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Abstract

Olympus Corporation developed texture and color enhancement imaging (TXI) as
a novel image-enhancing endoscopic technique. This topic highlights a series of
hot-topic articles that investigated the efficacy of TXI for gastrointestinal disease
identification in the clinical setting. A randomized controlled trial demonstrated
improvements in the colorectal adenoma detection rate (ADR) and the mean
number of adenomas per procedure (MAP) of TXI compared with those of white-
light imaging (WLI) observation (58.7% vs 42.7%, adjusted relative risk 1.35,
95%Cl: 1.17-1.56; 1.36 vs 0.89, adjusted incident risk ratio 1.48, 95%CI: 1.22-1.80,
respectively). A cross-over study also showed that the colorectal MAP and ADR
in TXI were higher than those in WLI (1.5 vs 1.0, adjusted odds ratio 1.4, 95%CI:
1.2-1.6; 58.2% vs 46.8%, 1.5, 1.0-2.3, respectively). A randomized controlled trial
demonstrated non-inferiority of TXI to narrow-band imaging in the colorectal
mean number of adenomas and sessile serrated lesions per procedure (0.29 vs
0.30, difference for non-inferiority -0.01, 95%CI: -0.10 to 0.08). A cohort study
found that scoring for ulcerative colitis severity using TXI could predict relapse of
ulcerative colitis. A cross-sectional study found that TXI improved the gastric
cancer detection rate compared to WLI (0.71% vs 0.29%). A cross-sectional study
revealed that the sensitivity and accuracy for active Helicobacter pylori gastritis in
TXI were higher than those of WLI (69.2% vs 52.5% and 85.3% vs 78.7%, res-
pectively). In conclusion, TXI can improve gastrointestinal lesion detection and
qualitative diagnosis. Therefore, further studies on the efficacy of TXI in clinical
practice are required.

Key Words: Endoscopy; Texture and color enhancement imaging; White-light imaging;

1934 April 14,2024 | Volume30 | Issuel4 |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v30.i14.1934
mailto:t@ichou.com

Toyoshima O et al. TXI topic highlight

Narrow-band imaging; Colorectal neoplasm; Gastric cancer; Adenoma; Ulcerative colitis; Helicobacter infections; Colono-
scopy

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Olympus Corporation has developed texture and color enhancement imaging (TXI) as a novel image-enhancing
endoscopy technique. This highlights a series of hot-topic articles investigating the usefulness of TXI for gastrointestinal
disease diagnosis in clinical practice. TXI showed improvement compared with white-light imaging (WLI) and non-
inferiority compared with narrow-band imaging in detecting colorectal neoplasia. TXI observation can predict the relapse of
ulcerative colitis. TXI improved gastric cancer detection and diagnostic accuracy for active Helicobacter pylori gastritis
compared to WLI. In conclusion, TXI can improve detection and qualitative diagnosis.
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INTRODUCTION

Image-enhanced endoscopy (IEE) improves the diagnosis of gastrointestinal lesions that are challenging in conventional
white-light imaging (WLI). Narrow-band imaging (NBI) developing as an IEE modality is effective in diagnosing
gastrointestinal disease[1-3]. Following NBI, blue-light imaging and linked color imaging (LCI) have been developed as
our new IEE modalities. The utility of BLI and LCI has also been reported extensively[4-6]. Texture and color
enhancement imaging (TXI), which is a novel technique to enhance images, was developed in the new endoscopy system
EVIS X1 (Olympus Corporation, Tokyo, Japan) in 2020. TXI enhances three image factors, namely texture, brightness, and
color, in WLI. This enhancement helps to define subtle tissue differences by applying the retinex-based method. TXI has
two modes (i.e., modes 1 and 2). TXI mode 2 is composited with brightness adjustment in dark regions and texture
enhancement for subtle contrast. Additionally, TXI mode 1 applies color enhancement to define slight color contrasts
more clearly[7,8]. Representative endoscopic images of colonic neoplasm are shown in Figure 1.

Many studies investigating the visibility and color differences of TXI have been published. For example, visibility
scores and color differences of TXI for colorectal neoplasia[9-12], gastric neoplasia[13-18], gastritis[13,19], Barrett’s
esophagus[20,21], pharyngeal and esophageal cancer[22], duodenal neoplasia[23], and the papilla of Vater[24] have been
assessed. However, few studies have evaluated the detection and diagnosis of lesions using TXI. Therefore, this study
highlights recent reports. We selected six comparative studies that examined the effects of TXI on neoplasia detection,
disease prognosis, and diagnostic accuracy (Table 1).

TXI FOR DETECTION OF COLORECTAL NEOPLASIA

Two randomized controlled trials (RCTs) examined the utility of TXI in colorectal neoplasia detection. Antonelli et al[25]
conducted an international multicenter RCT (Italy, Germany, and Japan) assessing colorectal adenoma detection using
TXI compared to WLI. Patients were randomly assigned to two arms, those who underwent colonoscopy using TXI or
WLI A total of 747 patients were enrolled (mean age 62.3 years; 50.2% male). Adenoma detection rate (ADR) was higher
in the TXI group compared with the WLI group (58.7% vs 42.7%; adjusted relative risk 1.35, 95%CI: 1.17-1.56, P = 0.001).
The detection rate of adenomas < 10 mm was higher with TXI than with WLI (37.1% vs 24.5%). The TXI group had a
higher proportion of patients with high-risk polyps compared to the WLI group (26.7% vs 19.9%, 1.31, 1.01-1.71, P =
0.046). High-risk polyps were defined as at least one adenoma > 10 mm or with high-grade dysplasia, or at least five
adenomas, or any serrated polyp = 10 mm or with dysplasia, according to the most recent European Society of
Gastrointestinal Endoscopy guideline[26]. The mean number of adenomas per procedure (MAP) with TXI was larger than
that with WLI (1.36 vs 0.89; adjusted incident risk ratio 1.48, 95%CI: 1.22-1.80, P < 0.001). This is the first RCT to compare
colorectal neoplasia detection using TXI and WLI. Researchers demonstrated that TXI had a higher ADR than WLI and
was useful for colorectal adenoma detection. They also reported that TXI increased the detection rate of small adenomas.
Furthermore, TXI provided a larger MAP and a higher high-risk polyp detection rate, indicating that a different
surveillance interval after colonoscopy is recommended compared to WLI.

Yoshida et al[27] performed a multicenter RCT evaluating the efficacy of an additional 30-s (Add-30-s) observation of
the right-sided colon (i.e., cecum to ascending colon) using TXI compared with NBI observation. Patients were assigned to
either the TXI or NBI group. The right colon was first observed with WLI in both groups; then, the right colon was
examined with Add-30-s observations using either TXI or NBI. Three-hundred fifty-eight patients were enrolled (mean
age 68.3 years, 63.4% male). This study showed the non-inferiorities of TXI to NBI (0.29 vs 0.30, difference for non-
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Table 1 Topic studies on texture and color enhancement imaging

Publication . No. of . . :
Ref. Study design Country . Endpoint Comparison Main result
year patients
Antonelliet 2023 Randomized Italy, Germany, 747 Detection of colorectal TXIvs WLI Improvement
al[25] control study and Japan neoplasia
Yoshida etal 2023 Randomized Japan 381 Detection of colorectal TXI vs NBI Non-
[27] control study neoplasia inferiority
Sakamotoet 2023 Cross-over study  Japan 470 Detection of colorectal TXIvs WLI Improvement
al[28] neoplasia
Hayashi etal 2023 Cohort study Japan 146 Relapse of ulcerative colitis TXIscore2vs TXI  Predictable
[29] scores 0-1
Kemmoto et 2024 Cross-sectional Japan 13440 Detection of gastric cancer TXI (mode 2) vs Improvement
al[30] study WLI
Kitagawaet 2023 Cross-sectional Japan 60 Diagnostic accuracy for active TXI (mode 1) vs Improvement
al[31] study Helicobacter pylori gastritis WLI

TXI: Texture and color enhancement imaging; WLI: White-light imaging; NBI: Narrow-band imaging.

inferiority -0.01, 95%CI: -0.10 to 0.08, P = 0.02) in the mean number of adenomas and sessile serrated lesions per
procedure (MASP). The difference in MAP between TXI and NBI groups was also significant for non-inferiority (0.23 vs
0.24, -0.01, -0.09 to 0.007, P = 0.01). Multivariable analyses showed no significant differences in MASPs and MAPs
between the TXI and NBI groups, regardless of bowel preparation, endoscopes, and endoscopist level. Increases in the
ADR, adenoma and sessile serrated lesion detection rate, and polyp detection rate for the right colon from WLI to TXI
were 10.2%, 13.0%, and 15.3%, respectively, and from WLI to NBI were 10.5%, 12.7%, and 13.8%, respectively. The
increases in the TXI and NBI groups were not significantly different. This is the first non-inferiority RCT comparing TXI
and NBI for colorectal neoplasia detection. The authors recommend that either TXI or NBI be used for Ad-30-s
observation.

Sakamoto et al[28] conducted a retrospective cross-over study that compared colorectal neoplasia detection using TXI
and WLI They repeated the right colon observation twice with WLI or TXI as the first observation in the WLI and TXI
groups, respectively. Then, the right-sided colon was re-examined as a second look using TXI or WLI, whichever was not
used for the first observation. The remaining colorectal mucosa was examined using the first observation method. This
study included 470 patients (mean age 64.0 years, 64.0% male). Multivariable analyses showed that the MAP and ADR in
the TXI group were higher than those in the WLI group (1.5 vs 1.0, adjusted odds ratio 1.4, 95%CI: 1.2-1.6, P < 0.001; 58.2%
vs 46.8%, 1.5, 1.0-2.3, P = 0.044), regardless of patient demographic characteristics, withdrawal time, bowel preparation,
and endoscopes. TXI detected more adenomas in the ascending colon with a non-polypoid morphology and a size of 6-9
mm. Fewer non-polypoid lesions were missed in the TXI group than in the WLI group (16.6% vs 30.6%). This cross-over
study indicated that TXI was more suitable than WLI for the detection of adenomas, especially small non-polypoid
adenomas, in the ascending colon.

TXI FOR ULCERATIVE COLITIS

A cohort study established a score using the TXI as a predictor of ulcerative colitis (UC) relapse and investigated its
usefulness. Hayashi et al[29] did a prospective single-center, single-arm cohort study. They developed the TXI scores as
follows: Score 0 = no accentuated redness; score 1 = accentuated redness; and score 2 = accentuated redness and poor
visibility of deep vessels. The endoscopic images of 146 patients with UC in remission were reviewed. Patients with a TXI
score of 2 had lower UC relapse-free rates than those with TXI scores of 0 and 1 (log-rank test, P < 0.01). When pathologic
remission was defined as Matts grade < 2, the rate of pathologic remission decreased with higher TXI scores (TXI score 0,
95.2%; TXI score 1, 67.8%; TXI score 2, 40.0%, respectively, P = 0.01). In multivariate analysis, TXI score 2 was associated
with UC relapse (hazard ratio 4.16, 95%CI: 1.72-10.04, P < 0.01), whereas the Mayo endoscopic subscore (MES) was not.
Furthermore, the relapse-free rate was lower in MES 1 with a TXI score of 2 than in MES 0 or MES 1 with a TXI score of 0
or 1. The authors concluded that TXI could identify populations with poor prognosis in MES 1, for whom treatment
intensification has been controversial.

TXI FOR GASTRIC CANCER AND GASTRITIS

Two studies have investigated the efficacy of TXI in treating gastric lesions. Kemmoto et al[30] performed a cross-
sectional study analyzing gastric cancer (GC) detection during gastroscopic screening. They compared the GC detection
rate in TXI mode 2 with that of the WLI observations. A total of 13440 patients (median age 57 years; 60.6% male) were

3%9@) WIG | https://www.wjgnet.com 1936 April 14,2024 | Volume30 | Issuel4 |



Toyoshima O et al. TXI topic highlight

Figure 1 Representative endoscopic images of a colonic adenoma. A-D: Conventional view; E-H: Magnifying view. A and E: White-light imaging; B and
F: Narrow-band imaging; C and G: Texture and color enhancement imaging; D and H: Texture and color enhancement imaging with indigo carmine. An Olympus’ X1
system and a CF-XZ1200 scope were used.
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included in this study. The GC detection rate was higher in the TXI group than in the WLI group (0.71% vs 0.29%),
especially among patients who had undergone Helicobacter pylori (H. pylori) eradication (1.36% vs 0.43%). The positive
predictive value of GC on biopsy was higher in the TXI group than in the WLI group (11.0% vs 4.9%). Furthermore, the
Expert-WLI group, which was limited to patients who underwent WLI by three endoscopists with the highest GC
detection rates, was compared with the TXI group. The detection rates of GC after H. pylori eradication in the lower
stomach, with 0-IIc endoscopic morphology according to the Paris classification, and with the histologically differentiated
type were higher in the TXI group than in the Expert-WLI group (0.87% vs 0.17%, 1.36% vs 0.43%, and 1.36% vs 0.52%,
respectively). The authors concluded that TXI mode 2 improved the detection of GC after H. pylori eradication in the L-
region with superficially depressed and differentiated types. This study demonstrated the usefulness of TXI observation
in GC screening.

Kitagawa et al[31] examined the diagnostic accuracy of H. pylori infections in the stomach. The patients were divided
into three groups based on H. pylori infection status: Current, past, and non-infection. The diagnostic accuracy for H.
pylori infection status was compared in TXI with WLI observation. Endoscopic images of 60 patients (median age 73
years; 68.3% male) were reviewed. The sensitivity and accuracy for current H. pylori infection in TXI were higher than
those of WLI (69.2% vs 52.5%, P = 0.012; 85.3% vs 78.7%, P = 0.034). The diagnostic odds ratio of diffuse redness for
current infection, map-like redness for past infection, and regular arrangement of collecting venules for non-infection in
TXI observation were higher than those in WLI observation (56.21 vs 22.00, 10.97 vs 6.29, and 42.25 vs 25.24, respectively).
TXI may be useful for diagnosing H. pylori infection during gastroscopy.

CONCLUSION

We have highlighted recent reports examining the usefulness of TXI for gastrointestinal diseases in clinical practice
(Table 1). For colorectal neoplasia, an RCT and a cross-over study demonstrated that TXI had a higher ADR and MAP
than WLI, and an RCT showed that TXI had non-inferiority to NBI in terms of MASP and MAP. A scoring system using
the TXI was shown to be useful in predicting UC relapse in a cohort study. For the stomach, TXI was reported to improve
GC detection and diagnostic accuracy of active H. pylori gastritis compared to WLI. TXI can selectively enhance
brightness in dark areas of an endoscopic image and highlight subtle tissue differences, such as slight morphological or
color changes, without over-enhancement[7]. These characteristics of TXI may aid in making more accurate diagnoses.

Further validation of the detection of neoplastic and inflammatory lesions using TXI is required. Furthermore, investig-
ations on whether the use of TXI endoscopy is associated with better patient prognosis are desirable. Studies have shown
that endoscopy with magnification, dye spraying[9,10,32,33], and artificial intelligence[34-36] is useful for diagnosing
neoplasia and inflammation, and validation of these modalities in combination with TXI is expected. Therapeutic applic-
ations of TXI are expected in the future[37]. The two modes of TXI have different features, so they should be separately
described in future studies. There have been many reports from Japan, and further international research is required. In
conclusion, TXI can improve the detection and qualitative diagnosis of gastrointestinal lesions.
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Abstract

Immune checkpoint inhibitors (ICIs) are widely used due to their effectiveness in
treating various tumors. Immune-related adverse events (irAEs) are defined as
adverse effects resulting from ICI treatment. Gastrointestinal irAEs are a common
type of irAEs characterized by intestinal side effects, such as diarrhea and colitis,
which may lead to the cessation of ICIs. Although irAE gastritis is rarely reported,
it may lead to serious complications such as gastrorrhagia. Furthermore, irAE
gastritis is often difficult to identify early due to its diverse symptoms. Although
steroid hormones and immunosuppressants are commonly used to reverse irAEs,
the best regimen and dosage for irAE gastritis remains uncertain. In addition, the
risk of recurrence of irAE gastritis after the reuse of ICIs should be considered. In
this editorial, strategies such as early identification, pathological diagnosis, mana-
gement interventions, and immunotherapy rechallenge are discussed to enable
clinicians to better manage irAE gastritis and improve the prognosis of these
patients.

Key Words: Immunotherapy; Immune checkpoint inhibitor; Immune-related adverse
events; Immune checkpoint inhibitor-related gastritis
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Core Tip: Immune checkpoint inhibitor (ICI)-related gastritis is rare but may lead to serious complications such as gastror-
rhagia. Biopsy under esophagogastroduodenoscopy is the gold standard for diagnosis. Specifically, this article discusses
strategies for treating ICI-related gastritis, including early recognition, pathological diagnosis, management interventions,
and rechallenge with immunotherapy, providing clinicians with valuable consultations to enable cancer patients to benefit
early from treatment.
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INTRODUCTION

Immunotherapy has been shown to have great efficacy in treatment of multiple kinds of cancers by inhibiting the
downregulation of T-cell-mediated destruction and promoting the patient’s immune system to target and destroy cancer
cells. Immune checkpoint inhibitors (ICIs), which are programmed cell death protein 1/programmed cell death ligand 1
(PD-1/PD-L1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) inhibitors, are common pharmacotherapeutics
for immunotherapy and improve survival across a range of malignancies. While the inhibition of these proteins reinvig-
orates the host antitumor immune response, broad inhibition of these central immune regulators leads to a unique
spectrum of immune-related adverse events (irAEs), and gastrointestinal (GI)-irAEs are among the most common
toxicities of current ICIs. The side effects affecting the distal gastrointestinal tract, including colitis and diarrhea, are well
recognized. However, gastritis induced by immune checkpoint inhibitors has also been described. Gastritis is a broad
category of diagnosis that stems from inflammation to the gastric mucosa that can lead to nausea, vomiting, abdominal
pain, and weight loss. This editorial focuses on early identification, pathological diagnosis, management interventions,
and immunotherapy rechallenge of irAE gastritis to enable clinicians to better manage irAE gastritis and improve the
prognosis of these patients.

INCIDENCE, TIME-TO-ONSET AND SEVERITY

Overall, GI-irAEs occurred in approximately 6.5% to 8.4% of patients receiving monotherapy ICIs[1,2]. ICI-related
gastritis has a lower occurrence. Several retrospective studies based on large samples have reported an incidence of
approximately 0.35%-1.46%[3-6]. The time-to-onset is highly variable, with a wide range of 2 wk to 156 wk, and the
median time was calculated as 29.3 wk[7]. The incidence of GI-irAEs of ICI combined therapy occurred at 6-8 wk after the
start of ICI treatment, which was much earlier than ICI monotherapy[8]. Furthermore, combined therapy with anti-PD1/
PD-L1 and anti-CTLA-4 agents led to higher rates of GI-irAEs than anti-PD1/PD-L1 or anti-CTLA-4 monotherapy (15%
vs 4% and 12%, respectively)[9-13]. There was also a positive association between increasing doses of ICIs and the
incidence and severity of Gl-irAEs, especially in anti-CTLA-4 monotherapy and combined therapy of anti-PD1/PD-L1
and anti-CTLA-4 agents[14-17]. The severity grades of ICI-related gastritis are based on the Common Terminology
Criteria for Adverse Events (CTCAE)[18]. In patients with grade 1 gastritis, upper gastrointestinal symptoms are not
obvious and are often detected inadvertently. ICI-related gastritis of CTCAE grade 2-3 has been reported most often
(more than 75%), requiring the cessation of ICIs and steroid intervention[19].

Patients with a history of gastrointestinal disease are more likely to develop ICI-related gastritis after immunotherapy.
One study revealed that in 54 patients with ICI-related gastritis, thirteen (24%) had a history of gastroesophageal and
liver disorders, and nine of thirteen had former gastroesophageal reflux disease[4]. Previous medications that potentially
damage the stomach should be assessed in patients with ICI-related gastritis. In a total of 25 patients with ICI-related
gastritis, 3 (12%) patients had a history of nonsteroidal anti-inflammatory drug (NSAID) use, and 11 (44%) patients had
received chemotherapy, radiation, or combined therapy[3]. A shorter onset time of 2.0 wk was observed in those patients,
and they all had grade-2 or higher adverse events (AEs) that required prednisolone (PSL) therapy.

SYMPTOMS AND CLINICAL EXAMINATIONS

Clinical symptoms of ICI-related gastritis are diverse; they can be covered by the delayed or cumulative effect of previous
treatment lines or can be neglected when coexisting with other lower GI tract toxicities, which makes diagnosis
challenging. Nausea/vomiting and abdominal pain are most commonly seen in patients with ICI-related gastritis. High-
dose, short-interval administration of pembrolizumab increases the frequency of nausea and vomiting[20]. Sometimes,
nausea/vomiting may be the only discomfort, digestive discomfort may be absent, so the occurrence of ICI-related
gastritis should be determined in patients receiving immunotherapy under this circumstance. Dyspepsia (38%) and
bloating (25%) are also observed in patients with ICI-related gastritis. Compared with patients with concomitant
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enteritis/ colitis, patients with isolated gastritis were less likely to have diarrhea (13% vs 68%; P < 0.001) or abdominal
pain (19% vs 47%; P = 0.07)[4].

