis. Nevertheless, in addition 
to the microbiota composition, certain commensal bacteria, such as Clostridium perfringens and 
Bacteroides fragilis, can express a wide range of toxins and metabolic compounds to induce inflammation
[21-23]. Clostridium perfringens is a gram-positive anaerobic bacteria, commonly in the environment and 
is part of the resident microbiota but can become virulent by the expression of toxin genes[24,25]. 
Clostridium perfringens can produce over 20 toxins including alpha (α), beta (β), epsilon (e), enterotoxins, 
and hydrolytic enzymes[26-29]. These toxins can damage and kill intestinal cells, disturb the epithelial 
barrier, and induce proinflammatory and propathogenic milieu[26,30,31].

The alpha toxin produced by Clostridium perfringens is a zinc-dependent metalloenzyme, is able to 
rupture the plasma membrane of the host’s cells[25,32], induces an immature profile in the host’s innate 
immune response (neutrophils), and is involved in the formation of myonecrosis in animals, including 
humans[33,34]. The β toxin is a pore-forming toxin associated with hemorrhagic diarrhea[35]. 
Clostridium perfringens with the expression of α and β toxins is associated with necrotic enteritis in 
animals and humans[36-38]. The e toxin is also pore-forming and is involved in intestinal and 
neurological diseases in humans[39-43].
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In addition, Clostridium perfringens is able to produce several other toxins such as enterotoxins[44-46], 
NetB[47,48], and TpeL[49,50], which can induce inflammatory responses, biofilm formation, and 
chronically disrupt the intestinal epithelium[44,47,50]. Bacteroides fragilis, another resident bacteria, can 
produce a zinc-dependent metalloprotease called fragilisyn[51]. Fragilisyn-producing Bacteroides fragilis 
are named Enterotoxigenic Bacteroides Fragilis (ETBF)[52]. ETBF toxin is coded by the bft gene and is 
highly correlated with diarrhea in humans[53,54]. ETBF can cleave E-cadherin in the epithelial cells, 
allowing bacterial translocation[55,56]. ETBF induces an IL-17-mediated immune response with the 
infiltration of lymphocytes and neutrophils and damages the DNA via the formation of microadenoma
[4,53,54]. In addition, the inflammatory process may be mediated by several bacteria. For example, in 
the “driver-passenger” model, the colonization by one bacteria may facilitate the expansion and 
proinflammatory action of another microorganism[55].

A recent manuscript by Avril and DePaolo[56], identified that the co-colonization of ETBF and 
Escherichia coli strains, harboring the pks island, promotes the development of intestinal cancer. ETBF 
promotes the degradation of the intestinal mucus and induction of IL-17-mediated inflammation by the 
host’s immune cells. This process enables the adherence of Escherichia coli to the intestinal wall, releases 
colibactin, and promotes cancer development[56]. Therefore, quantitative analyses are important to 
characterize the composition of the microbiota in several diseases and aid in the design of possible 
interventions to modulate the immune response of the host in microbiota-mediated inflammatory 
disorders[1]. Nevertheless, due to the potential pathobiont role of several resident bacteria, investig-
ations on toxin-producing bacteria are crucial for an overall interpretation of the role of the microbiota 
on gastrointestinal disorders.
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Abstract
In recent years, the interaction between the gut microflora and liver diseases has 
attracted much attention. The intestinal microflora is composed of bacteria, 
archaea, fungi and viruses. There are few studies on the intestinal virome, and 
whether it has a causal relationship with bacterial changes in the gut is still 
unclear. However, it is undeniable that the intestinal virome is also a very 
important portion of the blueprint for the development of liver diseases and the 
diagnosis and therapeutic modalities in the future.
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Core Tip: As of the study of the gut microflora expands, the interaction between the 
intestinal virome and liver diseases has been gradually revealed. In this letter to the 
editor, we discuss the changes in the intestinal virome in patients with alcoholic liver 
disease and nonalcoholic liver disease, and provide suggestions for developing future 
diagnosis and treatment methods.
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TO THE EDITOR
We have carefully studied the reviews recently written by Sharma et al[1], titled “Significance of gut 
microbiota in alcoholic and nonalcoholic fatty liver diseases”. The authors elaborated the intestinal 
microecological changes in both alcoholic and nonalcoholic liver diseases, and the important effects of 
intestinal microorganisms on the development of fatty liver diseases. These findings could provide new 
ideas for the future diagnosis and treatment of fatty liver disease.

In addition to bacteria, archaea and a small amount of fungi, viruses are also an indispensable part of 
the intestinal microflora in human[2] . In 2020, a multicenter observational study on the enteroviruses 
from 89 patients with alcoholic hepatitis, 36 patients with alcohol use disorder and 17 patients without 
alcohol use disorder was concluded[3]. The results showed that in stool samples from patients with 
alcoholic liver disease, bacterial and fungal diversity decreased and virus diversity increased, which 
mainly manifested as a large increase in the number of Myoviridae, Lactobacillus phages, Streptococcus 
phages, Podoviridae, Geobacillus phages, Escherichia phages, and Herpesviridae[3]. This trend was 
positively correlated with the severity of the disease. The changes in the intestinal microecology of 
people with alcohol use disorder are mainly characterized by an increase in Parvoviridae and Lactococcus 
phages[3]. Another study of the intestinal virome in patients with nonalcoholic fatty liver disease 
(NAFLD) showed that the average relative abundance and viral diversity of phages in patients with 
NAFLD and severe hepatic fibrosis were significantly lower than those in patients with NAFLD and no 
or mild hepatic fibrosis[4]. Hence viruses also have positive implications in the diagnosis, severity 
classification, treatment and prognosis of alcoholic and nonalcoholic liver diseases. However, as an 
easily neglected part of gut microecology, the impact of viruses was not mentioned in Sharma et al[1]’s 
article.

Bacteria and fungi in the gut microflora have large individual variability and are susceptible to 
various factors such as age, drugs[5], environment[6], and diet[7]. Likewise, the same is true for viruses. 
A shotgun metagenome sequencing analysis of DNA viruses in fecal samples from cynomolgus 
monkeys of different ages showed that the abundance of DNA viruses was inversely proportional to 
age; that is, the DNA virus group in fecal samples of elderly individuals decreased significantly[8]. 
However, Lang et al[4] found that after the use of proton pump inhibitors, enteroviruses in the feces of 
patients with nonalcoholic liver disease were also changed. In addition, in high-fat diet-fed mice, the 
structural composition and β-diversity of enteroviruses were changed. There was a significant decrease 
in the expression of Siphoviridae and a significant increase in the expression of the eukaryotic viruses 
Phycodnavridae and Mimivirdae, and these changes were accompanied by changes in intestinal bacteria
[9]. Therefore, considering the original proposal that gut microorganisms should be included in future 
liver disease diagnosis and treatment, we suggest that in addition to performing a horizontal 
comparison and finding representative biological markers, it is indispensable to have a methodological 
design and vertical comparison. However, the effects of confounding factors should also be considered, 
and individualized diagnosis and treatment plans should be developed for different patients.
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