In general, serological evidence is still insufficient. Laboratory findings for most patients were not clinically significant,
or they had mild anemia and malnutrition. Elevated C-reactive protein (CRP) was observed in several patients, but their
WBC counts were within normal limits. However, in two reported cases, patients with severe eosinophilia and increased
IgE and IL-5 levels showed eosinophilic infiltration on histology. Several serum biomarkers have been shown to predict
ICI-related colitis. An increase in the serum IL-17 concentration at baseline with an exponential elevation at six weeks is a
good indicator for ICI-diarrhea/colitis, and an decrease in the serum IL-17 concentration correlates with the resolution of
symptoms, making it a valuable indicatior of treatment response[21]. High sCTLA-4 serum levels might predict favorable
clinical outcomes and greater risk of irAEs in MM patients treated with ipilimumab[22]. Currently, there is no specific
index to demonstrate ICI-related gastritis in an early stage.

Abdominal computed tomography (CT) is often unremarkable, with only a few patients displaying thickening of the
gastric wall[7]. PET-CT can reveal diffuse fluorodeoxyglucose accumulation in the stomach wall, but it is poorly distin-
guished from metastasis[23-25]. Esophagogastroduodenoscopy (EGD) can reveal gastritis, duodenitis [frequently without
Helicobacter pylori (H. pylori) infection], esophageal or gastric ulcers, ileitis, or enterocolitis[11]. Erythema (64%-88%) and
edema (46%-52%) of the gastric mucosa are typical findings under EGD[3,26]. In patients with grade-3 ICI gastritis,
hemorrhagic and fragile mucosa, network-pattern erosion or ulcers in the antrum have also been observed[6,27].
However, histological examination or endoscopic ultrasonography may show prominent characteristics of autoimmune
gastritis, although there are no typical gastroscopic characteristics or clinical symptoms. Some reports have indicated a
weak correlation between gastroscopic and histological findings in PD-1-induced gastritis[28,29]. Approximately 10%-
20% of patients have endoscopically normal gastric tissue despite biopsy-proven ICI-related gastritis[4]. Thus, in patients
with suspected PD-1-induced gastritis, a complete workup is necessary for diagnosis, especially stomach biopsy.
Furthermore, patients with isolated ICI-realted gastritis exhibit a trend toward greater endoscopic severity of gastric
inflammation (erosions/ulcerations/severe erythema vs mild erythema/normal) than those with concurrent enteritis/
colitis (P = 0.12)[4]. Gastric biopsies in patients with endoscopic lesions often show pathohistological manifestations of
active gastritis or chronic active pangastritis. Lymphoplasmacytic and granulocytic infiltration with scattered eosinophils
in the lamina propria and epithelium, diffuse inflammation and crypt abscesses are usually observed[23,26,27,30-32].
Further immunohistochemical analysis demonstrated that the infiltrating lymphocytes were positive for CD3, with CD8+
prevailing over CD4+ but negative for CD20, and PD-L1 was positive in immune cells and/or epithelial cells[6,33]. The
involvement of limited areas of the GI tract, such as the duodenum, stomach, ileum, or colon, suggests an underlying
immune mechanism directed toward epitopes specific to this location.

Autoimmune gastritis or ICIl-induced autoimmune-like gastritis need to be differentiated. A marked reduction in acid-
secreting cells and destruction of the glands in the background of diffuse lymphoplasmacytic infiltration are typical
manifestations of autoimmune gastritis under EGD[34]. In addition, peripheral blood is positive for B-cell antibodies,
with concomitant pernicious anemia. ICI-associated immune gastritis also needs to be distinguished from H. pylori
gastritis and cytomegalovirus gastritis. Unlike ICI-associated gastritis, H. pylori gastritis is characterized by significantly
lower numbers of intraepithelial lymphocytes, more lamina propria inflammation, and more lymphoid aggregates[35].
However, lymphocyte phenotyping of H. pylori gastritis and nivolumab gastritis showed no difference in the number of
lamina propria CD4+ cells or CD8+ cells[35]. A C-13 or C-14 blow test is a noninvasive method for differentiation of H.
pylori infection. Cytomegalovirus (CMV) gastritis after immunotherapy has been reported, and a CMV inclusion body
inside the cytoplasm is a hallmark[36]. Notably, autoimmune gastritis may be concurrent with H. pylori and/or CMV
infection. For patients in whom H. pylori gastritis and CMV gastritis are initially excluded but symptoms worsen after
steroid therapy, another EGD should be performed to exclude opportunistic H. pylori or CMV infection. In addition,
gastric metastases can be seen as hemorrhagic, ulcer and fragile mucosa, which need to be differentiated from gastritis[37,
38], and pathological biopsy to find tumor cells is well suited for identification.

POSSIBLE MECHANISM

The detailed mechanisms underlying ICI-related gastritis are poorly understood. A common view is that ICls increase T-
cell activation and proliferation, abrogate Treg functions, and possibly boost humoral autoimmunity, which results in
irAEs[39]. Moreover, CTLA-4 inhibitors increase the number of circulating Th17 cells, decrease the number of circulating
Tregs and contribute to irAEs[40-42]. PD-1/PD-L1 inhibitors regulate Tregs via deficient differentiation from Th1 cells to
Treg cells, reducing the immunosuppressive effect of Treg cells and enhancing T-cell activation[33,43]. All these
imbalances result in enhanced CD4+ and CD8+ T-cell activation and drive destruction of normal cells[44]. Furthermore,
CTLA-4 and PD-1/PD-L1 inhibition results in increased cytokine production, such as TNF, IFN-y and IL-17, which
further leads to T-cell proliferation and activation as well as proinflammatory effects[39].

A common histological feature is an increase in CD8+ T cells but a decrease in CD4+ T cells. Hence, there is a
hypothesis that PD-1 inhibitors promote gastritis through weak expression of CD4+ Treg cells and disturbed immune
tolerance; strong expression of CD8+ T cells enhances the effect of cytotoxic T lymphocytes in attacking autologous
organs[33]. Additionally, as PD-L1 is expressed in immune cells and/ or epithelial cells, a novel hypothesis is that T cells
actively attack antigens present on gastric epithelial cells, which exacerbates gastritis, but this needs to be assessed in a
case-control study[6].
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TREATMENTS FOR ICI-RELATED GASTRITIS

Because of the scarcity of prospective trials on drug immunosuppression in the setting of ICI-related gastritis, no
guidelines exist for management, and clinicians can only seek information from small series studies and case reports on
how to handle these challenging cases. Treatment decisions for ICI-related gastritis are based on individual clinical
presentations. A wait and watch approach can be used for patients with EGD without symptoms[45]. Immunotherapy is
often stopped after > grade 2 gastritis occurs[7,46]. In several patients with isolated gastritis, symptoms have improved
after PPI treatment alone[4]. However, in most cases, steroids are the first-line empirical agent. Indeed, early use and high
doses of prednisone (1-2 mg/kg/d) lead to a favorable prognosis, with only 16.7% clinical recurrence[19]. Steroids can
attenuate the CD28 signaling pathway and CD80 co-stimulation that partly impairs T-cell function[47]. With ICI
cessation, use of prednisone and proton pump inhibitors, symptoms of ICI-related gastritis can rapidly subside within a
week, but complete resolution under EGD will take months[3,31,48,49], and the longest remission is reported at 66 wk
[50]. The use of steroids, most commonly prednisone, begins to taper when clinical symptoms reduce to grade 1, and
Pneumocystis Carinii pneumonia and Fungal infections should be necessarily prevented for long-term steroid therapy (= 4
wk)[51-53]. For patients who have concomitant CMV infection, symptom improvement can be achieved with active
antiviral treatment[49]. If no improvement is noted within 2 to 3 d on intravenous steroids (1-2 mg/kg/d), immunosup-
pression agents, such as TNF-a (e.g., infliximab) or integrin blockers (e.g., vedolizumab), can be used for this type of
steroid-resistant gastritis. Retrospective data from a large cohort study of cancer patients administered ipilimumab
reported that 103 (35%) of 298 patients received corticosteroids to manage an irAE and that 29 (10%) of 298 needed
additional immunosuppressive drugs[54]. Vedolizumab can be used in treating steroid-refractory Gl-irAEs. One study
showed that 24 of 28 patients with steroid-resistant ICI-related colitis who received vedolizumab achieved clinical
remission; 12 patients with EGD monitoring had nonulcerative inflammation or no signs by the last repeat EGD[55].
Patients with GI-irAEs who were initiated on infliximab within 14 d of starting steroids had good resolution, and the
average time to infliximab response was 17 d[56]. Infliximab has been reported to be effective against steroid-resistant
gastritis in several case reports[23,26,57], such as one patient whose symptoms did not resolve after 6 d of high-dose
steroid treatment but improved significantly after 2 doses of infliximab (2-wk regimen)[23]. The duration of therapy with
a TNF-a blocker (infliximab) or an integrin blocker (vedolizumab) is not clearly defined. Evidence supports use of up to 3
doses (at weeks 0, 2, and 6) to reduce risk of recurrence and increase the likelihood of endoscopic/histologic remission
[58]. In addition, active parenteral nutrition, such as water and electrolyte balance and energy supplementation,
preventive anti-infection treatment when needed, and symptomatic management, are important.

Despite the lack of prospective data, retrospective studies have shown that the use of steroids and immunosup-
pressants after irAEs does not reduce the efficacy of ICIs[53]. In 54 patients with ICI-related gastritis, the overall response
rate and disease control rate were 52% and 74%, respectively, after immunotherapy[4]. Patients who developed GI-irAEs
experienced a better response to ICI therapy than those who did not develop GI-irAEs (41% vs 27%, P = 0.003)[32].
Development of Gl-irAEs was also associated with better overall survival[5]. However, for ICI-related gastritis, it is still
unclear whether the occurrence of ICI-related gastritis correlates positively with better outcomes. Nevertheless, there was
no clear correlation between the endoscopic severity or extent of inflammation and the response to ICIs (P = 0.85 and P =
0.44, respectively)[4]. More evidence is needed for better support.

RECHALLENGING IMMUNE CHECKPOINT INHIBITORS

After the complete resolution of irAEs, resumption of immunotherapy is of crucial importance for treatment and patient
prognosis, as is the risk of relapse of irAEs. The recurrence rate of all kinds of irAEs is reported to be 28.6% after anti-PD-
1 monotherapy resumption, 47.4% after anti-CTLA-4 monotherapy resumption, and 43.5% after combination therapy
resumption in patients with various cancers[59]. A retrospective study reported that a lower recurrence rate of GI-IrAEs
was found in 23.1% (6/26) of patients receiving another course of ICIs, 95% (25/26) of patients treated with anti-PD-1 as
second-line therapy had no relapse within 3 months, and 88% (23/26) of patients had no relapse within one year[8].
Among the six patients who relapsed with the second ICI, the recurrence severity was grade I for 2/6 (33%), grade II for
2/6 (33%) and grade IV for 2/6 (33%); the outcome was favorable with medical treatment[8]. However, the incidence of
recurrent ICI-related gastritis remains uncertain. Two studies demonstrated that 5 patients who recovered from ICI-
related gastritis restarted immunotherapy without any recurrence of irAEs[60,61]. There is also a report of two patients
who experienced recurrence of ICI gastritis at 10 to 12 wk after rechallenge with anti-PD-1 monotherapy, and EGD
findings indicated milder lesions than those occurred during the first time (erythematous and edematous vs. network-
pattern erosion or ulceration and fragile mucosa)[6]. A high possibility is increased awareness of ICI-related gastritis and
EGD performed at an earlier stage. Moreover, it should be noted that patients with irAEs may experience autoimmune
damage in other systems after restarting immunotherapy. According to a pharmacovigilance database review, when
rechallenged after ICI discontinuation for irAEs > grade 2, 39% experienced another > grade 2 irAE at relapse[62].

In general, whether and when to restart ICI treatment should be based on the conditions. Limited data are available to
support clinicians” decisions. Available data on the timing of ICI resumption after the first irAE show that it ranges from a
median of 14 d to 60 wk[63]. One study involving ten patients with ICI-related gastritis found a median time of 2.8
months (range: 1.0-35.8) between treatment discontinuation and resumption of ICIs[27]. However, as complete resolution
of symptoms will require a couple of months and the longest duration for resolution of inflammation is reported to be 66
wk, a new EGD examination or biopsy needs to be performed for confirmation before resumption of ICI treatment.
Furthermore, the duration of steroid tapering, severity of initial irAEs and use of additional immunosuppressants do not
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predict toxicity upon rechallenge, but patients who remain on steroid therapy at the time of anti-PD-1 therapy
resumption have high rates of toxicity (55% vs 31%, P = 0.03)[64]. Moreover, the time of the first appearance of irAEs may
help to predict their recurrence. Compared with the nonrecurrent group, the recurrent group had a shorter average time
to first irAEs (9 wk vs 15 wk)[65]. Fecal calprotectin and lactoferrin are good biomarkers for monitoring irAE-colitis with
rechallenge ICI therapy, but there is no biomarker to predict recurrence of ICI-related gastritis at present[66].

CONCLUSION

In conclusion, ICI-related gastritis is rare and should be suspected in patients with recurrent upper gastrointestinal
symptoms and a history of immunotherapy. Adopting a proactive monitoring strategy is expected to reduce the
occurrence of severe immune gastritis. EGD examination and biopsy are needed to confirm ICI-related gastritis. Early and
adequate glucocorticoids can improve prognosis, and recommendation for re-examination of EGD before restarting ICI
therapy. Furthermore, proper management of severe irAEs requires the efficient response and concerted decision of
multidisciplinary teams. Such efforts will ensure that patients with cancer benefit from the highest quality of care as
immunotherapy continues to evolve.
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Abstract

In Japan, liver biopsies were previously crucial in evaluating the severity of
hepatitis caused by the hepatitis C virus (HCV) and diagnosing HCV-related
hepatocellular carcinoma (HCC). However, due to the development of effective
antiviral treatments and advanced imaging, the necessity for biopsies has
significantly decreased. This change has resulted in fewer chances for diagnosing
liver disease, causing many general pathologists to feel less confident in making
liver biopsy diagnoses. This article provides a comprehensive overview of the
challenges and potential solutions related to liver biopsies in Japan. First, it
highlights the importance of considering steatotic liver diseases as independent
conditions that can coexist with other liver diseases due to their increasing
prevalence. Second, it emphasizes the need to avoid hasty assumptions of HCC in
nodular lesions, because clinically diagnosable HCCs are not targets for biopsy.
Third, the importance of diagnosing hepatic immune-related adverse events
caused by immune checkpoint inhibitors is increasing due to the anticipated
widespread use of these drugs. In conclusion, pathologists should be attuned to
the changing landscape of liver diseases and approach liver biopsies with care
and attention to detail.

Key Words: Liver biopsy; Alteration; Post-hepatitis C virus era; Steatotic liver disease;
Hepatic tumors; Immune checkpoint inhibitors
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Core Tip: Over the past 30 years in Japan, liver biopsies for assessing hepatitis C virus (HCV) hepatitis and HCV-related
liver cancer were common but declined due to advanced treatments and imaging. This shift decreased diagnostic
opportunities and eroded general pathologists’ confidence in conducting liver biopsies. This editorial outlines key
challenges: Understanding steatotic liver diseases as independent conditions, caution in diagnosing nodular lesions to
prevent misinterpretation, and addressing hepatic injuries caused by immune checkpoint inhibitors. It stresses the need for
pathologists to adapt to evolving liver disease landscapes and approach biopsies meticulously.

Citation: Tkura Y, Okubo T, Sakai Y. Liver biopsy in the post-hepatitis C virus era in Japan. World J Gastroenterol 2024; 30(14):
1949-1957

URL: https://www.wjgnet.com/1007-9327/full/v30/i14/1949.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i14.1949

INTRODUCTION

I (Yoshihiro Ikura) started my career in pathology in Japan about 30 years ago, when abundant liver biopsies for
interferon treatment for hepatitis C virus (HCV)[1,2] were submitted to pathology laboratories, day after day (Figure 1).
Those who do not know about those days may think that it must have been very tough, but it was rather easy because all
we had to do was to evaluate the severity of hepatitis and diagnose hepatocellular carcinoma (HCC).

In 2014, oral direct-acting antiviral agents (DAAs) were introduced[3,4], resulting in a steady decline of liver biopsies in
Japan (Figure 2). Pretherapeutic histologic examination is not required for DAA administration[5], and most HCC cases
can be treated based solely on radiological findings[6]. Consequently, the necessity of pathologic assessment of liver
specimens is decreasing. This is a favorable change for minimizing patients” burden. However, opportunities for general
pathologists to learn hepatic histopathology have decreased.

The changing landscape of liver diseases in Japan has caused many general pathologists to lack confidence in making
liver biopsy diagnoses. This article categorizes the current issues surrounding liver biopsies in Japan and provides an
overview of how to address them.

DIFFERENTIAL DIAGNOSIS CENTERED AROUND STEATOTIC LIVER DISEASES

Liver biopsies from patients with steatotic liver diseases (SLDs; either metabolic dysfunction-associated or alcoholic) and
positive for autoantibodies are frequently submitted to our pathology laboratory as consultation cases. Figure 3A and B
shows an example of such a case, where steatosis and inflammatory injury are evident, but the portal area remains almost
unaffected (Figure 3A). I informed the physician that the patient had steatohepatitis, which is characterized by hepatocyte
ballooning and lipogranulomas (Figure 3B), there being no findings of autoimmune hepatitis (AITH).

Figure 3C-E provides a contrasting example. The liver biopsy of a diabetic patient shows inflammatory changes
associated with steatosis, similar to the previous case (Figure 3C). Additionally, the portal area exhibits inflammation and
fibrosis, and most importantly, inflammatory bile duct damage (Figure 3D) with a small granuloma formation
(Figure 3E). These findings are typical of primary biliary cholangitis. The patient’s serological test confirmed a positivity
for anti-mitochondrial antibodies. Complications of SLDs are apt to obscure the features of autoimmune liver diseases.

Currently, SLDs are estimated to affect 30% of the general adult population[7]. It should be noted that 30% of patients
with autoimmune liver diseases, as well as those who are positive for autoantibodies but do not have autoimmune liver
diseases, also have SLDs (Figure 4). Pathology reports should provide comments on whether SLDs are complicated by
other liver diseases, rather than differentiating between them.

Figure 5 shows results of the comparative biopsy findings before and after HCV eradication with DAAs[8]. While
inflammation, fibrosis and iron deposition have improved, steatosis appears to have worsened. This indicates that
steatosis was an independent lesion, and not connected to HCV hepatitis. The data suggest that it is time to completely
revise the conventional perspective of steatosis as a secondary change linked to various liver diseases.

DIAGNOSIS OF NODULAR LESIONS

The diagnosis of classical HCV-associated HCC was relatively easy because almost all cases had cirrhosis in the
background and were observed as clearly demarcated atypical hepatocyte proliferation bordered by fibrous bundles
(Figure 6). The histologic features of the current HCCs differ significantly from those of the classic HCCs. HCCs are
increasingly developing in livers with only mild steatosis, without hepatitis or cirrhosis. Pathologists in Japan must
abandon their previous understanding that HCC is usually associated with cirrhosis[9,10]. Diagnosing HCC has become
increasingly challenging. Immunostaining, such as Glypican-3 and CD34, is recommended for cases where morphological
diagnosis is difficult.
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Neli e

Figure 1 A typical histologic finding of chronic hepatitis C. A dense, follicle-like accumulation of lymphocytes is seen in the portal area. Hematoxylin-
eosin, original magnification 200 x.
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Figure 2 The number of liver biopsies conducted at Takatsuki General Hospital starting from 2011. In 2014, oral direct-acting antiviral agents
were introduced, resulting in a steady decline of liver biopsies.

Among the biopsies for nodular lesions, the number of biopsies to diagnose HCC is decreasing. In addition to a certain
percentage of tumor-free specimens, it is noteworthy that metastases and benign lesions have increased in recent years
(Figure 7). Figure 8A-C shows a liver biopsy sent to our pathology laboratory as a consultation case, which originally had
been diagnosed as HCC by biopsy a few years previously, then the tumor recurred repeatedly. The physician performed
re-biopsy because of its unusual biological behavior inconsistent with HCC. No background cirrhosis was observed. The
lesion consisted of cells with mild atypia and pale cytoplasm showing a cord-like arrangement. I couldn’t accept the
diagnosis of recurrent HCC, so I ordered immunostaining, which was positive for synaptophysin, and replied that it was
probably a metastasis of a neuroendocrine tumor.

HEPATIC INJURY CAUSED BY DRUGS (INCLUDING IMMUNE CHECKPOINT INHIBITORS)

Drug-induced liver injury (DILI), including immune checkpoint inhibitors-related adverse effects (irAE), will become an
increasingly important problem, and may require more detailed histologic assessment[11,12].

Figure 8D and E shows a liver biopsy from a patient clinically suspected of AIH, due to positive antinuclear antibody
and abnormally elevated serum IgG. The liver tissue shows mild fibrosis, and the main site of injury being centrolobular,
indicating acute injury. There are no findings such as hepatocyte rosettes or cobblestone-like arrangement that strongly
suggest AIH. I recommended that the possibility of drug-induced injury should be considered first in terms of frequency.
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Figure 3 Biopsy from 2 patients. A and B: A liver biopsy from a 78-year-old male positive for antinuclear antibody. Hematoxylin-eosin (HE), original
magnifications 40 x (A); HE, original magnifications 400 x (B); C-E: A liver biopsy from a 62-year-old male patient with diabetes mellitus. HE, original magnifications
100 x (C), 200 x(D) and 200 x(E).
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MASLD-associated
autoimmune liver diseases

Autoantibody(+)
patients

Autoimmune
liver diseases

Figure 4 A schematic illustration indicating the relationships among metabolic-dysfunction associated steatotic liver disease, autoim-
mune liver diseases and autoantibody-positivity. MASLD: Metabolic-dysfunction associated steatotic liver disease; MASH: Metabolic-dysfunction
associated steatohepatitis.
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Figure 5 Findings of comparative biopsies before and after hepatitis C virus eradication with direct-acting antiviral agents. While
inflammation, fibrosis and iron deposition have improved, steatosis has not changed and appears to have worsened[8].

The patient was later diagnosed with DILI, caused by one of the regular medications.

Figure 8F-I illustrates a case of bile duct injury that occurred three months after the initiation of nivolumab treatment
for melanoma. Inflammatory cell infiltration and concentric fibrosis surround the interlobular bile ducts. The infiltrating
cells were mostly CD3-positive T lymphocytes, with CD8-positive cells predominating over CD4-positive cells. CK7
staining clearly showed bile duct injury, which was ambiguous in the Hematoxylin & eosin slide. These pathologic
changes were consistent with irAEs. After withdrawal of nivolumab, laboratory values returned to normal without the
use of steroids.
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Figure 6 A typical case of hepatitis C virus-associated hepatocellular carcinoma. A: Hematoxylin-eosin (HE), original magnifications 20 x; B: HE,
original magnifications 100 x.
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Figure 7 Trends in the number of tumor biopsies at Kansai Medical University Medical Center. Meta: Metastatic tumor; HCC: Hepatocellular
carcinoma.

The histologic diagnosis of a liver biopsy requires careful evaluation, taking into account a detailed history of drug use.

CONCLUSION

In the post-HCV era, the number of liver biopsies is decreasing, but their variation is increasing. Pathologic diagnosis of
liver biopsies needs appreciation of the changing landscape of liver disease.
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Figure 8 Liver biopsy from 3 patients. A-C: A biopsy of hepatic tumor from a 60-year-old female patient previously diagnosed as hepatocellular carcinoma.
Hematoxylin-eosin (HE), original magnifications 20 x (A), 100 x (B); Immunostaining for synaptoophysin, original magnification 100 x (C); D and E: A liver biopsy from
a 72-year-old female patient diagnosed as drug-induced liver injury. HE, original magnification 100 x (D); Azan-Mallory stain, original magnification 100 x (E); F-I: A
liver biopsy from a 76-year-old male patient with bile duct injury due to inhibitors-related adverse effects. HE, original magnification 100 x (F); Elastica van Gieson,
original magnification 100 x (G); Immunostaining for CD3 and cytokeratin 7, original magpnification 100 x (H, I). CK7: Cytokeratin 7.
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Abstract

According to the report from the Chinese Center for Disease Control and
Prevention, the prevalence of human immunodeficiency virus (HIV) infection
exceeded 1.2 million individuals by the year 2022, with an annual increase of
about 80000 cases. The overall prevalence of hepatitis B surface antigen among
individuals co-infected with HIV reached 13.7%, almost twice the rate of the
general population in China. In addition to the well-documented susceptibility to
opportunistic infections and new malignancies, HIV infected patients frequently
experience liver-related organ damage, with the liver and kidneys being the most
commonly affected. This often leads to the development of end-stage liver and
kidney diseases. Therefore, organ transplantation has emerged as an important
part of active treatment for HIV infected patients. However, the curative effect is
not satisfactory. HIV infection has been considered a contraindication for organ
transplantation. Until the emergence of highly active anti-retroviral therapy in
1996, the once intractable replication of retrovirus was effectively inhibited. With
prolonged survival, the failure of important organs has become the main cause of
death among HIV patients. Therefore, transplant centers worldwide have resu-
med exploration of organ transplantation for HIV-infected individuals and
reached a positive conclusion. This study provides an overview of the current
landscape of HIV-positive patients receiving liver transplantation (LT) in main-
land China. To date, our transplant center has conducted LT for eight end-stage
liver disease patients co-infected with HIV, and all but one, who died two months
postoperatively due to sepsis and progressive multi-organ failure, have survived.
Comparative analysis with hepatitis B virus-infected patients during the same
period revealed no statistically significant differences in acute rejection reactions,
cytomegalovirus infection, bacteremia, pulmonary infections, acute kidney injury,
new-onset cancers, or vascular and biliary complications.
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Core Tip: In mainland China, human immunodeficiency virus (HIV) infection has long been considered an absolute contrain-
dication for liver transplantation (LT). Until June 2004, Chinese scholars performed LT on two HIV patients, but these cases
were only followed up for 24 and 22 months, respectively. Subsequently, there were no reported cases of LT in mainland
China for patients with HIV infection until April 2019, when our transplant center performed ABO-incompatible LT for a
patient with liver failure co-infected with HIV and hepatitis B virus. This study provides an overview of the current
landscape of HIV-positive patients receiving liver transplantation in mainland China.

Citation: Tang JX, Zhao D. Current status of liver transplantation for human immunodeficiency virus-infected patients in mainland
China. World J Gastroenterol 2024; 30(14): 1958-1962

URL: https://www.wjgnet.com/1007-9327/full/v30/i14/1958.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i14.1958

INTRODUCTION

Human immunodeficiency virus (HIV) remains a significant global health concern, with the latest data from the Joint
United Nations Programme on HIV/acquired immunodeficiency syndrome (AIDS) indicating a staggering 38 million
individuals infected worldwide in 2021. Approximately 4000 people contract HIV daily, resulting in an annual increase of
1.5 million new infections[1]. According to a report from the Chinese Center for Disease Control and Prevention, it is
projected that by 2023, over 1.2 million individuals in China will be living with HIV, with an annual increment of around
80000 cases (https:/ /www.chinacdc.cn. Accessed 30 November 2023). Since the advent of highly active antiretroviral
therapy (HAART) in 1996, substantial progress has been made in controlling HIV infection, managing opportunistic
infections, reducing mortality rates, and prolonging life expectancy among infected individuals[2]. HIV/AIDS has
become a chronic, manageable condition. However, liver-related mortality remains a formidable challenge, particularly
for HIV-positive individuals undergoing HAART, who are increasingly susceptible to complications associated with co-
infections, notably hepatitis C virus (HCV) and hepatitis B virus (HBV), leading to hepatocellular carcinoma, end-stage
liver disease (ESLD), or alcohol-related liver disease[3,4]. Given the shared transmission routes, co-infections with chronic
HCV and chronic HBV are prevalent[5].

GLOBAL TRENDS IN LIVER TRANSPLANTATION FOR HIV-POSITIVE PATIENTS

Liver transplantation (LT) is the only effective method for treating various ESLDs. Initially, HIV-positive patients were
excluded from LT due to concerns about their compromised immune system, potential acceleration of HIV progression
with immunosuppressive drugs, and limited organ resources[6,7]. However, by the year 2000, as the number of HIV-
positive patients requiring LT significantly increased, the focus shifted towards addressing ESLD and end-stage renal
disease in these individuals. The United States and the United Kingdom initiated two pilot trials for LT in HIV-positive
individuals, yielding favorable outcomes without evidence of immunosuppressive drugs exacerbating the progression of
HIV[8]. Then, a prospective multicenter study confirmed that LT in HIV patients exhibited excellent patient and graft
outcomes[9].

In 2020, a large retrospective study enrolling LT recipients from the Organ Procurement and Transplantation Network
and the Scientific Registry of Transplant Recipients from 2008 to 2015 elucidated the survival trends and characteristics of
HIV-infected LT recipients[10]. Among 73206 LT patients, 658 (0.9%) were HIV-infected. From 2008 to 2011, patients
survival rates at 1 year and 3 years for the HIV-infected group were 78.2% and 64.1%, respectively. From 2012 to 2015, the
1-year and 3-year survival rates for the HIV-infected group improved significantly to 86.2% and 75.4%, respectively. The
cumulative graft survival rates during 2012-2015 also showed substantial improvement, likely attributed to the rational
use of anti-HIV drugs, immunosuppressants, and advancements in surgical techniques. Currently, LT outcomes and
survival for HIV-positive recipients are comparable to those of HIV-negative recipients[11,12]. However, during the years
2012-2015, the 3-year graft survival rates for HIV-infected recipients with and without concurrent HCV infection were
62.6% and 84.7%, respectively, with similar results observed in patient survival rates. HIV/HCV co-infected recipients
exhibited significantly lower survival rates than HCV mono-infected patients, possibly due to a higher rate of post-
transplant HCV recurrence leading to graft failure and recipient mortality[13,14]. Cohort studies from France and Spain
indicated a 5-year survival rate below 55% for HIV/HCV co-infected LT recipients[15,16]. Therefore, the question of
whether LT should be pursued for this patient population remains contentious. To comprehensively evaluate the long-
term postoperative survival of HIV-positive LT recipients, a retrospective cohort study with a follow-up exceeding 10
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years examined 180 cases in the United States from 2002 to 2011[17]. At 5 years after transplantation (64.8% for HIV+/
HCV- vs 51.8% for HIV+/HCV+, P = 0.15) and 10 years after transplantation (43.9% for HIV+/HCV- vs 44.1% for HIV+/
HCV+, P = 0.20), there was no statistically significant difference in long-term survival rates between mono-infected
(HIV+/HCV-) and co-infected (HIV+/HCV+) recipients. However, when compared to the general transplant population
with HCV-positive recipients, the long-term survival and graft survival rates for HIV/HCV co-infected recipients after
transplantation were suboptimal. Therefore, further research is necessary to investigate the long-term postoperative
outcomes for HIV/HCV co-infected LT recipients.

In contrast to co-infection with HCV, HIV-infected patients concurrently affected by HBV appear to have a more
favorable prognosis after LT when an appropriate HBV recurrence prevention strategy is implemented. Optimal
prevention for recurrent HBV infection in HIV/HBV co-infected patients seems to involve the combination of antiviral
therapy with hepatitis B immunoglobulin (HBIG)[18]. In a prospective multicenter study in the United States, with
passive prophylaxis using HBIG and antiviral treatment, there was no significant difference in graft and patient survival
rates between HIV/HBYV co-infected and HBV mono-infected LT recipients, with 3-year survival rates reaching 85%[11].
Studies by Anadol ef al[19] demonstrated a 5-year survival rate of 80% for HIV/HBYV co-infected patients, with no
clinically relevant HBV-related ESLD observed after LT. Tateo et al[20] reported a cumulative graft and patient survival
rate of 100% at an average follow-up of 32 months for 13 HIV/HBV co-infected LT recipients. To assess the postoperative
prognosis and the risk of complications for HIV/HBV co-infected patients, we reviewed the literature on LT in HBV/HIV
co-infected patients, revealing 1-year and 3-year cumulative survival rates of 85.9% and 77.3%, respectively. Moreover,
due to the high recurrence rate of HBV viremia, lifelong prophylactic medication is recommended[21].

LIVER TRANSPLANTATION FOR HIV-POSITIVE PATIENTS IN MAINLAND CHINA

According to a cross-sectional study in China, the hepatitis B surface antigen infection rate among HIV-infected
individuals can reach 14.5%, nearly three times higher than the general population[22]. In mainland China, HIV infection
has long been considered an absolute contraindication for LT. The advent of HAART in 1996 improved the prognosis for
HIV-infected individuals and encouraged some transplant centers in China to accept organ transplant candidates who
were HIV positive. Until June 2004, mainland Chinese scholars performed LT on two HIV patients[23], but these cases
were only followed up for 24 months and 22 months, respectively. Subsequently, there were no reported cases of LT in
mainland China for patients with concomitant HIV infection until April 2019, when our transplant center performed LT
for a patient with liver failure co-infected with HIV and HBV. This case is the first reported instance of ABO-incompatible
LT for HIV/HBYV co-infection[21]. As of the latest follow-up, the patient has survived healthily for over 4 years, with
normal liver enzyme levels and no transplant rejection reactions. To date, our transplant center has conducted LT for
eight ESLD patients co-infected with HIV, and all but one, who died two months postoperatively due to sepsis and
progressive multi-organ failure, have survived. There were no statistically significant differences in acute rejection
reactions, cytomegalovirus infection, bacteremia, pulmonary infections, acute kidney injury, new-onset cancers, and
vascular or biliary complications compared to HBV-infected patients during the same period. The preoperative CD4(+) T
cell count for the first ABO-incompatible patient in our preliminary report was only 42 cells/pL, while the preoperative
CDA4(+) T cell counts for the remaining patients were all below 200 cells/uL. With the exception of one case resulting in
mortality, all other patients have maintained good health postoperatively.

CONCLUSION

Our study findings suggest that the criteria for preoperative CD4(+) T cell counts in LT recipients co-infected with HIV
still require further exploration. Also, a comprehensive assessment beyond preoperative CD4(+) T cell counts is essential
to ensure the safety of LT recipients in this category. Despite the relatively low number of cases of LT in HIV-infected
individuals in mainland China, postoperative survival rates are comparable to those in Western countries. Given the
limited number of cases included in the study, our next step will involve expanding the sample size and conducting more
in-depth clinical research.
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Abstract

Digestion and intestinal absorption allow the body to sustain itself and are the
emblematic functions of the bowel. On the flip side, functions also arise from its
role as an interface with the environment. Indeed, the gut houses microorganisms,
collectively known as the gut microbiota, which interact with the host, and is the
site of complex immune activities. Its role in human pathology is complex and
scientific evidence is progressively elucidating the functions of the gut, especially
regarding the pathogenesis of chronic intestinal diseases and inflammatory
conditions affecting various organs and systems. This editorial aims to highlight
and relate the factors involved in the pathogenesis of intestinal and systemic
inflammation.

Key Words: Motility; Inflammation; Pathogenesis; Vitamin D; Microbiota; Gut; Chronic
intestinal pseudo-obstruction
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Core Tip: The pathophysiology and pathogenesis of inflammatory bowel diseases,
functional bowel diseases and inflammatory diseases affecting other organs and systems
is being defined. The gut is intended to be the site where inflammatory processes with
systemic implications are triggered. A wide-ranging view is required to clarify these
pathways with the aim of increasing differential diagnosis, early diagnosis, and treat-
ment to improve prognosis of chronic bowel and systemic inflammation.
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INTRODUCTION

Bowel disease is a substantial and growing factor driving access to medical care, with notable economic and social
impacts, especially in the context of chronic inflammatory diseases[1]. These diseases encompass not only inflammatory
bowel disease (IBD), but also other intestinal inflammations, such as diverticulosis and functional disorders[2].
Additionally, chronic systemic and organ inflammation is also increasing, carrying both epidemiological and clinical
implications[3]. Currently, the pathogenetic role of the gut in chronic systemic inflammation depends on the function of
the gut barrier. This functionality is related to the composition of the gut microbiota and the activity of tight junctions,
influenced by inflammatory factors, diet, hormones, and the enteric system[4]. The gut barrier disruption, the “leaky
gut”, contributes to the development and progression of metabolic, ischemic, neoplastic, neurodegenerative and
autoimmune systemic diseases with a substantial epidemiological impact[5-8].

The established role of gut microbiota/microbiome and intercellular junctions prompts a comprehensive exploration of
all the factors influencing them. The rapidly accumulating volume of publications serves to enrich our understanding of
biological processes and review data[9]. If environmental factors act unconditionally on all individuals, with variations
across geographical area[2,5,9-11], among host factors, the genome is the most important. It determines intestinal nutrient
absorption and availability, intrinsic intestinal motility, expression of structural proteins (including those of intercellular
junctions), interaction with the gut microbiota, and immune response[3,7,8,12-14]. Gut and systemic inflammation,
resulting from impaired gut immune activity, are primarily determined by genome[10,12-15]. The potential of intestinal
inflammation to induce systemic inflammation may be attributed to the number of exogenous factors. These factors act
over a very large surface, involving multiple types of cells and tissues[8-11,13,16]. The well-being of the human body
depends on the homeostasis of the intestinal balance, which is unique in many respects. In the presence of favorable
genetic characteristics exogenous factors have the potential to shift the immune response towards an inflammatory/
autoimmune direction, carrying systemic implications[2-5,9,14,15,17].

RELEVANCE OF THE GENOME

Genome is the main determinant of gut biological processes for several reasons. First, the host genomics has an impact on
the gut microbiota/microbiome[15-17]. Second, the genome determines the gut barrier, a dynamic structure that serves as
a defense mechanism by shielding the intestinal structures and processes from external aggression[12,13,18]. The
microbiota, located in the intestinal lumen, at the interface with the intestinal epithelium, interacts with the gut barrier[16,
19]. Third, intestinal immune activity, protected by the gut barrier, also has characteristics conferred by the genome[3,13,
14,16,20]. Therefore, exogenous factors, as well as the microbiota, interact with a genetically set immune response[21,22].
The expression of structural, enzymatic and functional proteins, including those involved in the gut barrier, immune
response, digestive function and absorption, and neuromuscular components, depends on genetic characteristics[23,24].

The fact that family history is relevant in the onset of intestinal and systemic/organ diseases (inflammation,
malabsorption, allergies and neuromuscular diseases) confirms the relevance of the genome, for genetic syndromes such
as idiopathic chronic intestinal pseudo-obstruction (mutation in ACTG2, ERBB2-3, etc.) and for diseases in which immune
and oxidative stress is a determining factor[25]. Obviously, phenotypic expression is influenced by exogenous factors that
interfere with the immune activities of the lamina propria by crossing the gut barrier, as well as the genome[2,5,9,26]. In
the presence of these factors, including the microbiota and the intestinal barrier, stromal cells, fibroblasts, endothelial
cells, and inflammatory and immune cells, alter their interactions[2,4,5,11,13,16,27].

CENTRALITY OF MICROBIOTA, MOTILITY AND NUTRIENTS

Among the factors that act on intestinal biological processes, a phenotypic manifestation of the genome, the microbiota
play a crucial role in both physiological and pathological conditions[2,4,5,7]. Various factors modify the microbiota and
intestinal activities (the intestinal barrier, immune response, neuromuscular activity). Ultimately, these modifications can
amplify or inhibit the inflammatory cascade[2,5,9,28-30]. Among the factors, vitamin D plays an important protective role
because vitamin D signaling strengthens the gut barrier by upregulating the tight junctions of intestinal epithelial cells,
and increasing the production of mucin and antibacterial peptides; downregulates dendritic cells activity; induces the
differentiation and function of tolerogenic rather than pro-inflammatory T cells [increases the production of anti-inflam-
matory cytokines interleukin (IL)-4/IL-10 and decreases IL-17/IL-6/IL-2/interferon y/tumor necrosis factor a][30].
Vitamin D/vitamin D receptor (VDR), by influencing both innate and adaptive immunity, plays a role in regulating the
intestinal inflammation switch[30,31].

Scientific literature affirms the association between leaky gut and T cell dysfunction with the onset of conditions such
as diabetes, cancers, depression and cardiovascular disease. Additionally, factors such obesity, diet, psychosocial stress,
and early life stress are implicated in these associations[6,19,20]. Moreover, vitamin D signaling is related to type 2
diabetes, nonalcoholic fatty liver disease, multiple sclerosis and others autoimmune diseases, neurodegenerative diseases,
allergies, cancers, IBDs, and chronic intestinal constipation[29,31-33]. Vitamin D deficiency may lead to gut dysbiosis and
endotoxemia, potentially leading to systemic inflammation[22,30,31]. Essentially, vitamin D/VDR is involved in the
pathogenesis of intestinal inflammation, with repercussions on systemic inflammation[30,31]. However, at the root of the
pathogenetic sequence leading to diseases “related” to vitamin D deficiency there may be a defect in intestinal motility.
Chronically reduced, whether idiopathic or secondary, intestinal motility can result in decreased absorption of vitamin D
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Figure 1 Simplified model of gut homeostasis. Gut homeostasis depends on the balance between the human genome, intestinal barrier, microbiota,
nutrients, hormones, exogenous factors, which interact with each other. Intestinal, systemic and organ inflammation results from impaired homeostasis. Gut
homeostasis also depends on gut motility, which is determined by genes and other factors.

and other nutrients due to dysbiosis. Under favorable conditions, this scenario may lead to chronic intestinal and
systemic inflammation[32]. By considering these premises, we can aim to prevent or treat diseases by modifying factors
that reduce intestinal motility[25,34-41] (Figure 1).

CONCLUSION

Gut homeostasis depends on the balance between phenotype characteristics and exogenous factors, which collectively
foster the stability of the microbiota. Clinical trials are required to validate the pathogenetic role of intestinal motility in
impairing gut homeostasis consequently leading to inflammation with systemic involvement.
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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent type of chronic
liver disease. However, the disease is underappreciated as a remarkable chronic
disorder as there are rare managing strategies. Several studies have focused on
determining NAFLD-caused hepatocyte death to elucidate the disease pathoe-
tiology and suggest functional therapeutic and diagnostic options. Pyroptosis,
ferroptosis, and necroptosis are the main subtypes of non-apoptotic regulated cell
deaths (RCDs), each of which represents particular characteristics. Considering
the complexity of the findings, the present study aimed to review these types of
RCDs and their contribution to NAFLD progression, and subsequently discuss in
detail the role of necroptosis in the pathoetiology, diagnosis, and treatment of the
disease. The study revealed that necroptosis is involved in the occurrence of
NAFLD and its progression towards steatohepatitis and cancer, hence it has
potential in diagnostic and therapeutic approaches. Nevertheless, further studies
are necessary.
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Core Tip: Hepatocyte death has been hypothesized as a major contributor to nonalcoholic fatty liver disease (NAFLD)
progression, however, the role of regulated cell death (RCD) programs in NAFLD pathophysiology and their potential as
diagnostic/therapeutic strategies has not been comprehensively discussed. The present study reviewed the participation of
pyroptosis, ferroptosis, and necroptosis in the establishment of NAFLD and its progression toward steatohepatitis and cancer
and discussed the potential RCDs in the diagnosis/treatment of the disease. Particularly, the present findings revealed that
necroptosis significantly contributes to NAFLD occurrence and progress that may represent promising functions as
diagnostic/therapeutic tools.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is described as the most prevalent type of chronic liver disease worldwide[1].
NAFLD is considered a growing cause of end-stage hepatic disorders throughout the world and emerged as a pathoe-
tiology of hepatocellular carcinoma (HCC) even when the underlying cirrhosis is absent[2,3]. In fact, the excessive
accumulation of lipids in the hepatocytes (in the form of triglycerides, > 5% fat content in the liver; referred to as stea-
tosis) of people consuming alcohol at low-risk amounts is the main characteristic of patients with NAFLD[4]. Clinically,
the condition may be restricted to excessive liver fat, known as NAFL, or progress to necroinflammation and fibrosis,
called non-alcoholic steatohepatitis (NASH), to NASH-cirrhosis, and eventually to HCC[5,6]. In Western countries, it is
estimated that one-third of the general population is affected by NAFLD which is associated with excess body weight and
diabetes mellitus. Moreover, the disease is highly prevalent in the Middle East and the rate of incidence is growing in the
Asian subcontinent and the Far East nations[7-9]. Altogether, NAFLD has become the most common chronic liver
disorder with a worldwide prevalence of around 25% of the adult population that is recognized to be closely and bidirec-
tionally related to components of metabolic syndrome[9,10].

The most important challenge is the identification of people with NAFLD who are at the highest risk of developing
liver-related complications. The burden of end-stage liver disease is estimated to increase two to three times globally by
2030[11]. Although NALFD is clinically accepted as the most rapidly increasing cause of liver-related mortality emerged
as a significant cause of end-stage liver disease, HCC, and liver transplantation with a substantial health economic
burden, NAFLD is underappreciated as a remarkable chronic disorder and there is a few numbers of managing strategies
or policies[12,13]. In addition, even though a variety of ongoing studies have assumed several genetic/metabolic
aberrations as the causes of NAFLD pathogenesis, the underlying mechanism by which the disease occurs and progresses
remains unclear, making early laboratory diagnosis and effective treatment challenging[14-17].

Generally, a variety of unrecoverable intra- or extra-cellular perturbations capable of disrupting cellular survival affect
cells by the activation of one of many signaling cascades, causing the death of cells and tissue damage[18-20]. The gross
diversity in cell death programs has made these processes fall into two major categories including accidental cell death,
and regulated cell death (RCD). Accidental cell death is described as a passive process in which uninspected necrosis is
the main type, while RCD is an active process that includes a number of subtypes[18-21]. Specific molecular mechanisms
are considered the initiating and propagating agents of RCD modalities with remarkable interactivity. In addition, each
type of RCD, discussed later, represents distinct molecular, biochemical, functional, and morphological properties with
particular pathophysiological consequences. Two main categories of RCDs consist of apoptotic and non-apoptotic cell
death programs, which include apoptosis in the first subtype and necroptosis, pyroptosis, autophagy, and ferroptosis in
the second one[18-20,22]. Fortunately, a large number of studies have recently focused on determining the process of
hepatocyte cell death related to NAFLD in order to elucidate the etiology of the disease and suggest effective therapeutic
and diagnostic options[23]. Considering the breadth and complexity of the findings, the present study has aimed to first
provide an overview of the types of RCDs and the contribution of each one in the disease progression briefly, and then
discuss in detail the role of necroptosis, a novel form of RCD, in the pathoetiology and treatment of the disease.

RCDs contribute to the progression of NAFLD

RCD is considered intrinsically associated with inflammatory disorders of hepatic tissue and is documented to be pivotal
in governing the clinical consequences of liver disorder[24,25]. A plethora of evidence has revealed different forms of
RCD pathways with increasingly identified correlations with NAFLD[23]. Significantly, the novel described forms of
RCDs may co-exist simultaneously in diseases, and a number of them portion overlapping molecular processes that may
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function as a backup dying approach to provide the survival of an organism when a cellular threshold induced by death
is established[26-28]. In fact, hepatocellular death could be triggered by metabolic, viral, toxic, and/or autoimmune
mediators accompanied by inflammation and compensatory proliferation which frequently represent a close association
with the development of cirrhosis, fibrosis, and HCC[29].

Conventionally, apoptosis was described as a strictly controlled pathway, as opposed to the passive form of cell death
known as necrosis which is an irregulated and accidental form of cellular death[30]. The external forces cause irreparably
cell injury the passive form of cell death occurs which is characterized by oncosis, a rapid organelle, and cytoplasmic
swelling[31]. Moreover, cell membrane permeabilization followed by leakage of damage-associated molecular patterns
(DAMPs) occurs that initiates the immune response[32]. Recently, a plethora of research highlights a variety of forms of
RCD modalities such as autophagy, ferroptosis, pyroptosis, and necroptosis that represent similar main morphological
characteristics with necrosis[33,34], however, are regulated molecular pathways and have well-defined processes

Table 1).

( Necrczptosis represents several similar molecular components with apoptosis, particularly the extrinsic pathway, hence
it may be the best-understood form of regulated necrosis. Also, necroptosis provides the progression of cellular death
when apoptosis is pathologically inhibited, which in turn could be assumed as a disease state in the hepatic tissue[4].
Nonetheless, other mentioned forms of RCD probably be significant in the progression of NAFLD as a proper character-
ization of RCD in the disease can lead to promising diagnostic and therapeutic options. The novelty of the field has led to
the rapid progress of research, and recent studies sought to describe the association between the non-apoptotic forms of
RCD and the progression of NAFLD. Although the focus of the current study has been on elucidating the contribution of
necroptosis in the pathogenesis of NAFLD, it is essential to first acquainted with other forms of non-apoptotic RCDs and
briefly discuss the involvement of each one in the development of the disease.

An overview of pyroptosis

Zychlinsky et al[35] initially reported pyroptosis in the 1990s and described a lytic form of cell death in macrophages
infected by Shigella flexneri. Nevertheless, the ‘pyroptosis” term emerged in 2001 as scientists revealed that the death of
macrophages induced by Salmonella was dependent on caspase (CASP)-1[36]. Subsequently, the number of pyroptosis-
related CASPs that are opposed to apoptosis-related CASPs has significantly elevated and includes CASP-1, CASP-11,
and the human orthologs CASP-4 and CASP-5[35,36]. Surprisingly the well-known apoptotic effector CASP-3 is
considered a pyroptotic CASP under specific conditions[37,38]. Primarily, this type of RCD occurs after intracellular
pathogens cause infection leading to the formation of cell membrane pores dependent on CASP activity, swelling, cell
rupture, and release of pro-inflammatory interleukins[39] such as interleukin (IL)-1p and IL-18[40-42].

The pore-forming gasdermin D (GSDMD) was characterized in 2015 contributing as the executioner of pyroptosis[43,
44]. 31-KDa N-terminal GSDMDNT fragment is produced when GSDMD is cleaved by the action of CASP-1 and CASP-
11. GSDMDNT exhibits intrinsic pore-forming activity. Moreover, the cleavage of GSDMD produces a 22-kDa C-terminal
GSDMDCT fragment. This fragment attaches to GSDMDNT in order to inhibit the protein[43,44]. The upregulation of
GSDMDNT alone is followed by the induction of pyroptosis, however, GSDMDCT blocks GSDMDNT-induced
pyroptosis[43,44]. Importantly, it is documented that GSDMD belongs to a larger family of proteins consisting of GSDMA
to GSDME (also known as DFNAJ5), and DFENB59[45]. Recent investigations revealed that GSDME functions as another
pyroptosis executioner, that is capable of switching CASP-3-mediated apoptosis to pyroptosis[46,47]. The majority of
GSDMs have been linked to the incidence and development of a variety of diseases, however, the exact molecular and
functional activation mechanisms remain mainly unknown[48].

Two signaling pathways including canonical and non-canonical signalings activate pyroptosis. These two signalings
differ in the application of cytoplasmic multiprotein complexes known as inflammasomes[49,50]. Inflammasomes trigger
the canonical pathway of pyroptosis. In this regard, inflammasomes can recognize different endogenous and exogenous
danger signals such as pathogen-associated molecular patterns (PAMPs) and DAMPs. The canonical inflammasomes
consist of a sensor protein that belongs to the nucleotide-binding domain (NBD), apoptosis-associated speck-like protein
containing a CARD (ASC), AIM2-like receptor or NLR (leucine-rich-repeat-containing) or pyrin family, and pro-CASP-1
which is an inactive zymogen[51]. When the canonical inflammasome is formed, the activation of CASP-1 leads to the
cleavage of pro-IL-1p and pro-IL-18 into their active forms. Next, these two ILs are released extracellularly subsequent to
the action of GSDMDNT that causes spore formation in the cell membrane. Whereas, the non-canonical pathway is
CASP-11-dependent without inflammasome priming cleaves GSDMD. In this type of pyroptosis, GSDMDNT signals back
to canonical NLRP3 inflammasome leading to the activation of the CASP-1-dependent pathway[52].

Pyroptosis may contribute to NAFLD progression and transition to NASH

A variety of factors such as lipotoxicity, mitochondrial dysfunction, endoplasmic reticulum stress, hepatocyte death
pathways, and innate immune response are able to initiate chronic inflammatory processes in the liver that may provide
fuel for the transition from NAFL to NASH[53-55]. The infiltration of macrophages and activation of local Kupffer cells is
considered a key characteristic of disease pathoetiology[56]. Tumor necrosis factor (TNF)-a is released by Kupffer cells
[57] which feeds a vicious cycle of inflammatory responses and initiates fibrosis after activating apoptosis. Nonetheless, it
has recently appeared that inflammatory CASPs such as human CASP-4/5, CASP-1, and murine CASP-11 contribute
pivotally as inflammation mediators[44]. Thereby, it is assumed that pyroptosis is crucially involved in NAFL develop-
ment and progression to NASH.

It is documented that the activation of inflammasome by typical factors such as uric acid, DAMPs, and fatty acids,
which increase the expression of NLRP3 components, could trigger the activity of CASPs, promoting inflammation, and
causing liver fibrosis[58]. The excessive function of inflammation-related CASPs is implicated directly in the NAFLD
pathoetiology, where key effector molecules are considered to be pro-inflammatory cytokines released meanwhile[59,60].
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Table 1 The unique morphological and biochemical halimarks of regulated cell deaths

Morphological characteristics Biochemical hallmarks
Apoptotic RCD Apoptosis Cell and nucleus shrinkage, nuclear chromatin condensation, karyor- 1CASPs (8, 9, 3, and 7), tBAD and
rhexis, the formation of apoptotic bodies, and cell fragmentation BAX, |BCL2
Non-apoptotic Pyroptosis Inflammasomes caused membrane rupture, cell swelling/cell lysis, DNA 1CASPs (1 and 7), 1GSDMs (D, E, etc.),
RCDs fragmentation, nuclear condensation, and nuclear pores T1L-18, 11L-1B
Ferroptosis Cell swelling, mitochondria shrinkage, cristae disappearance, increased TF92+, ROS, lipid peroxidation, 1
density of mitochondrial membrane, the rupture of the outer ACSL4 and PTGS2, |GPX4 and GSH

mitochondrial membrane

Necroptosis Organelles swelling, cell membrane rupture, cell lysis, loss of cell 1RIPK1, 1RIPK3, tMLKL, |CASP-8
membrane integrity, nuclear chromatin deficiency

RIPK1: Receptor-interacting protein kinase 1; MLKL: Mixed lineage kinase domain-like pseudokinase; RCD: Regulated cell death; CASP: Caspase; ROS:
Reactive oxygen species; GSDM: Gasdermin; IL: Interleukin; ACSL4: Acyl-CoA synthetase long-chain family member 4; GPX4: Glutathione peroxidase 4;
GSH: Glutathione.

Moreover, the generic substrate for inflammatory CASPs, GSDMD, functions as a downstream mediator of the activation
of non-canonical inflammasome by contributing to inflammatory CASP-mediated pyroptosis[61,62]. Importantly, the
GSDMDNT domain representing intrinsic pyroptosis-inducing activity in patients with NASH was positively associated
with the NAFLD activity score and fibrosis[63]. In fact, the lipogenic gene Srebplc downregulation and upregulation of
Ppara, a lipolytic gene, and its downstream targets, induced the protection of Gsdmd-/- animals from steatosis[63].

As mentioned earlier, DAMPs and PAMPs can cause pyroptosis-related hepatocyte death directly or indirectly causing
hepatic damage. It is reported that animals with mutations in myeloid-specific Nirp3 do not reveal detectable pyroptotic-
mediated hepatocyte death and represent less severe hematopoietic stem cell activation[64]. Hence, one can conclude that
in addition to immune cells, pyroptosis in hepatocytes caused by the activation of intrinsic inflammasome can exacerbate
inflammation and fibrosis in the liver, determining that both immune cell- and liver-specific NLRP3 inflammasome
activation as essential contributors to liver injury[64,65]. However, it is required to investigate hepatocyte-specific NLRP3
mutant animals to provide convincing evidence of the correlation between hepatocytes and pyroptosis in the onset and
progression of liver injury in NAFLD.

An overview of ferroptosis

Ferroptosis was initially reported early 20" century by a cell-permeable compound called erastin, a compound which was
lethal to cancer cells of humans with an oncogenic RAS mutation[66]. A decade later the term ferroptosis was established
to describe an erastin-caused RCD mediated by the accumulation of lipid peroxides dependent on iron[67]. Ferroptosis
exerts tumor-suppressor activities, increased mitochondrial membrane density, and cell shrinkage without any typical
necrotic or apoptotic manifestations[67]. Similar to pyroptosis, two different signalings including canonical and
noncanonical pathways are described as ferroptosis inducers. In the canonical pathway, the glutathione (GSH) peroxidase
4 (GPX4) enzyme is inactivated eighter directly or indirectly which induces ferroptosis, whereas, in a noncanonical
manner, the labile iron pool is increased[67].

The direct interaction of erastin with the transporter solute carrier family 7 member 5 (SLC7A5) and subsequent dis-
ruption of amino acids transport into the cell by the Xc- system occurs in the canonical pathway of ferroptosis[67]. The
regulatory SLC3A2 and a catalytic subunit SLC7A11 are components of the Xc- system that are responsible for the
exchange of cystine with glutamate by elevated promotion of cystine cellular uptake[68]. Cystine is the plasma precursor
of cysteine that is essential for the synthesis of GSH, a major redox regulatory system[69]. Therefore, the blockage of
cystine by inhibitors (e.g., erastin, L-glutamate, etc.) is followed by the inhibition of GSH synthesis, suppression of GPX4,
and accumulation of phospholipid hydroperoxides (PL-OOH), considered the main mediator of lipoxygenases (LOXs)
chain reactions[70].

In the state of intracellular free iron overload, it interacts with reactive oxygen species[71] which ultimately leads to the
production of hydroxyl radical that is highly reactive to macromolecules such as polyunsaturated fatty acids (PUFAs)
[72]. The oxidation of PUFAs via a pathway involving lysophosphatidylcholine acyltransferase 3, acyl-CoA synthetase
long-chain family member 4, and LOXs is required for ferroptosis caused lipotoxicity[73-75]. GPX4 is considered the only
member capable of reducing membrane phospholipid hydroperoxides determining its significant contribution to
confronting permeabilization of plasma membrane, peroxidation of lipids, and ultimately release of DAMPs[76]. In the
non-canonical pathway, oxidative damage and ferroptosis are promoted by elevated uptake of iron by transferrin
receptor and reduced export of iron by ferroportin[77,78].

Scarce information on the ferroptosis involvement in NAFLD progression

Unfortunately, there is scarce evidence demonstrating the contribution of ferroptosis in NAFLD pathogenesis. However,
malondialdehyde and 4-hydroxynonenal[71], as secondary lipid peroxidation products, are suggested as stress markers
in patients with NASH[79]. In this regard, well-known antioxidants capable of suppressing lipid peroxidation such as
vitamin E and quercetin[80,81] potentially could reduce the levels of alanine transferase in patients with NASH[82,83]. In
addition, the accumulation of iron due to metabolic dysfunction is followed by the aggravation of NASH as liver cirrhosis
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was reported[39]. Similarly, the exacerbation of primary hemochromatosis is observed in patients with NASH and iron
overload[84], while the removal of iron was accompanied by the amelioration of hepatic damage and alanine transferase
levels[85]. Furthermore, evidence suggesting the role of ferroptosis in liver steatosis has been discussed[86,87].
Nevertheless, documented information regarding the role of ferroptosis in NAFLD deserves further investigation in
appropriate patient models with the disorder, particularly since currently no exact therapeutic strategies are available.

The modification of ferroptosis is considered a novel therapeutic option to confront malignancies[88]. Tyrosine kinase
inhibitors (TKIs) are described as the first approved systemic treatments for advanced HCC, however, the systemic
treatment of HCC has been further developed with the immune checkpoint inhibitor[89]. Recent evidence suggests the
treatment with atezolizumab plus bevacizumab over sorafenib. Fortunately, the latest findings have suggested novel
therapeutic strategies based on RCD modifications to confront HCC[89,90]. Lenvatinib, a well-known TKI, could suppress
HCC progression via the induction of ferroptosis through the inhibition of fibroblast growth factor receptor-4[91].
Metronomic capecitabine, as another example, has been suggested as a second-line therapy in HCC patients after
sorafenib failure[92] or discontinuation[93]. Similarly, the study conducted by Wang et al[94] indicated the ability of
metronomic capecitabine to induce ferroptosis in CD4+ T cells, which is probably attributed to autophagy-related GPX4
degradation in these immune cells, caused the amelioration of liver transplantation rejection[94]. Concordantly,
artesunate is considered a well-tolerated and appropriate combination therapy that synergizes with sorafenib to promote
ferroptosis in HCC cells[95]. Moreover, GSH S-transferase zeta 1, an enzyme involved in the catabolism of phenylalanine,
can inhibit the NRF2/GPX4 axis leading to sensitizes HCC cells to sorafenib-induced ferroptosis[96]. Similarly, tiliroside
induces ferroptosis via targeting TANK-binding kinase 1 leading to the death of sorafenib-resistant HCC cells[97].
Therefore, it appears necessary for further studies to address the effects of ferroptosis modulators on the death of HCC
cells treated with chemotherapeutics.

An overview of necroptosis

Ray and Pickup[98] provided the first evidence of necroptosis in 1996 when they observed a lytic mode of pig kidney cell
death infected with the cowpox virus governed by the expression of a CASP inhibitor known as the viral cytokine
response modifier A. Four years later, Holler et al[71] revealed that the classical death receptors including FAS, TRAIL,
and TNF receptors triggered cell death by two alternative pathways. One of these pathways relied on CASP-8, the
classical extrinsic pathway of apoptosis, while the one that was dependent on the receptor-interacting protein kinase 1
(RIPK1), the necroptosis. Nevertheless, it was in 2005 when this mode of cell death was named as Degterev et al[99]
demonstrated that a compound that inhibits the kinase activity of RIPK1, known as necrostatin-1, could inhibit the death
of TNF-treated cell lines. Subsequently, the two downstream core components of the necroptotic machinery have been
identified that are RIPK3 and mixed lineage kinase domain-like pseudokinase (MLKL)[100-102]. Necroptosis is primarily
initiated after infections and stressors such as chemotherapy or radiation and morphologically exhibits the characteristics
of necrosis, for example in response to extreme external factors with loss of membrane integrity, elevated cell volume,
swelling of organelles, and cellular collapse. In addition, necroptosis is followed by the release of DAMPs such as IL-10,
high-mobility group box 1, and IL-33[103,104]. Specific DAMPs related to necroptosis have not been documented so far,
however, the release of DAMPs during necroptosis provokes a severe inflammatory response associated with the
development of several diseases[103,104].

The activation of death receptors (DRs) (e.g., TRAIL-R, CD95, TNFR1) and the inactivation, inhibition, or absence of
apoptosis signaling components are the two main preconditions for the initiation of necroptosis. In fact, the formation of
the RIPK1/RIPK3 platform known as necrosome occurs upon the activation of DRs[20]. In the necrosome, RIPK1 and
RIPK3 interact with critical RIP homotypic interaction motifs to adopt a hetero-amyloid structure[105]. Next, RIPK3
phosphorylates MLKL leading to the oligomerization and finally translocation of MLKL to the cell membrane[20]. Along
with RIPK1, it is suggested that family proteins of casein kinase 1 as necrosome ingredients directly phosphorylate
human RIPKS3 to induce necroptosis[106]. Ultimately, pore formation in the cell membrane occurs upon MLKL translo-
cation accompanied by the increment of permeability through activation of Ca* influx, metalloproteinase and A
disintegrin, and phosphatidylserine externalization[107-109]. It is widely accepted that remarkable crosstalk regulations
exist between necroptosis and apoptosis in DR-dependent cell death pathways[110], hence one cannot be activated
without inhibiting the other. Concordantly, CASP-8 cleaves and inactivates RIPK3 and RIPK1 revealing that apoptosis
initiation suppresses necroptosis[111], whereas the activity of RIPK3 determines whether cells die by necroptosis or
apoptosis[111,112].

In addition to DRs, a variety of pathways such as nucleic acid sensors (e.g., Z-DNA-binding protein 1, also known as
DATI)[113], toll-like receptors (TLRs) such as TLR4 and TLR3[114], retinoic acid-inducible gene 1 protein[115], TNF[116],
and adhesion receptors[117] could initiate necroptosis. However, these signaling pathways are frequently RIPK1-
independent, although phosphorylation and activation of RIPK3 and MLKL are required[20]. It should be noted that a
membrane remodeling and scission machinery known as the endosomal sorting complexes required for transport-III
complexes can promote membrane repair and thereby limit MLKL-mediated necroptosis[118]. The contribution of MLKL
to the regulation of endosomal trafficking and extracellular vesicle generation reveals a delicate balance between
membrane injury and repair determining the ultimate cell fate in necroptosis[119].

Necroptosis exerts a pivotal role in NAFLD

A plethora of evidence has considered an increased level of necroptosis in human cells as one of the main events in the
progression of different pathological states including NAFLD, which is generally accompanied by an increase in the infilt-
ration of immune cells and the induction of inflammation[120-122]. Therefore, necroptosis can be assumed as a potential
therapeutic target. In addition, the detection of patients with NAFLD and distinguishing it from pathological states with
similarities in clinical manifestations and laboratory findings may be another merit of examining necroptosis in patients.
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In the following, the current study first discusses the participation of necroptosis in the pathoetiology of the disease and
then critically reviews the possible application of necroptosis as a novel diagnostic and therapeutic strategy.

Necroptosis contributes to the progression of the disease

Shreds of evidence during the last two decades have suggested that necroptosis is involved in the occurrence of the
disease and actively participates in the progression of NAFLD towards NASH and HCC. The occurrence of cell death in
hepatocytes is assumed to be necessary for the occurrence and progression of NAFLD[123,124]. Accordingly, it has been
documented that NAFLD coincides with the induction of inflammation, disruption of lipid homeostasis, and character-
istics of metabolic syndrome[125], meanwhile, necroptosis is involved with inflammatory responses and intracellular
bioenergetic regulation[126,127]. In this regard, the involvement of the RIPK3 in the mitochondrial bioenergetics of
hepatocytes[128], the necroptotic death of white adipocytes in NAFLD patients[129], and the induction of necroptosis
caused by oleic/palmitic acid imbalance in hepatocytes isolated from patients[130] with NAFLD could be assumed valid
markers of the contribution of necroptosis to the lipid metabolism-dependent occurrence of NAFLD. In addition, the
induction of necroptosis caused by inflammatory mediators such as TNF[131,132], TLR4[133], and IL-6[134] is considered
another event involved in the occurrence of NAFLD.

In addition to inflammatory and metabolic mediators, other signaling pathways may initiate necroptosis and cause
NAFLD occurrence. For instance, it has been demonstrated that polarity protein AF6 can directly interact with the
intermediate domain of RIPK1 and regulate its ubiquitination mediated by the deubiquitylase enzyme USP21 leading to
the promotion of necroptosis in hepatocytes[135]. In this regard, the overexpression of AF6 results in the TNFa-induced
necroptosis-mediated mortality of liver cells while hepatocyte-specific deletion of AF6 suppressed necroptosis and the
subsequent inflammation in different non-alcoholic liver diseases[135]. The prevention of NAFLD wvia restriction of
MLKL-dependent necroptosis by epigenetic silencing of RIPK3 reveals that the initiation of necroptotic-mediated liver
cell death contributes to the NAFLD occurrence[136]. In addition to necroptosis-related death, MLKL signaling is
involved in NAFLD pathogenesis by regulating other cell death programs such as autophagic flux[137]. Forkhead box
protein O1 (FOXO1) is another effective factor in inducing necroptosis and NAFLD where two distinct studies have
covered this issue with a different approach. The first study by Qian et al[133] showed that Serpina3c deficiency induced
necroptosis and NAFLD by FOXO1 overexpression, while the other assumed that FOXO1 induces necroptosis and
endoplasmic reticulum stress, and as a result, is involved in the pathogenesis of the disease[138]. Similarly, it has been
documented that necroptosis induced by oxidative stress plays a key role in the pathogenesis of NAFLD and subsequent
liver fibrosis[139,140].

Disease progression towards NASH and HCC is one of the undesired consequences of necroptosis induction in
NAFLD patients. Several studies have assumed that cross-talk between RCDs is involved in the promotion of inflam-
mation and the establishment of NASH following NAFLD[87,137,141,142]. It has been repeatedly shown that the
induction of inflammation (for example, through TNF and TLR) and the resulting necroptosis actively cause NAFLD-to-
NASH transition[143,144]. Importantly, necroptosis has been described as a pathological event in the liver that facilitates
the appearance of steatohepatitis, as it has been reported that RIPK1 and RIPK3 cause hepatocyte death and exacerbation
of NASH by inducing inflammation within macrophages and interacting with the JNK pathway[145-147]. In addition,
diet is one of the factors that may contribute to NAFLD progression and steatosis by modulating RIPK3, inflammation,
and necroptosis[148,149]. Although rare evidence of necroptosis involvement in the NAFLD-to-HCC transition has been
reported, two recent studies have clarified that RIPK3 as a regulator of lipid metabolism participates in liver carcino-
genesis, and RIPK3/MLKL absence reduces the risk of carcinogenesis[150,151].

The active involvement of necroptosis in the occurrence and progression of the disease continues with its effect in
determining the severity of hepatic tissue injury. For example, the exacerbation of liver injury due to myeloid deficiency
of CCN3 is mediated through the activation of necroptosis[152]. Also, the crosstalk between necroptosis and inflam-
matory mediators promoted both necroptosis and inflammation in liver fatty cells and as a result, aggravated liver
damage in NAFLD models[134,153,154]. SPARC overexpression is another pathological event that leads to severe liver
damage in patients with NAFLD by increasing the level of RIPK1/RIPK3 and promoting necroptosis[155]. Importantly,
the involvement of necroptosis in the pathogenesis of the disease as well as the aggravation of pathological consequences
can promise it as a potential biomarker for NAFLD early detection, grading, and prediction of progression. Moreover,
targeting upstream effectors that promote necroptosis is an interesting novel strategy that may be effective in disease
management. Therefore, in the next two sections, the findings related to the diagnostic and therapeutic efficacy of
necroptosis in patients with NAFLD have been reviewed (Table 2).

The diagnostic value of necroptosis

Although the involvement of necroptosis in the occurrence of NAFLD and its progression to NASH and HCC has been
appropriately elucidated, rare reports of the diagnostic value of necroptosis in the early detection and grading of the
disease have been presented. Considering the coincidence of necroptosis and inflammation and the strengthening effect
they have on each other, the main markers presented have been related to inflammatory responses. For example, the
evidence presented on the changed levels of TNF-a, IL-10, and IL-1a in MAFLD patients can be considered a potential
diagnostic marker[134,156,157]. In addition, it has been demonstrated that the high level of TNF-a along with the low
level of serum IL-10 can be an indicator of the severity of NAFLD in the morbidity of obese men[156], and these two
markers have provided promising efficacy in the follow-up of patients with NAFLD[158]. Similarly, it has been suggested
that polymorphisms in the gene encoding TNF-a may be a marker of NAFLD progression and risk of coronary artery
disease[159]. Accordingly, a 4-year follow-up study has revealed that TNF-a can function as a predictor of NAFLD
development[131]. Although TNF-a is one of the triggering factors of the necroptotic cell death pathway and its
diagnostic ability can be assumed to be related to necroptosis, further studies to find innate markers of necroptosis appear
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Table 2 Participation of necroptosis in the occurrence and progression of the disease and its effectiveness as a diagnostic marker and

therapeutic target

Function Advantages/limitations

Pathoetiology The upregulation of RIPK1, RIPK3, and MLKL leads to the necroptosis of hepatocytes in the fatty liver, which along with inflammatory
responses contributes to the induction of NAFLD. In addition, the intensification of necroptotic death of hepatocytes is followed by the
aggravation of the disease and its progress toward NASH and HCC

Diagnosis Most of the presented biomarkers are related to the upstream inflammatory inducers of necroptosis such as TNF and ILs. Although the
aforementioned markers have provided diagnostic and prognostic properties, changes in inflammatory markers occur in a variety of
disorders. In addition, the uncertainty of the sensitivity and specificity of the few suggested markers complicates the evaluation of their
diagnostic value. Therefore, more studies that evaluate specific necroptotic biomarkers in NAFLD patients are encouraged

Therapy Direct inhibitors of necroptosis (RIPK1 inhibitors for example) and a variety of herbal antioxidants with anti-necroptotic, anti-inflam-
matory, and regulating lipid metabolism properties have been proposed in experimental and human studies. However, no clinical trial has
been registered in this direction, which reveals the necessity of designing further studies

NAFLD: Nonalcoholic fatty liver disease; NASH: Non-alcoholic steatohepatitis; HCC: Hepatocellular carcinoma; TNF: Tumor necrosis factor; IL:
Interleukin; RIPK1: Receptor-interacting protein kinase 1, MLKL: Mixed lineage kinase domain-like pseudokinase.

necessary. Moreover, inflammatory markers are mainly expressed in a wide range of disorders, and the lack of reporting
of the sensitivity and specificity of the proposed markers complicates the determination of their diagnostic value.

Pathological alterations in the expression of MLKL, RIPK1, and RIPK3 can be suggested as the most potential markers
related to necroptosis in diagnosing NAFLD and predicting its progress[136,150,160,161]. A recent study has determined
that metabolomic and lipidomic screening has identified the participation of RCDs, particularly necroptosis, in the
progression of NAFLD toward cancer[162], which may be of possible clinical importance in the follow-up of patients and
determining the risk of disease progression. Nevertheless, the available evidence is rare, therefore further studies on this
content represent a crucial necessity.

Necroptosis as a potential therapeutic target
It was previously discussed that the induction of necroptosis in hepatocytes is related to the occurrence and progression
of NAFLD, therefore this pathway of cell death displays the characteristics of a therapeutic target. Several studies have
investigated the efficiency of such properties, which can be reviewed in two categories, one contains the direct inhibitors
of the mediators of the necroptosis pathway, and the other includes the herbals/chemicals that have revealed therapeutic
properties through modulation of necroptosis.

It has been demonstrated that a highly specific inhibitor of RIPK1 known as RIPA-56 was able to ameliorate an animal
model of NAFLD via down-regulation of MLKL, reduction of hepatic damage, inflammation, fibrosis, characteristic of
NASH, as well as of steatosis[163]. In addition, the inhibition of MLKL resulted in a reduction of fat de novo synthesis and
chemokine ligand expression in patients with NAFLD[164]. Similarly, chemical compounds that inhibited necroptosis
along with apoptosis in hepatocytes were able to alleviate NAFLD-related characteristics[165-168]. Due to the cross-talk
between RCDs, it is clinically important to note that the process of necroptosis inhibition should not activate other cell
death pathways, as the absence of RIPK3 increased inflammation and hepatocyte apoptosis as well as early fibrotic
responses leading to exacerbation of the disease[169].

Interestingly, a variety of herbal compounds such as epigallocatechin gallate, pentoxifylline, kaempferol, quercetin,
metformin, etc. demonstrated anti-necroptotic properties that benefited the alleviation of NAFLD[170-174]. Regulating
lipid metabolism, suppressing destructive inflammatory responses, maintaining cellular homeostasis, and also the rarity
of adverse effects are attractive properties that antioxidant compounds provide in the treatment of NAFLD, in addition to
inhibiting necroptosis. However, no clinical trials have been registered on the clinicaltrials.gov website, which indicates
insufficient current information to confirm treatment strategies based on inhibition of necroptosis. Therefore, the conduct
of further studies on this content is pivotally encouraged.

CONCLUSION

The findings of the current review revealed that the induction of necroptosis along with inflammatory responses
pivotally contributes to the occurrence of NAFLD. Moreover, the continuation of the necroptotic death of hepatocytes can
cause the disease to progress to NASH and HCC. Nevertheless, the diagnostic value of necroptosis-based markers has
been rarely evaluated and disease management strategies based on necroptosis necessarily require further investigations
in this direction.
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Abstract

Unmet needs exist in metabolic dysfunction-associated steatotic liver disease
(MASLD) risk stratification. Our ability to identify patients with MASLD with
advanced fibrosis and at higher risk for adverse outcomes is still limited.
Incorporating novel biomarkers could represent a meaningful improvement to
current risk predictors. With this aim, omics technologies have revolutionized the
process of MASLD biomarker discovery over the past decades. While the research
in this field is thriving, much of the publication has been haphazard, often using
single-omics data and specimen sets of convenience, with many identified
candidate biomarkers but lacking clinical validation and utility. If we incorporate
these biomarkers to direct patients’ management, it should be considered that the
roadmap for translating a newly discovered omics-based signature to an actual,
analytically valid test useful in MASLD clinical practice is rigorous and, therefore,
not easily accomplished. This article presents an overview of this area’s current
state, the conceivable opportunities and challenges of omics-based laboratory
diagnostics, and a roadmap for improving MASLD biomarker research.
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Core Tip: Identifying patients with metabolic dysfunction-associated steatotic liver disease (MASLD) at higher risk for
adverse outcomes is still a crucial clinical challenge. Novel and non-invasive screening, monitoring, and risk stratification
methods are urgently needed. With this aim, omics technologies have revolutionized the process of MASLD biomarker
discovery. Although many omics-based biomarkers were identified over the past decades, their translation into clinically
useful tests that can guide management decisions has proven more difficult than expected. This review presents an overview
of this area’s current state, the conceivable opportunities and challenges of omics-based laboratory diagnostics, and a
roadmap for improving MASLD biomarker research.
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INTRODUCTION

The exponential global increase in obesity and type 2 diabetes is to blame for the rising epidemic of metabolic
dysfunction-associated steatotic liver disease (MASLD) in the last two decades. Globally, nearly a quarter of the world’s
population is estimated to be affected by MASLD, with even higher rates in the Middle East, Northern Africa, and
Central and South America. Without clear risk stratification and therapeutic options, MASLD has soon become the
leading cause of chronic liver disease and liver-related morbidity and mortality worldwide[1].

Unfortunately, over half the adult population is expected to have MASLD by 2040, mainly affecting women, smokers,
and those without metabolic syndrome[2]. This scenario will expand the number of patients with advanced liver fibrosis
and end-stage liver disease, increasing the rates of liver transplantation and multiplying healthcare costs.

Current measures to overcome this situation are centered on the identification of people at the highest risk of pro-
gression to advanced liver disease so they can be offered interventions and appropriate care before they develop liver-
related complications[3]. However, this represents a crucial and tough challenge in the clinical management of MASLD[4-
6]. First, not all patients with MASLD will ever develop non-alcoholic steatohepatitis (NASH) with clinically significant
fibrosis, and advanced liver fibrosis has the highest risk of adverse liver-related outcomes[7]. Second, liver biopsy is the
best available method to evaluate liver fibrosis. Still, it is a costly and invasive technique, prone to sampling bias and
intra-observer and inter-observer variability, and not recommended to screen liver disease progression[8,9].

These limitations have driven the need for non-invasive MASLD screening, monitoring, and risk stratification meth-
ods. In this regard, imaging methods such as ultrasound, computed tomography, and magnetic resonance are valuable
for detecting lipid accumulation in MAFLD patients. Still, they are useless for evaluating inflammation and degrees of
fibrosis less than cirrhosis[10,11].

On the contrary, low-tech methods such as the anthropometric clinical indicators of visceral obesity have been pro-
mising for the primary prevention and screening of MASLD. These non-invasive indicators, such as body mass index,
abdomen, waist and chest circumferences, and trunk fat, can be easily determined to screen the presence or absence of
MASLD using affordable equipment, which makes them ideal for their use in remote areas or in primary clinical practice
[12,13]. Although these indicators show suboptimal accuracy (57%) in detecting fibrosis[13], the identification of their
specific cutoff points, taking into consideration the anthropometric differences in each ethnic and racial group[12], may be
useful in the early diagnosis of MASLD, and especially NASH, offering a new therapeutic and preventive method to this
population. Therefore, the epicenter of all research efforts around MASLD is currently focused on identifying and
validating new non-invasive and cost-effective biological markers (or biomarkers) for risk stratification[4].

Since the Human Genome Project, the development of new technologies called “omics” has made it possible to
measure a vast number of biological molecules within a tissue or cell in a high-throughput way. Many areas of research
can be classified as omics, and the terms used to define them depend on the type of biological molecules globally ana-
lyzed by these techniques; for example, genes (genomics), methylated DNA, or modified histone proteins in
chromosomes (epigenomics), RNA (transcriptomics), proteins (proteomics), metabolites (metabolomics), lipids
(lipidomics)[14]. These techniques require next-generation sequencing (NGS) or mass spectrometry (MS). While
sequencing-based approaches are applied to study the genome, transcriptome, and epitomes, an MS is necessary to
explore the proteome, metabolome, and lipidome[14].

In MASLD research, new innovative omics technologies are extensively used in both preclinical (in vitro and in vivo)
models and retrospective studies with archived samples, as they offer the possibility of in-depth screening for novel
biomarkers and a better understanding of MASLD pathological processes[15]. However, translating their results into
clinically useful tests that can guide management decisions has proven more difficult than expected. This article presents
an overview of this area’s current state, the conceivable opportunities and challenges of omics-based laboratory
diagnostics, and a roadmap for improving MASLD biomarker research.
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CURRENT STATE OF OMICS-DERIVED BIOMARKER DEVELOPMENT IN MASLD

We used PubMed (National Library of Medicine) and Reference Citation Analysis (RCA) databases to search and retrieve
scientific articles to describe the current state of omics-derived biomarker development in MASLD. The “OR” and “AND”
connectors were used to combine the descriptors: (“non-alcoholic fatty liver disease” or “non-alcoholic steatohepatitis”,
“fatty liver” or “NAFLD” or “NASH” or “metabolic-associated fatty liver disease” or “MAFLD” “metabolic
dysfunction-associated steatotic liver disease” or “MASLD”) and (“human”) and (“biomarker”) and (“omics” or “multi-
omics” or “microbiome” or “genomics” or “proteomics” or “metabolomics” or “metagenomics” or “transcriptomics”).

Inclusion criteria were the availability of the full-text publication written in English up to December 2023. Review
studies, publications present in more than one database, and out-of-scope studies were excluded. After reading the titles
and abstracts of the studies, 24 of 163 studies found in the databases were excluded: 2 duplicate studies, 5 Chinese
studies, 11 in vitro studies, and six evaluated individuals with other chronic liver diseases. The remaining studies were
fully read according to the eligibility criteria. Thus, 139 articles were included in the analysis. The complete list of articles
included in the analysis and their primary information (authorship and year of publication, type of sample, and omic
technique/s used in the study) are shown in Supplementary Table 1.

Primarily, omic papers on MASLD biomarker research were scarce 20 years ago. Since then, the number of omic
articles has increased exponentially (Figure 1A). This systematic literature review showed that the recent and scanty
publication of multi-omic studies focuses on three levels of omics data including transcripts, genes, and proteins. This is
followed by other omics areas, comprising metabolites, epigenetic changes, and combinations thereof (Figure 1B).

Of the types of samples analyzed for MASLD biomarker research, the rise in the number of omic studies was followed
by a boost of papers aimed at discovering MASLD biomarkers on a diverse array of biological samples (Figure 1C).
However, liver tissue samples were the most frequently featured. Stool, plasma, and serum samples have dominated over
the last few years (Figure 1C). These results indicate a current interest in the search for non-invasive biomarkers,
primarily focusing on gut microbiota studies and its well-described relationship to MASLD development and
progression.

The 139 studies were also analyzed according to a previously published set of criteria that evaluate the internal validity
of individual studies[16,17]. The most common limitations observed in these studies were a small sample size (16.5%),
followed by the presence of bias in the selection and stratification of patients due to the lack of histological diagnosis of
MASLD using liver biopsies (12.2%). Moreover, disregard for potential confounding variables (such as age, gender,
ethnicity, body mass index, or presence of comorbidities) and their appropriate adjustments in the data analysis was
observed in 13 studies (9.35%).

The validity of a study can also be evaluated by its reproducibility. In the case of omics research, depositing raw data,
complete protocols, and bioinformatics codes and workflows in a public repository is considered a first step to replicating
a study’s findings[17]. Although many leading journals now demand to make data and protocols publicly available as a
prerequisite for publication[18], this practice remains inconsistent across journals and omics studies. In fact, seven (5%) of
the studies included in our literature search did not offer public access to their data nor indicate how others may obtain it
in case specific legal or ethical restrictions prohibit public sharing of the data set.

However, these flaws aren’t recurrently detected in some fields of omics research. In the case of genomics, genome-
wide association studies require high degree of certainty in the results (P values < 5 x 10¥), develop large, multi-centric
replication studies, and have good compliance with data availability policies[19], as was observed in the two studies of
this type (1.4%) analyzed in the literature search carried out in this review.

ADDRESSING THE LACK OF CLINICALLY USEFUL OMICS-BASED BIOMARKERS IN MASLD: WHAT
ARE THE CHALLENGES?

Despite this progress, the omics-derived biomarker research in MASLD has resulted in several candidate biomarkers that
lack clinical validation and utility; that is, it is yet unknown if the identified biomarkers are accurate, reproducible, or
reliable in terms of the analytical and clinical/biological validation, or even if there is enough evidence to consistently
demonstrate that the use of the omics-based predictor results in a better outcome for patient care (utility).

There are many reasons for this disappointing output. First, the advent of omics-based biomarker studies has led to an
excess of highly confounded reports by a superlative number of variables applied to a small sample size. Conditions for
sample collection, transport, and storage can significantly affect the quantity and quality of the molecules (nucleic acid,
proteins, metabolites) to be analyzed in the biological sample[20]. Moreover, using different NGS platforms or reagents
with dissimilar lot numbers can be a source of technical bias that can alter results[21].

Second, the analysis of an outstanding number of data can be challenging. This is especially true if no consensus exists
on the data processing pipeline or the software and packages to be used[22,23]. In the case of those omics studies focused
on the search for MASLD biomarkers in the human microbiome, the need for complete and curated databases for the
human microbiota’s less-studied viral and fungal components poses an obstacle to thorough data analysis[24].

Finally, the shift from a single-omic to a multi-omic approach to biomarker research is critical for increasing the
chances of identifying an accurate biomarker for MASLD risk stratification. The number of multi-omics studies on
MASLD biomarker research is still scarce but on the rise, as shown by the systematic literature review results. Multi-omic
applications provide novel insights and a more holistic understanding of biological processes. Thus, this type of omic
study could advance our ability to understand and treat the complex underlying biology of MASLD[25]. Unfortunately,
the need for a rigorous study design, accurate sample size and statistical power calculation, and problematic data
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Figure 1 Characterization of omics literature based on a systematic screen of PubMed indexed research articles on metabolic
dysfunction-associated steatotic liver disease biomarker (up to December 2023). A: Plot representing the rapidly increasing number of omics articles
indexed in PubMed indicating the use of single-omic (red) or multi-omic technologies (blue); the dip in 2023 can be attributed to indexing delay which was not
accounted for in the current plot; B: Proportion of omics and combinations of omics (grouped by the characterized entities) commonly used in the analyzed articles; C:
Distribution of sample types used in the analyzed articles. The details of articles included in the analysis are listed in Supplementary Table 1.
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integration interfere with the expansion of these studies[26].

A ROADMAP FOR THE IMPROVEMENT OF BIOMARKER RESEARCH IN MASLD

A lesson can be learned from cancer research. As a consequence of the premature use of omics-based tests developed to
predict sensitivity to chemotherapeutic agents in lung and breast cancer clinical trials at Duke University, a committee of
the Institute of Medicine generated a series of recommendations that are considered a roadmap of the best scientific
practices for the development, validation and clinical translation of omics-based biomarkers and tests[27]. In 2013, the
United States National Cancer Institute proposed a practical guideline[28,29] that lists 30 criteria for the development
path of omics-based predictors from high-throughput technology to clinical trials (Figure 2). In brief, researchers should
take into account: (1) Clinical specimen issues: Collection, processing, storage conditions, availability, quality, amount
(mass or volume), and composition of appropriate clinical specimens; (2) Assay issues: Standardization of technical
protocols, reagents, and scoring and reporting methods required for the analytical performance of the omics assay in the
clinical setting; (3) Model development and evaluation: Avoidance of errors, inconsistencies, or bias in approachs for
omics data pre-processing, preparation of the mathematical predictor model, and evaluation of its performance
(validation); (4) Clinical trial design: Adherence to accepted standards for good clinical practice, including the
development of a formal protocol, an informatics workflow for the analysis of clinical and omics data, a pre-defined
study plan and statistical analysis strategy, and the pre-registration of the study and analysis plan in a public registry.
The three possible study designs to evaluate the clinical utility are: Prospective-retrospective studies using stored
samples; prospective clinical studies, where the biomarker is not involved in patient management decisions; or
prospective clinical studies, where the biomarker guides patient management decisions; and (5) Ethical, legal, and
regulatory issues: Commitment to protecting human subjects involved in the research, performance of certified laboratory
tests if the results have significant clinical value and need to be communicated to the patient or the patient’s physician,
documentation of intellectual property rights.

Although there are subtle differences in how this checklist is applied to a particular omics test and clinical setting, it is
recognized that any field of omics-based biomarker research should take notice of the abovementioned criteria to
determine when there is sufficient and reliable evidence to justify the clinical use of an omics-based biomarker, or even
that it is ready for evaluation in a clinical trial.

After demonstrating its clinical usefulness, the new biomarker must prove its cost-effectiveness or cost-utility, mainly
as its use will be widespread (up to 30% of the general population in some geographical regions). The benefit the
application of the biomarker produces, measured by healthy life years’ indicator, must exceed the cost of the intervention.
The application of the biomarker is considered cost-effective if it produces at least USD 50000 per quality-adjusted life
year gained[30].

WILL SERUM BIOMARKERS WIN THE RACE FOR CLINICAL USEFULNESS?

Regarding MASLD biomarker research, a significant step forward was recently taken by the non-invasive biomarkers for
metabolic liver disease (NIMBLE) and liver investigation: testing marker utility in steatohepatitis (LITMUS) projects, as
multiple circulating biomarkers made the first step in the biomarker qualification path[31,32].

The LITMUS project[32] evaluated the diagnostic accuracy of 5 single biomarkers (CK-18 M30, CK-18 M65, PRO-C3,
PRO-C4, and PRO-C6), 9 multimarker scores (FIB-4, MACK-3, a scoring system proposed by Cao et al[33] in 2013,
ADAPT, FIBC3, ABC3D, NFS, ELF, and SomaSignal), as well as liver stiffness measurement (LSM) and controlled
attenuation parameter vibration-controlled transient elastography (VCTE) in detecting at-risk NASH and fibrosis severity
in a European cohort of 966 biopsy-proven participants with MASLD (of which 335 patients had at-risk NASH and 271
advanced fibrosis).

None of the single markers or multimarker scores achieved the predefined acceptable area under the curve (AUC) of
0.8 to be considered a diagnostic marker of acceptable accuracy and for replacing biopsy in detecting people with both
NASH and clinically significant fibrosis. However, the SomaSignal test, the ADAPT score, and the LSM VCTE could be
used as prescreening methods in clinical trials. The SomaSignal test showed the best results, with AUC values higher for
diagnosing advanced fibrosis than for detecting NASH and clinically significant fibrosis[32].

On the other hand, the NIMBLE project tested the performance metrics of 5 biomarker panels (NIS4, OWLiver, PROC3,
ELF, and FibroMeter VCTE) for the diagnosis of NASH, at-risk NASH or fibrosis severity in an American cohort of 1073
biopsy-proven individuals with the full spectrum of MASLD[31].

In this case, panels with an area under the receiver operating characteristic of 0.7 or higher were considered a diag-
nostic marker of acceptable accuracy. In contrast, primacy over alanine aminotransferase (ALT) and fibrosis-4 (FIB-4) for
disease activity and fibrosis severity were considered, respectively, as a pragmatic initial step to move to final
qualification. The results demonstrate that the NIS4 score excedeed the prespecified performance metric for diagnosis of
at-risk NASH. Also, in diagnosing clinically significant fibrosis, advanced fibrosis, and cirrhosis in individuals with
MASLD, the ELF test and FibroMeter VCTE outperformed FIB-4[31].

However, despite several limitations (data not applicable to all ethnicities, the use of a curated patient population,
limited quantity of sample material, lack of evaluation of omics-based biomarkers, etc.) added to the known inter-
observer variability in the histology scoring of the reference method, these groundbreaking studies represent an advance
towards having regulatory approved biomarkers for MASLD risk stratification[5,6]. Moreover, as many tested biomar-
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Figure 2 A roadmap for the improvement of biomarker research in metabolic dysfunction-associated steatotic liver disease: Discovery of
a biologically, and perhaps clinically, interesting omics-based biomarker; analytical, biological/clinical validation of the discovered
biomarker; and finally, the evaluation for its clinical utility and use, and the evaluation for its economic benefits (cost-effectiveness or
cost-utility studies). A summary of the criteria for the development path of omics-based predictors proposed by the United States National Cancer Institute are
also included in the roadmap. Modified from freepik.com.

kers outperformed laboratory tools routinely used in the clinical practice, such as ALT and FIB-4, they could be applied in
a pre-screening strategy in clinical trial recruitment[5,6].

CONCLUSION

The expectation of omics technologies is that in the future, patients might be diagnosed and treated according to their
personalized MASLD molecular signatures. However, we have a long and arduous path to reach our goal. A consensus
regarding best practices on sampling conditions, technical issues, and data processing on discovery studies is mandatory
before omics-based biomarkers for MASLD can be validated and their clinical utility tested.

The increasing burden of MASLD emphasizes the pressing need for a novel biomarker that can surpass the “imperfect”
liver histology. Moreover, it should be simple, cheap, and easy to adapt to different situations (population screening or
stratification in clinical trials). Due to the complex multisystemic pathophysiology of MASLD, it seems unlikely that a
single biomarker featuring all these attributes will be identified in the near future. On the contrary, different algorithms
integrating clinical data with an arrangement of previously reported omics-based, circulating, anthropometric, and/or
imaging-based markers could be considered strong candidates for clinical evaluation.
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Abstract

BACKGROUND

Gastric cancer is a common malignant tumor of the digestive tract, and endosco-
pic submucosal dissection (ESD) is the preferred treatment for early-stage gastric
cancer. The analysis of the epidemiological characteristics of gastric mucosal
tumors with different differentiation degrees and the influencing factors of long-
term ESD efficacy may have certain significance for revealing the development of
gastric cancer and ESD.

AIM
To analyze the features of gastric mucosal tumors at different differentiation
levels, and to explore the prognostic factors of ESD.

METHODS

We retrospectively studied 301 lesions in 285 patients at The Second Affiliated
Hospital of Xi'an Jiaotong University from 2014 to 2021, according to the latest
Japanese guidelines (sixth edition), and divided them into low-grade intrae-
pithelial neoplasia (LGIN), high-grade intraepithelial neoplasia (HGIN), and
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differentiated and undifferentiated early carcinoma. They are followed up by endoscopy, chest and abdominal
computed tomography at 3, 6 and 12 months after ESD. We compared clinicopathologic characteristics, ESD
efficacy, and complications with different degrees of differentiation, and analyzed the related factors associated
with ESD.

RESULTS

HGIN and differentiated carcinoma patients were significantly older compared with LGIN patients (P < 0.001) and
accounted for more 0-IIc (P < 0.001), atrophic gastritis was common (P < 0.001), and irregular microvascular
patterns (IMVPs) and demarcation lines (DLs) were more obvious (P < 0.001). There was more infiltration in the
undifferentiated carcinoma tissue (P < 0.001), more abnormal folds and poorer mucosal peristalsis (P < 0.001), and
more obvious IMVPs, irregular microsurface patterns and DLs (P < 0.05) than in the LGIN and HGIN tissues. The
disease-free survival rates at 2, 5, and 8 years after ESD were 95.0%, 90.1%, and 86.9%, respectively. Undifferen-
tiated lesions (HR 5.066), white moss (HR 7.187), incomplete resection (HR 3.658), and multiple primary cancers
(HR 2.462) were significantly associated with poor prognosis.

CONCLUSION
Differentiations of gastric mucosal tumors have different epidemiological and endoscopic characteristics, which are
closely related to the safety and efficacy of ESD.

Key Words: Gastric mucosal epithelial neoplasia; Differentiated early gastric cancer; Undifferentiated early gastric cancer;
Endoscopic submucosal dissection; Long-term outcomes

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Endoscopic diagnosis and treatment of early gastric cancer is a hot topic in gastroenterology. By analyzing gastric
mucosal tumors treated with endoscopic submucosal dissection (ESD) at a high-volume center in Northwest China, this
study investigated the differences in characteristics of gastric mucosal tumors with different degrees of differentiation and
the predictors of ESD efficacy and safety, providing data support for the further development of endoscopic technology.
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INTRODUCTION

Gastric cancer is a malignant tumor of the gastrointestinal tract with high morbidity and mortality. The annual incidence
and death rate of gastric cancer in China account for nearly half of the global incidence. The early symptoms of gastric
cancer are relatively difficult to identify, and they are usually found in the advanced stage. Surgery and drug treatment
are less effective than other methods, so early diagnosis and treatment are crucial measures for improving the survival
rate of gastric cancer patients. Early intervention can lead to a 5-year survival rate exceeding 90%[1-3].

Gastric epithelial neoplasia can be divided into nonneoplastic lesions, uncertain neoplastic lesions, low-grade intrae-
pithelial neoplasia (LGIN), high-grade intraepithelial neoplasia (HGIN), early gastric cancer (EGC), and advanced cancer
based on the Vienna classification. EGC is a superficial cancer confined to the mucosa and submucosa, with or without
lymph node metastasis[4]. Japanese scholars have classified gastric cancer into differentiated and undifferentiated types
based on the tissue source. The differentiated types included tubular and papillary adenocarcinomas, while the undiffer-
entiated types included poorly differentiated adenocarcinomas, mucinous adenocarcinomas, and signet ring cell
carcinomas[5]. It is widely accepted that intraepithelial neoplasia is a precancerous lesion of gastric cancer that progresses
through a process known as the Correa cascade reaction. However, this concept requires further research, and the
occurrence and development of gastric cancer and its influencing factors are still unclear[6].

Endoscopic submucosal dissection (ESD) is a minimally invasive technique that originated in Japan for the treatment of
EGC. The high safety and short-term efficacy of ESD have led to its use worldwide. Despite the great success of ESD, the
endoscopic treatment of gastric cancer is still progressing, and the indications are constantly being updated. According to
the latest guidelines in Japan, previous expanded indications are included in absolute indications: Differentiated
intramucosal cancer, without ulcers, of any size; differentiated intramucosal cancer, with ulcers, < 3 cm; and undifferen-
tiated intramucosal cancer, without ulcers, <2 cm. Reports of curative resection rates for ESD vary widely. Lee et al[7]
reported an uncurative resection rate of 6.6%-28.4% after ESD. The long-term efficacy of ESD is still under observation
and summarized, with discrepancies in different reports[8,9], and the risk factors affecting the efficacy and prognosis of
ESD still need to be clarified.
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Analysis of the epidemiological characteristics of gastric mucosal tumors with different degrees of differentiation may
be important for revealing the developmental pattern and influencing factors of gastric cancer. The outcomes of
endoscopic resection are closely related to the degree of differentiation, so accurate preoperative judgment of differen-
tiation type is highly important for successful treatment[10]. This study incorporates epidemiological, pathological, and
endoscopic features to compare the differences among intraepithelial neoplasia and differentiated and undifferentiated
early cancers, and can help to explore the features and risk factors for gastric mucosal tumors of different differentiation
types, which is beneficial for early and accurate diagnosis and prognosis.

MATERIALS AND METHODS

Patient selection

This study included EGC patients who underwent ESD at our center from March 2014 to December 2021. We collected
patient information through the hospital HIS system. The inclusion criteria for patients were as follows: (1) Patients
diagnosed with early gastric tumors based on gastroscopy and biopsy; (2) the relevant imaging examination had no
contraindications, such as lymph node or distant metastasis, the patient met the indications for ESD, and informed
consent was signed before surgery; and (3) the study protocol was approved by the Medical Ethics Committee (approval
number: 2023530). The exclusion criteria for patients were as follows: (1) Patients had gastric mucosal tumors and did not
undergo ESD; (2) patients had incomplete follow-up data; and (3) patients had serious cardiovascular, hematologic,
neuropsychiatric disease and severe liver and kidney dysfunction.

ESD process

Preoperative preparation: Endoscopic examinations, such as white light, magnified endoscopy with narrow-band
imaging (ME + NBI), and chemical staining (indigo carmine and acetic acid staining), were performed to determine the
extent and depth of the lesion, and endoscopic ultrasonography was used to clarify the depth of tumor infiltration. The
diet was restricted before surgery, antiplatelet drugs were stopped for 1 wk, and intravenous general anesthesia was
initiated.

Procedure: The lesion boundary was determined 0.3-0.5 cm from the edge of the lesion, and multiple submucosal
injections of 1 mL of 0.3% indigo carmine, 1 mL of epinephrine, and 100 mL of saline mixture were administered until the
lesion was raised. The mucosa was cut along the marked point with a needle knife, the submucosal layer was peeled, and
the bleeding was properly stopped. The specimen was sent to the pathology department to clarify the pathological nature
and whether the margin was involved (Figure 1).

Postoperative management: Included fasting for 1-2 d after the operation; the use of antibiotics, gastric mucosal
protectors, and acid suppressants; and the observation of wound healing and hospitalization for 2-3 d after the operation.
Endoscopy, computed tomography (CT) or magnetic resonance imaging, and serum tumor marker data were regularly
reviewed at 3, 6, and 12 months and annually after discharge to monitor for recurrence or metastasis.

Tumor pathological characteristics

According to the Paris classification, gastric mucosal tumors can be subgrouped into the following six types: Polypoid/
protruded (type 0-I), superficial elevated (type 0-Ila), flat (type O-IIb), superficial depressed (type 0-Ilc), superficial
depressed area in an elevated lesion (type 0-Ila+llc) and excavated (type 0-III). The depth of tumor invasion was
measured under a microscope: (1) M1, tumor limited to the mucosal epithelium; (2) M2, tumor limited to the lamina
propria without involvement of the muscularis mucosa; (3) M3, tumor involving the muscularis mucosa; (4) SM1, tumor
infiltrated into the superficial submucosa (from the muscularis mucosa to the submucosa < 500 pm); and (5) SM2, tumor
involved the deep submucosa (= 500 pm in submucosa). In this study, tumors were rarely located in the lamina propria of
the mucosa, so M1 and M2 were divided into one group.

Safety and efficacy of ESD

The main complications after ESD were bleeding, perforation, and stenosis. Early delayed bleeding was defined as
bleeding that was endoscopically visible within 48 h after ESD. Patients with clinical manifestations of melena,
hematemesis, or a significant decrease in hemoglobin levels need emergency endoscopy or surgical hemostasis. Bleeding
events treated with hemostatic forceps during ESD were excluded. Delayed bleeding was defined as bleeding detected
more than 48 h after ESD. Perforation was defined as the absence of the gastric wall under endoscopy, yellow adipose
tissue could be observed directly, or free gas could be found on the abdominal X-ray. Stenosis was diagnosed when the
endoscope could not easily reach the cardia through the lower esophagus.

En bloc resection was defined as complete endoscopic removal of the lesion. Complete resection meant that the lesion
was removed in its entirety and there was no histopathological evidence of tumor involvement in the lateral or vertical
margins. Curative resection was defined as meeting eCuraA and eCuraB, and the evaluation system includes: eCuraA:
The tumor was En bloc resection, negative horizontal and vertical margins, without lymphatic and vascular invasion and
meets one of the following criteria: (1) Postoperative pathology showed that the tumor was pTla with predominantly
differentiated carcinoma without ulceration; (2) postoperative pathology showed that the tumor was pTla with predom-
inantly undifferentiated carcinoma without ulceration and a long diameter < 2 cm; and (3) postoperative pathology
showed that the tumor was pTla with predominantly differentiated carcinoma with ulceration and a long diameter <3
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Figure 1 Endoscopic submucosal dissection process. A: 0-lla + 0-lic lesion in the greater curvature of the antrum (white light), the lesion flattened after
inflation; B: NBI + ME: DL (+), the lesion elevation was evident after inspiration; C: Indigo carmine staining; D: Peripherally marked lesion; E: The surrounding mucosa
was incised; F: Submucosal dissection; G: The resected wound; H: Fixed specimen.

cm. eCuraB: The tumor was resected en bloc. Postoperative pathology revealed that the tumor was pT1b but infiltrated <
500 pm, with predominantly differentiated carcinoma, a long diameter < 3 cm, negative horizontal and vertical margins,
and no lymphatic or vascular invasion. eCuraC: Includes eCuraCl and eCuraC2. eCuraCl refers to differentiated cancers
that satisfied some of the conditions of eCuraA or eCuraB but were not treated with en bloc resection or had positive
margins; eCuraC2 refers to those that did not satisfy the conditions of eCuraA, eCuraB, or eCuraCl.

Follow-up

For eCuraA and eCuraB, Japanese guidelines recommend endoscopy once or twice a year (eCuraB resection patients
should also undergo abdominal ultrasound or CT to determine metastasis); in principle, eCuraCl resection patients could
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undergo ESD or gastrectomy, while eCuraC2 resection patients were required to undergo additional gastrectomy with
lymphadenectomy. If patients refused additional resection, they were advised to follow up with endoscopy and CT after
3-6 months. Tumors found at the same site within 1 year after ESD were local recurrence, tumors found at other sites
were simultaneous tumors, and more than one year later, the tumors found at other sites were metachronous tumors.
Disease-free survival (DFS) was defined as the survival rate without recurrence, metastasis, or death from any cause.

Statistical analysis

SPSS 26.0 was used for statistical analysis, and GraphPad Prism 9.0 was used for plotting the data. Measurement data
were compared by ANOVA if they were normally distributed and had a chi-square test. Comparisons between two
groups were performed using the LSD test, and the Kruskal-Wallis rank sum test was used if the data were not normally
distributed. Outcome unordered categorical data were compared using the chi-square test or Fisher exact test, and
outcome ordered categorical data were compared using the Kruskal-Wallis rank sum test. The missing data among the
measurement data were analyzed via the SPSS multiple interpolation method, and the missing data among the categorical
data were analyzed via the virtual variable method, where the missing data were reassigned to a new classification.
Logistic regression was used in multifactor analysis, the forward or backward method was selected for single-factor
analysis with more variables, and the input method was selected for fewer variables. The overall survival rate and DFS
rate were estimated by the Kaplan-Meier method and log-rank test, and survival-related multifactorial analysis was
performed by Cox regression. A P value of < 0.05 was considered to indicate statistical significance.

RESULTS

This study included the clinical data of 285 patients with 301 Lesions treated with ESD at our hospital from March 2014 to
December 2021.

Clinical characteristics

Compared with LGIN patients, HGIN patients were significantly older (average age: 57 years vs average age: 63 years, P
<0.001), had more smoking habits (27.1% vs 49.0%, P = 0.004), and had more atrophic gastritis (75.0% vs 93.0%, P < 0.001).
A higher proportion of patients with differentiated early cancer were male (63.5% vs 82.0%, P = 0.013), were older
(average age: 57 years vs average age: 63 years, P < 0.001), had more smoking habits (27.1% vs 50.6%, P = 0.004), and had
more atrophic gastritis (75.0% vs 94.4%, P < 0.001) than LGIN patients (Table 1).

Pathological characteristics

Compared with LGIN patients, HGIN patients had fewer lesions located in the antrum area (69.8% vs 48.0%, P = 0.006),
fewer type 0-I lesions (25.0% vs 3.0%, P < 0.001), and more type 0-Ilc lesions (20.8% vs 39.0%, P < 0.001). Differentiated
early cancer patients had fewer lesions located in the antrum area (69.8% vs 48.3%, P = 0.006), a larger volume (Z =
-40.767, P = 0.006), a greater invasion depth (Z =-76.983, P < 0.001), fewer type 0-I lesions (25.0% vs 3.4%, P < 0.001), and
more type 0-llc lesions than LGIN lesions (20.8% vs 43.8%, P < 0.001). Compared with LGIN, undifferentiated early cancer
was larger (Z = -59.771, P = 0.049) and resulted in deeper invasion (Z = -107.937, P < 0.001). The depth of invasion was

greater in differentiated and undifferentiated early cancers than in HGIN (Z = -76.983, P < 0.001; Z = -107.937, P < 0.001)
(Table 2).

White light endoscopic features

Spontaneous bleeding was more frequent in differentiated early cancers than in LGIN lesions (3.1% vs 20.2%, P < 0.001).
Patients with undifferentiated early cancer had significantly more abnormal folds and mucosal peristalsis (elevation and
extension of the lesion mucosa during suction and insufflation in the gastric cavity) than patients with LGIN or HGIN
(3.1% vs 25.0%, 2.1% vs 18.8%, P < 0.001; 1.0% vs 25.0%, 1.0% vs 18.8%, P < 0.001). Compared with that of HGIN patients,
the mucosal peristalsis of differentiated early cancer patients was more abnormal according to white light endoscopy
(1.0% vs 10.1%, P < 0.001) (Table 3).

ME + NBI endoscopic features

Compared with those in LGIN patients, the irregular microvascular patterns, and demarcation lines (DLs) in patients
with HGIN and differentiated early cancer were more obvious (38.5% vs 66.2%, 63.0% vs 86.3%, P < 0.001; 38.5% vs 77.8%,
63.0% vs 90.6%, P < 0.001). Patients with undifferentiated early cancer had more irregular microvascular and microsurface
patterns and DLs than patients with LGIN (38.5% vs 100.0%, 49.2% vs 90.9%, and 63.0% vs 91.7%, P < 0.05) (Table 4).

ESD outcomes and complications

Undifferentiated early cancers exceeded ESD indications more often than LGIN (5.2% vs 87.5%, P < 0.001), with a higher
percentage of noncurative resections (13.5% vs 87.5%, P < 0.001), and a higher incidence of postoperative complications
(stenosis) (5.2% vs 25.0%, P = 0.007). More differentiated, undifferentiated early cancer exceeded ESD indications
compared to HGIN (3.0% vs 13.5%, P < 0.001; 3.0% vs 87.5%, P < 0.001). Undifferentiated early cancer patients, compared
with HGIN patients, had a higher percentage of noncurative resections (13.0% vs 87.5%, P < 0.001) and a greater risk of
postoperative hemorrhage (1.0% vs 18.8%, P = 0.002) and stenosis (0.0% vs 6.3%, P < 0.001). Compared with differentiated
early cancers, undifferentiated early cancers were more likely to beyond the ESD indications (13.5% vs 87.5%, P < 0.001),
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Table 1 Clinical characteristics of gastric mucosal tumors with different degrees of differentiation, n (%)

LGIN(n=96) HGIN (n=100) Differentiated-type (n =89) Undifferentiated-type (n=16) P value

Gender 0.013
Male 61 (63.5)" 76 (76.0)"" 73 (82.0)" 9 (56.3)""

Female 35 (36.5)" 24 (24.0)*" 16 (18.0)" 7 (43.8)""

Age (yr) (range) 57 (55-59)° 63 (61-65)" 63 (61-65)" 64 (59-68)"" <0.001
Comorbidity

Diabetes 6 (6.3) 15 (15.0) 9(10.1) 0(0.0) 0.108
Hypertension 17 (17.7) 31 (31.0) 19 (21.3) 4(25.0) 0.161
Cardiovascular disease 5(5.2) 8 (8.0) 9 (10.1) 2 (12.5) 0.572
Liver cirrhosis 5(5.2) 1(1.0) 2(22) 0(0.0) 0.265
Chronic pulmonary disease 2 (2.1) 6 (6.0) 1(1.1) 0(0.0) 0.175
Reflux esophagitis 15 (15.6) 12 (12.0) 11 (12.4) 3(18.8) 0.794
Barrett’s esophagus 442 2 (2.0) 1(1.1) 0(0.0) 0.489
Atrophic gastritis 72 (75.0)° 93 (93.0)" 84 (94.4)° 13 (81.3)"" <0.001
Previous gastric cancer 1(1.0) 0 (0.0) 2(22) 0(0.0) 0.461
Smoking history 26 (27.1)° 49 (49.0)° 45 (50.6)° 6 (37.5)*" 0.004
Drinking history 24 (25.0) 31 (31.0) 24 (27.0) 3(18.8) 0.673
Family history 15 (15.6) 11 (11.0) 19 (21.3) 0(0.0) 0.074
P < 0.05.

bp <0.05.

Data in the same row are superscripted with the same letter or have no superscript to indicate a non-significant difference (P > 0.05). Different letters to
indicate a significant difference (P < 0.05). LGIN: Low-grade intraepithelial neoplasia; HGIN: High-grade intraepithelial neoplasia.

with a greater risk of postoperative hemorrhage (2.2% vs 18.8%, P = 0.002) and stenosis (0.0% vs 6.3%, P < 0.001), and a
higher percentage of ESD noncurative resections (21.3% vs 87.5%, P < 0.001) (Table 5).

Follow-up

The median follow-up period was 49 months (range 0.6-112.5 months), with overall survival rates of 99.0%, 97.7%, and
95.7% at 2, 5, and 8 years, respectively, and DFS rates of 95.0%, 90.1% and 86.9%, respectively (Figure 1). Patients with
differentiated and undifferentiated early cancers had a lower body mass index (BMI) than those with LGIN (average:
23.87 vs 22.37, P = 0.003; average: 23.87 vs 21.44, P = 0.003). Compared with patients with LGIN, HGIN and differentiated
early cancer, the percentage of undifferentiated early cancer with poor long-term outcome (recurrence, metastasis or
death) was higher (8.3% vs 37.5%, P < 0.001; 6.0% vs 37.5%, P < 0.001; 7.9% vs 37.5%, P < 0.001), and undifferentiated early
cancer was more likely to metastasize than HGIN and differentiated early cancer (0.0% vs 18.8%, P < 0.001; 2.2% vs 18.8%,
P <0.001) (Table 6).

Analysis of factors affecting diagnosis and treatment efficacy

Barrett esophagus (OR 7.805) and lesion location (lower third of the stomach) (OR 2.399) were independent risk factors
for high preoperative pathological diagnosis, and BMI (OR 0.906) was an independent risk factor for postoperative
pathological upgrading. The depth of lesion invasion (M1IM2 OR 11.200, M3 OR 7.600) was significantly associated with
complete resection. Based on the eCura system, lesion size, degree of differentiation, depth of invasion, ulceration, and
complete resection were considered influencing factors for curative resection. Our study revealed that poor mucosal
peristalsis (OR 0.185), ulcers (OR 0.073), and irregular microsurface patterns (IMSPs) (OR 0.410) were significantly
associated with curative resection. Pathology (signet ring cell carcinoma OR 32.627, mucinous adenocarcinoma OR
49.855) and the Paris classification (III OR 30.406) were significantly associated with complications. Undifferentiated
lesions (HR 5.066), white moss (HR 7.187), incomplete resection (HR 3.658), and multiple primary cancers (HR 2.462) were
significantly associated with poor prognosis (Figure 2, Tables 7-12).

DISCUSSION

Currently, Japanese scholars believe that the development of differentiated gastric cancer involves multiple stages and
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Table 2 Pathological characteristics of gastric mucosal tumors with different degrees of differentiation, n (%)

LGIN (n = 96) HGIN (n=100)  Differentiated-type (n =89) Undifferentiated-type (n=16) P value
Size (cm) (range) 2.7 (2.2-3.7)" 3.2 (24-3.7)"" 3.7 (2.7-4.2)° 3.5 (2.8-4.6)" 0.001
Location 0.006
Top 1/3 19 (19.8) 30 (30.0) 33 (37.1) 2 (12.5)
Medium 1/3 10 (10.4) 22 (22.0) 13 (14.6) 5 (31.3)
Lower 1/3 67 (69.8)" 48 (48.0)° 43 (48.3)° 9 (56.3)"
Paris classification <0.001
0-1 24 (25.0)° 3(3.0)° 3(3.4)° 2 (12.5)*°
0-Ila 19 (19.8) 14 (14.0) 11 (12.4) 0(0.0)
0-ITb 9 (9.4) 11 (11.0) 9 (10.1) 0(0.0)
0-Ilc 20 (20.8)° 39 (39.0)" 39 (43.8)° 8 (50.0)"
0-11 1(1.0) 1(1.0) 1(1.1) 0(0.0)
0-Ia+ Ilc 23 (24.0) 32 (32.0) 26(29.2) 6 (37.5)
Invasion depth <0.001
M1M2 96 (100.0)° 100 (100.0)" 43 (48.3)" 5(31.3)"
M3 0(0.0)" 0(0.0)° 37 (41.6)° 6 (37.5)"
SM1 0 (0.0)*" 0(0.0)" 6 (6.7)" 2 (12.5)°
SM2 0 (0.0)* 0 (0.0)* 3 (3.4 3(18.8)"
Presence of H. pylori 37 (48.7) 38 (52.8) 32 (56.1) 4 (40.0) 0.727
Presence of ulceration 6 (6.3) 6 (6.0) 7(7.9) 4(25.0) 0.058

ap < 0.05.
bp < 0.05.
P <0.05.

Data in the same row are superscripted with the same letter or have no superscript to indicate a non-significant difference (P > 0.05). Different letters to
indicate a significant difference (P < 0.05). LGIN: Low-grade intraepithelial neoplasia; HGIN: High-grade intraepithelial neoplasia.

Table 3 The white light endoscopic manifestations of gastric mucosal tumors with different degrees of differentiation, n (%)

LGIN (n = 96) HGIN (n=100)  Differentiated-type (n =89) Undifferentiated-type (n=16) P value
Nodularity 65 (67.7) 65 (65.0) 60 (67.4) 11 (68.8) 0.974
Redness 51 (53.1) 50 (50.0) 60 (67.4) 7 (43.8) 0.059
Whiteness 7(7.3) 5(5.0) 2(22) 0(0.0) 0324
White moss 10 (10.4) 14 (14.0) 15 (16.9) 2 (12.5) 0.646
Spontaneous bleeding 3 (3.1)° 11 (11.0)*° 18 (20.2)° 0(0.0)*" 0.001
Abnormal fold 3 (3.1)" 1(1.0)* 6 (6.7)"" 4(25.0)° <0.001
Poor peristalsis 2 (2.1)%° 1(1.0)° 9 (10.1)** 3 (18.8)° <0.001

ap < 0.05.
bp<0.05.
P < 0.05.

Data in the same row are superscripted with the same letter or have no superscript to indicate a non-significant difference (P > 0.05). Different letters to
indicate a significant difference (P < 0.05). LGIN: Low-grade intraepithelial neoplasia; HGIN: High-grade intraepithelial neoplasia.
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Table 4 Magnified endoscopy with narrow-band imaging manifestations of gastric mucosal tumors with different degrees of

differentiation, n (%)

LGIN (n = 96) HGIN (n =100) Differentiated-type (n=89) Undifferentiated-type (n=16) P value

IMVP 25 (38.5)° 51 (66.2)" 49 (77.8)" 11 (100.0)° <0.001
IMSP 32 (49.2)° 46 (59.7)*" 44 (69.8)™" 10 (90.9)" 0.018
DL 46 (63.0)° 69 (86.3)" 58 (90.6)" 11 (91.7)° <0.001
3P < 0.05.

bp <0.05.

Data in the same row are superscripted with the same letter or have no superscript to indicate a non-significant difference (P > 0.05). Different letters to
indicate a significant difference (P < 0.05). LGIN: Low-grade intraepithelial neoplasia; HGIN: High-grade intraepithelial neoplasia; IMVP: Irregular
microvascular pattern; IMSP: Irregular microsurface pattern; DL: Demarcation line.

Table 5 Endoscopic submucosal dissection efficacy and safety of gastric mucosal tumors with different degrees of differentiation, n

(%)

LGIN (n = 96) HGIN (n=100)  Differentiated-type (n = 89) Undifferentiated-type (n=16) P value

Absolute indication 91 (94.8)*" 97 (97.0)" 77 (86.5)" 2 (12.5)° <0.001
En bloc resection 93 (96.9) 98 (98.0) 88 (98.9) 16 (100.0) 0.729
Complete resection 88 (91.7) 90 (90.0) 79 (88.8) 13 (81.3) 0.630
Curative resection 83 (86.5)" 87 (87.0)°" 70 (78.7)° 2(12.5)° <0.001
Complication 5(5.2)" 5 (5.0)" 3 (34)" 4(25.0)° 0.007
Bleeding 3(3.1)*" 1(1.0)° 2(2.2)° 3 (18.8)" 0.002
Perforation 2(2.1) 4 (4.0) 2(22) 1(6.3) 0.710
Stenosis 0 (0.0 0 (0.0)° 0(0.0)" 1(6.3)" <0.001
2P < 0.05.

bp <0.05.

P < 0.05.

Data in the same row are superscripted with the same letter or have no superscript to indicate a non-significant difference (P > 0.05). Different letters to
indicate a significant difference (P < 0.05). LGIN: Low-grade intraepithelial neoplasia; HGIN: High-grade intraepithelial neoplasia.

Table 6 Follow-up results of gastric mucosal tumors with different degrees of differentiation, n (%)

LGIN (n = 96) HGIN (n =100) Differentiated-type (n = 89) Undifferentiated-type (n=16) P value

BMI (range) 2387 (23.19-24.54)"  23.09 (22.41-23.77)*" 2237 (21.71-23.02)" 21.44 (20.08-22.79)" 0.003
Adverse outcome 8(8.3)" 6 (6.0)" 7 (7.9)" 6 (37.5)" <0.001
Recurrence 5(5.2) 6 (6.0) 6 (6.7) 2 (12.5) 0.734
Metastasis 3 (3.1)% 0(0.0)" 22.2)° 3 (18.8)° <0.001
Multiple primary cancer 24 (25.0) 15 (15.0) 15 (16.9) 4(25.0) 0.276
2P < 0.05.

°P < 0.05.

Data in the same row are superscripted with the same letter or have no superscript to indicate a non-significant difference (P > 0.05). Different letters to
indicate a significant difference (P < 0.05). LGIN: Low-grade intraepithelial neoplasia; HGIN: High-grade intraepithelial neoplasia; BMI: Body mass index.

gradual progression (Correa cascade), usually due to long-term chronic inflammation stimulating the differentiation of
gastric mucosal glandular neck stem cells to the intestinal epithelium, intestinal metaplasia and dysplasia, which
ultimately induces gastric cancer occurrence. However, undifferentiated gastric cancer cells do not undergo this process
and directly form diffuse cancer cells. Scientists have shown that this change is related to the destruction of intercellular
connections caused by a lack of E-cadherin expression[11]. Since some people will not continue to progress even if they
develop intestinal metaplasia or intraepithelial neoplasia, some scholars believe that different differentiation types of
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Table 7 Multivariate analysis of time-related factors of adverse outcomes such as recurrence, metastasis and death

Variable Category Pvalue Hazard ratio 95%Cl

Differentiation degree Undifferentiated-type 0.004 5.066 1.688-15.200
LGIN 1

White moss Yes <0.001 7.187 3.122-16.546
No 1

Complete resection No 0.012 3.658 1.337-10.010
Yes 1

Multiple primary cancer Yes 0.030 2.462 1.090-5.562
No 1

LGIN: Low-grade intraepithelial neoplasia.

Table 8 Multivariate analysis of factors associated with incomplete resection

Variable Category P value Odds ratio 95%Cl
Invasion depth MiM2 0.004 11.200 2.120-59.163
M3 0.032 7.600 1.192-48.437

%)
=
(S}
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-
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Table 9 Multivariate analysis of factors associated with noncurative resection

Variable Category P value Odds ratio 95%Cl

Peristaltic condition Poor 0.009 0.185 0.052-0.653
Normal 1

Microsurface pattern Irregular 0.043 0.410 0.173-0.972
Regular 1

Ulceration Yes <0.001 0.073 0.026-0.207

Z
3
-

Table 10 Multivariate analysis of complications related factors

Variable Categor P value Odds ratio 95%Cl

Histologic type Signet ring cell (sig) 0.032 32.627 1.357-784.415
Mucinous (muc) 0.006 49.855 3.051-814.724
LGIN - 1 -

Paris classification 0-IIT 0.020 30.406 1.695-545.565
0-1 1

LGIN: Low-grade intraepithelial neoplasia.

gastric mucosal tumors might have primary genetic causes, interact with the environment, and ultimately determine the
development direction of gastric cancer[6,12]. In this study, we retrospectively analyzed the cases of patients who
underwent ESD at a high-volume center in Northwest China within 8 years and compared the differences in the charac-
teristics of LGIN, HGIN, and differentiated and undifferentiated cancers, to provide ideas for further exploration of the
mechanism of gastric cancer and analysis of the efficacy and related influencing factors of ESD treatment in Northwest
China.
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Table 11 Multivariate analysis of factors related to postoperative pathological degradation

Variable Category Pvalue Odds ratio 95%Cl

Location Lower 1/3 0.037 2.399 1.055-5.455
Top1/3 1

Barrett’s esophagus Yes 0.026 7.805 1.277-47.689
No 1

Table 12 Multivariate analysis of factors related to postoperative pathological upgrading

Variable Pvalue Odds ratio 95%Cl

BMI 0.022 0.906 0.833-0.986

BMI: Body mass index.

From this study, it was clear that the greater the differentiation degree of the lesion was, the more likely it was to
develop into depression, the greater the depth of invasion, and the more obvious the NBI + ME abnormality. Among
them, patients with differentiated tumors were older than those with intraepithelial neoplasia; most were male patients
and had a longer history of smoking. Most of these patients had a history of atrophic gastritis, which is in line with the
classical evolution of gastric cancer. However, there was no significant difference in age or smoking history between
patients with undifferentiated tumors and those with intraepithelial neoplasia, and the number of lesions that developed
from nonatrophic gastritis increased, suggesting that age, smoking history, and atrophic gastritis may not be necessary
factors. Patients with undifferentiated tumors were more likely to have poor mucosal peristalsis and abnormal folds
under white light endoscopy, which might be related to their deep invasion and large extent. The efficacy, safety, and
long-term follow-up outcomes of ESD were worse than those of other types of tumors.

Our results suggested that ESD was a safe and effective treatment. The en bloc resection rate, complete resection rate,
and curative resection rate were 98%, 90%, and 80.4%, respectively. There were 59 cases of noncurative resection, among
which 31 patients underwent noncomplete resection, 11 patients underwent immediate additional gastrectomy, 4 patients
had no obvious residual cancer tissue after surgery, and 2 patients died of liver metastasis; the remaining 48 patients did
not receive additional treatments, partly because they did not satisfy the conditions of curative resection of the eCura but
pathology suggested complete resection, and partly because of poor quality of life after surgery, advanced age,
comorbidities and other reasons. During the follow-up of patients without additional treatment, 5 patients experienced
recurrence, 4 patients died, and 3 patients experienced tumor metastasis. Combined with the findings of previous studies,
the survival outcome of patients who underwent noncurative resection or additional surgery was better than that of
patients who did not undergo additional surgery, but there was no difference between the two in this study because there
were fewer patients who underwent noncurative resection or additional surgery, including 1 patient with recurrence and
2 patients with metastasis that resulted in death. Choi et al[13] reported no significant difference in overall survival or
DFS between patients treated with additional surgery and those followed up after ESD alone, which is consistent with the
findings of our study. However, additional studies have suggested that noncurative resection via ESD, especially in
patients with lymphovascular invasion or positive vertical margins with submucosal invasion, should include further
surgical treatment, which is safe and effective, and that results in better survival outcomes[14-17].

The incidences of bleeding, perforation, and stenosis after ESD treatment were 3%, 3%, and 0.3%, respectively, and the
only patient with postoperative stenosis had a lesion located at the cardia, which was considered to be related to
postoperative scar contracture. There were 19 patients (6.3%) with recurrence, including 3 patients with simultaneous
tumors who underwent complete resection by ESD or endoscopic mucosal resection; 6 patients with metachronous
tumors; 2 patients who underwent major gastrectomy; 2 patients who underwent ESD treatment again; and 2 patients
who underwent regular gastroscopy to assess the lesions. Another 10 patients had local recurrence; 3 of these patients
underwent ESD surgery again; 3 patients were transferred to the surgery department for gastrectomy; and another 4
patients underwent regular gastroscopy. The pathologic result for all untreated patients after recurrence was LGIN,
which was temporarily treated with oral medication according to the patient’s wishes and condition, with regular follow-
up gastroscopy and additional surgery if necessary. There were 8 metastases (2.7%), including 5 liver metastases, 1
retroperitoneal metastasis, 1 lung metastasis, and 1 lymph node metastasis. The overall survival rates at 2, 5, and 8 years
were 99.0%, 97.7%, and 95.7%, respectively, and the DFS rates were 95.0%, 90.1%, and 86.9%, respectively.

Choi et al[18] assessed 522 EGC lesions treated with ESD, the en bloc resection rate was 97.1%, and the local recurrence
rate was 1.8% (median follow-up was 24 months) for lesions with absolute indications; the en bloc resection rate was
96.1%, and the local recurrence rate was 7.0% for lesions with expanded indications. No metastasis was observed at any
of the follow-ups. Kosaka et al[19] followed up EGC patients treated with ESD for 5-9 years and reported that the en bloc
resection rate, curative resection rate, and local recurrence rate of lesions meeting the absolute indications were 98.0%,
96.0%, and 0.3%, respectively; and the en bloc resection rate, curative resection rate, and local recurrence rate of expanded
indication lesions were 89.7%, 72.0%, and 3.7%, respectively; and there were no deaths. Nakamura ef al[20] studied 1332

3%’@, WIG | https://www.wjgnet.com 1999 April 14,2024 | Volume30 | Issuel4 |



Zhu HY et al. Long-term outcomes of early gastric tumors

80 —

@
=
o
o

]

60 =

Overall survival (%)
(ol
o
1
Disease free survival (%)
1

80 T T T T T T T T T 1 40 T T T T T T T T T 1
0 12 24 36 48 60 72 8 9 108 120 0 12 24 36 48 60 72 8 96 108 120

Time (month) Time (month)

100 =

(@]

o
=
o
o

1

= White moss (+)

©
o
1

== \White moss (-)

== RO margin P < 0.001
<0.

o
o
1

== R1 margin 60 =

Disease free survival (%)
Disease free survival (%)

P =0.029

40 T T T T T T T T 40 T T T T T T T T
0 12 24 36 48 60 72 8 95 108 120 0 12 24 36 48 60 72 8 9 108 120

Time (month) Time (month)

E 100 F 100 —rmg,
T 80 T 80
> >
5 5
w - wn .
Q ) . [}
2 = Multiple primary cancer (+) L
2 60 2 60 LGIN
g = Multiple primary cancer (-) g HGIN
a a —=— Differentiated-type
7 P = 0.015 ) Undifferentiated-type
P < 0.001
40 T— T T T T T T T T 1 40 T T T T T T T T 1
0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120
Time (month) Time (month)

Figure 2 Kaplan-Meier curves showed overall survival and disease-free survival during the follow-up period. A: Overall survival; B: Disease-free
survival (DFS); C: DFS based on complete resection; D: DFS based on white moss; E: DFS based on multiple primary cancer; F: DFS based on lesion differentiation.
LGIN: Low-grade intraepithelial neoplasia; HGIN: High-grade intraepithelial neoplasia.

lesions treated with ESD; the en bloc resection rate was 99.0%, the curative resection rate was 96.4%, and the local
recurrence rate was 0.2% (median follow-up was 29.5 months) for lesions of absolute indication; the en bloc resection rate,
curative resection rate, and local recurrence rate of expanded indication lesions were 97.4%, 93.4%, and 0.9%,
respectively; and there was 1 case of liver metastasis (0.2%). This study used the latest Japanese guidelines, which
categorized previous expanded indications as absolute indications; thus, the results were consistent, indicating that the
ESD level in our hospital had reached the standard, which provided a strong guarantee for the treatment of gastric cancer
in Northwest China. Bhandari et al[21], in Western countries, reported that the 2-year recurrence-free survival rate after
ESD for EGCs was 94%, but this rate decreased to 83% at 5 years. A total of 722 EGCs in 697 patients treated with ESD in
Kim’s study showed a 5-year follow-up overall survival rate of 96.6%, a DFS rate of 90.6%, a local recurrence rate of 0.9%,
a metachronous tumor incidence of 7.8%, and a distant metastasis incidence of 0.5%[22]. The long-term follow-up results
of the above study were consistent with our study, but the recurrence and metastasis rates were low. These findings were
related to the 34 patients in this study who did not meet the absolute indications for ESD, possibly because of the patients’
wishes. These findings also indicated that ESD technology was gradually improving and that doctors were gradually
challenging and exploring the best indications. We should disseminate knowledge of the high recurrence risk after ESD
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for EGC patients so that patients have a positive attitude toward completing postoperative monitoring on time, which
will further improve the diagnosis and treatment of gastric cancer in China[23]. Na et al[24] showed that postoperative
bleeding occurred in 325 (5.8%) of 5629 ESD-treated EGC patients. Oda et al[25] reported that there were 11 cases (3.6%)
of perforation in 303 EGC patients treated with ESD, which was roughly equal to the probability of occurrence in this
study. Most cases of stenosis that occur during ESD are located in the cardia. According to the study by Cao et al[26],
stenosis occurred in 22 patients (1.9%) of 1133 Lesions, 18 of whom had cardia cancer; these findings suggest that ESD of
cardia tumors, similar to esophageal tumors, should be used to prevent stenosis and dilation if necessary.

Our data revealed a significant discrepancy between the preoperative biopsy pathology and postoperative specimen
pathology results, with a concordance rate of only 46.8%; 16.6% of the patients were diagnosed with high pathological
grade (postoperative pathological downgrade) and 36.5% were diagnosed with low diagnostic grade (postoperative
pathological escalation). Multivariate analysis revealed that, compared with the consistent pathology of patients before
and after ESD, Barrett’s esophagus and lesion location were found to be independent risk factors for preoperative
pathological hypertension, and BMI was found to be an independent risk factor for postoperative pathological
upgrading. The high judgment may be due to the biopsy revealing the most obvious structural abnormality with the
naked eye, that is, the traditional definition of “one point cancer”, and the biopsy completes the treatment process.
Barrett’s esophagus is a gastroesophageal reflux-induced lesion that manifests as the degeneration of esophageal
squamous epithelium into columnar epithelium and is considered to be a risk factor for the development of the adenocar-
cinoma of the esophagogastric conjunction. Therefore, when patients have Barrett’s esophagus, the mucosa located in the
cardia should be observed carefully to prevent missed diagnoses, but the diagnosis and treatment should not be overly
rigorous. Lesions located in the antral and pyloric regions of the stomach are susceptible to high pathological grade,
probably because this area is a high incidence area for gastric cancer, and inflammation in the stomach caused by Helico-
bacter pylori bacteria most often occurs here, with varied manifestations, which can easily arouse physician’s suspicion. A
lower BMI was associated with postoperative pathological escalation, and relevant studies have shown that a low BMI
was associated with more aggressive gastric cancer. Our study showed that, compared with those of LGIN patients, the
malignancy of undifferentiated early cancer was greater, differentiated early cancer patients were older and had a longer
medical history; additionally, most of these patients had atrophic gastritis, which affected the patients’ eating and
nutrient absorption, resulting in a relatively low BMI. Therefore, when there is more weight loss, we should reasonably
suspect that the malignancy of the lesions is greater.

Among the 1541 patients studied by Ryu et al[27], the concordance rate of pathological diagnosis before and after ESD
was 31.1%, the postoperative pathological upgrading rate was 23.8%, and the degradation rate was 7.3%. The factors
related to postoperative pathological upgrading of LGIN lesions were central depression (OR 2.959), surface nodule (OR
6.581), and surface redness (OR 6.399). The factors related to postoperative pathological escalation of HGIN lesions were
central depression (OR 1.999), surface nodules (OR 1.733), surface redness (OR 2.283), lesions located in the upper 1/3 of
the stomach (OR 3.989), and lesion sizes > 10 mm (OR 2.200). Ryu et al[28] reported a pathological concordance rate of
76.3%, a diagnostic upgrade rate of 66.5%, and a downgrade rate of 9.8% in 427 patients with HGIN who underwent ESD.
Central depression (OR 4.151), surface nodules (OR 5.582), surface redness (OR 2.926), lesion sites in the upper 1/3 of the
stomach (OR 3.894), and tumor sizes = 10 mm (OR 2.287) were associated with postoperative pathology upgrading to
EGC. Surface nodules (OR 2.746), submucosal fibrosis (OR 3.958), lesion sites in the upper 1/3 of the stomach (OR 6.652),
and tumor sizes = 10 mm (OR 4.935) were significantly associated with invasive submucosal cancers. There were some
differences between the results of this study and those of the above studies, which might be related to the small sample
size and the lack of stratified analysis; therefore, the sample size needs to be expanded for further research. Most doctors
rely on preoperative biopsy pathology when making treatment decisions, but current research has suggested that
additional inconsistencies occur; therefore, experts need to determine the optimal treatment plan by combining white
light, NBI + ME, ultrasound endoscopy, and patient conditions.

Cox regression showed that the factors affecting DFS (no outcomes such as tumor recurrence, metastasis, or death)
were the degree of differentiation, white moss, multiple primary cancers, and complete resection. Undifferentiated
cancers grow diffusely and are prone to have undetectable margin remnants. White moss more often combined with
ulcers, suggesting deeper infiltration, and according to the eCura system, ESD treatment requires the lesion to be differen-
tiated into intramucosal carcinoma and < 3 cm in length. This study introduced the concept of multiple primary cancers,
also known as duplicated cancers, which refer to the simultaneous or successive occurrence of two or more primary
malignant tumors in a single or multiple organs of the same host. When intraepithelial neoplasia or carcinoma also
existed in other parts of the body, postoperative recurrence, metastasis, or death were more likely to occur, which
deserved our attention, and indicated that if patients had a history of tumors in other parts of the body, close monitoring
was more necessary, and we should not ignore the chest and abdominal CT and tumor marker screening, in addition to
gastroscopy. Patients who underwent incomplete resection via ESD were more likely to have adverse outcomes, which
was consistent with the findings of other studies, and required good preoperative evaluation and intraoperative rigor.

This study suggested that the depth of lesion invasion was an independent risk factor for complete resection of early
EGCs. Doctors should accurately determine the edge of the lesion before ESD surgery, with the help of NBI + ME
endoscopy, ultrasound endoscopy, staining, and other technologies, and not be too close to avoid residual margins.

In this study, poor gastric mucosal peristalsis under white light endoscopy, ulcers, and IMSP were found to be
independent risk factors for curative resection. Poor gastric mucosal peristalsis under white light indicates a poor degree
of lesion differentiation and invasive growth of cancer cells, such as “leather stomach”, which is a typical manifestation of
signet ring cell carcinoma. The presence of ulcers indicated deep infiltration. The Japanese scholar Kishino et al[29]
proposed that microvasculature and microsurfaces should be taken into account but focused more on whether the
structures were regular or had disappeared during the endoscopic identification of EGC. The microsurface was divided
into the pit structure (pit) of the gastric fundus and the villus structure (villi) of the gastric antrum, and it was believed
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that the glandular duct was the culprit and that the blood vessel was the accomplice in the development of gastric cancer.
The results of this study suggested that lesions with IMSP were more likely to undergo noncurative resection, which
confirmed Kishino’s theory that IMSP might indicate a longer development time and a greater degree of malignancy in
gastric cancer patients. Therefore, when poor gastric mucosal peristalsis, ulcers, or IMSP occur, the biological behavior of
the tumor should be vigilant, and whether the patient meets the indications for curative resection via ESD should be
strictly assessed.

The pathological classification and Paris classification of lesions were found to be independent risk factors for complic-
ations after ESD. Patients with signet ring cell carcinoma and mucinous adenocarcinoma were more prone to complic-
ations such as bleeding, perforation, and stenosis. In this study, 1 out of 2 patients with signet ring cell carcinoma had
hemorrhages, 1 out of 3 patients with mucinous adenocarcinoma had perforations, and 1 out of 3 patients with mucinous
adenocarcinoma had hemorrhages and stenoses. These findings may be related to the small number of lesions, and it is
necessary to expand the sample size for further exploration. Perforation occurred in 2 of the 3 Paris type 0-III, because
these lesions had deeper infiltration and were often associated with ulceration, which increased the difficulty of
submucosal dissection.

This study used the latest Japanese guidelines (sixth edition). According to the old guidelines, some of our lesions were
extended or beyond the scope of indications. After the guidelines were updated, 34 lesions that still extended or exceeded
the indications were not curatively resected, but some lesions were stable during follow-up, such as differentiated
carcinoma with ulcers > 3 c¢m, differentiated carcinoma with invasion depth of SM1 > 3 cm, and undifferentiated
intramucosal carcinoma > 2 cm. These types of lesions suggested a higher probability of lymph node metastasis in the
available studies; however, a larger number of patients were still doing well during subsequent follow-up, and with the
improvement of the skills of endoscopists, the indications for ESD might further expand, requiring further studies.

This study has several limitations: (1) In this study, bleeding, perforation, and stenosis occurred in 9, 9, and 1 patients,
respectively. The number of patients was small when analyzing the risk factors for each complication individually, so a
combined analysis was performed, which might lack the precision of analyzing the factors affecting the occurrence of
each complication; (2) the lack of complete endoscopic follow-up data for all study subjects was a major limitation of most
published studies on gastric ESD. Our study was no exception, and to overcome this limitation, we conducted a rigorous
DFS analysis, including the time factor of the occurrence event, which could effectively reduce the impact of lost follow-
up data; and (3) this was a single-center study, which might lack representativeness of ESD efficacy across Northwest
China; therefore, a joint multicenter study might be more useful.

CONCLUSION

Despite these limitations, we could draw the following conclusions after carefully analyzing the relevant data. Gastric
mucosal tumors with different degrees of differentiation had different characteristics that were closely related to ESD
indications and need to be further explored to provide a clinical basis for the pathogenesis, diagnosis and treatment of
gastric mucosal tumors. The findings of this study suggested a high rate of curative resection and few adverse events
associated with early gastric tumors after ESD. After noncurative resection, additional surgical resection and lymph node
dissection should be considered according to the patient’s condition to potentially improve long-term survival. All
patients should closely monitored after ESD to detect recurrence and metastasis promptly.

ARTICLE HIGHLIGHTS

Research background

Timely intervention in early gastric cancer can improve the 5-year survival rate to more than 90%. Endoscopic
submucosal dissection (ESD) is a safe and mature endoscopic treatment method, but its indications, postoperative
management strategies and related influencing factors are still under exploration.

Research motivation
The aim of this study was to explore the underlying factors affecting the development of gastric mucosal tumors, the
efficacy of ESD and the underlying scientific prevention and treatment strategies after surgery.

Research objectives

The epidemiological, clinical, and endoscopic features and ESD efficacy of gastric mucosal tumors with different degrees
of differentiation were analyzed by stratification, and the related risk factors affecting preoperative diagnosis, ESD
efficacy and long-term disease-free survival (DFS) were explored.

Research methods

According to the latest Japanese guidelines (sixth edition), 301 patients with gastric mucosal tumors treated with ESD at
our center from 2014 to 2021 were enrolled, and followed up by endoscopy and chest and abdominal computed
tomography at 3, 6 and 12 months after surgery for monitoring, and the data were retrospectively analyzed.
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Research results

The greater the degree of differentiation of the lesion is, the more likely the lesion is to develop into depression, the
deeper the infiltration depth, the more obvious the magnified endoscopy with narrow-band imaging (ME + NBI)
abnormality, and the more postoperative complications and adverse outcomes there are. The overall survival rates at 2, 5
and 8 years were 99.0%, 97.7% and 95.7%, respectively, and the DFS rates were 95.0%, 90.1% and 86.9%, respectively.
Undifferentiated lesions (HR 5.066), coating with white moss (HR 7.187), incomplete resection (HR 3.658), and multiple
primary cancers (HR 2.462) were risk factors for poor prognosis.

Research conclusions

Before ESD, it is necessary to strictly screen lesions that meet the indications and be aware of the risk factors that affect
the efficacy of ESD. Patients with high-risk factors should be followed up more closely after surgery to identify any
recurrence and metastasis in a timely manner. After noncurative resection, additional surgical resection and lymph node
dissection should be performed according to the patient’s condition.

Research perspectives
A large-scale, multicenter retrospective study in Northwest China is needed to increase the sample size and the number
of positive outcomes, and further exploration of treatment options for patients with noncurative resections is necessary.
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Abstract

BACKGROUND

The success of liver resection relies on the ability of the remnant liver to
regenerate. Most of the knowledge regarding the pathophysiological basis of liver
regeneration comes from rodent studies, and data on humans are scarce.
Additionally, there is limited knowledge about the preoperative factors that
influence postoperative regeneration.

AIM
To quantify postoperative remnant liver volume by the latest volumetric software
and investigate perioperative factors that affect posthepatectomy liver regenera-
tion.

METHODS

A total of 268 patients who received partial hepatectomy were enrolled. Patients
were grouped into right hepatectomy/trisegmentectomy (RH/Tri), left hepa-
tectomy (LH), segmentectomy (Seg), and subsegmentectomy/nonanatomical
hepatectomy (Sub/Non) groups. The regeneration index (RI) and late rege-
neration rate were defined as (postoperative liver volume)/[total functional liver
volume (TFLV)] x 100 and (RI at 6-months - RI at 3-months)/RI at 6-months,
respectively. The lower 25" percentile of RI and the higher 25" percentile of late
regeneration rate in each group were defined as “low regeneration” and “delayed

regeneration”. “Restoration to the original size” was defined as regeneration of
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the liver volume by more than 90% of the TFLV at 12 months postsurgery.

RESULTS

The numbers of patients in the RH/Tri, LH, Seg, and Sub/Non groups were 41, 53, 99 and 75, respectively. The RI
plateaued at 3 months in the LH, Seg, and Sub/Non groups, whereas the RI increased until 12 months in the
RH/Tri group. According to our multivariate analysis, the preoperative albumin-bilirubin (ALBI) score was an
independent factor for low regeneration at 3 months [odds ratio (OR) 95%CI = 2.80 (1.17-6.69), P = 0.02; per 1.0 up]
and 12 months [OR = 2.27 (1.01-5.09), P = 0.04; per 1.0 up]. Multivariate analysis revealed that only liver resection
percentage [OR = 1.03 (1.00-1.05), P = 0.04] was associated with delayed regeneration. Furthermore, multivariate
analysis demonstrated that the preoperative ALBI score [OR = 2.63 (1.00-1.05), P = 0.02; per 1.0 up] and liver
resection percentage [OR = 1.02 (1.00-1.05), P = 0.04; per 1.0 up] were found to be independent risk factors
associated with volume restoration failure.

CONCLUSION
Liver regeneration posthepatectomy was determined by the resection percentage and preoperative ALBI score.
This knowledge helps surgeons decide the timing and type of rehepatectomy for recurrent cases.

Key Words: Liver regeneration; Albumin-bilirubin score; Liver resection percentage; Partial hepatectomy; Human;
Regeneration index
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Core Tip: Insights into posthepatectomy liver regeneration in humans are limited. We quantified liver volumes using the
latest volumetric software and investigated perioperative factors that affect posthepatectomy liver regeneration. It was
revealed that liver regeneration continues after 3 months of hepatectomy with more than one-fourth of the liver resection and
decline in preoperative liver function, reflected by the albumin-bilirubin (ALBI) score, is associated with decreased
regeneration. Furthermore, restoring to the original volume depended on the combination of the preoperative ALBI score
and liver resection percentage. With this knowledge, surgeons can select an appropriate hepatectomy type with
rehepatectomy in mind after intrahepatic recurrence.
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INTRODUCTION

Liver regeneration after partial hepatectomy proceeds through the action of several cells that compose the liver, including
hepatocytes, bile duct epithelial cells, hepatic sinusoidal endothelial cells, Kupffer cells, and hepatic stellate cells[1].
Hepatocytes are normally dormant but undergo one or two rounds of cell division after hepatectomy. The onset of
hepatocyte cell division varies among animal species, with that of rats beginning 24 h after hepatectomy and that of
humans and mice beginning 48 h after hepatectomy. Growth factors and cytokines such as hepatocyte growth factor
(HGF), tumor necrosis factor-a (TNF-0), interleukin-6 (IL-6), transforming growth factor-o, and epidermal growth factor
are involved in this process[1]. Both of these growth factors and cytokines activate downstream growth signaling
pathways, ultimately leading to the transition from quiescent cells in GO phase to G1/S phase and initiation of the cell
cycle. In rodents, the remnant liver after 70% partial hepatectomy returns to a size of 100% in 7 to 10 d, and in humans,
the liver mass is believed to be completely restored in 3 to 6 months[1-3]. Even small resections with a resection
percentage of 10% or less are followed by eventual restoration of the liver to its full size[3].

Liver regeneration is an important topic not only for basic science but also for clinicians because liver regeneration
failure could cause serious complications that could lead to patient mortality. Although this topic has been well
described, most related studies have been conducted in animal models, and there are limited data on this topic in humans
[1]. Furthermore, most of those previous reports focused on liver regeneration only after major hepatectomy[4,5]; few
reports provided insights into liver regeneration after minor hepatectomy, and few studies have compared regeneration
between hepatectomy types. Moreover, the volumetric assessments in most of the previous studies were performed
before the development of computer-based volumetry or used prototype volumetry before the early 2000s. In this study,
we quantified postoperative remnant liver volumes using the latest volumetric software in patients who underwent
partial hepatectomy and had various backgrounds. We observed postoperative parenchymal regeneration according to
hepatectomy type and identified perioperative factors that affect postoperative liver regeneration.
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MATERIALS AND METHODS

Study population and data collection

Between January 2006 and October 2022, 762 patients with hepatocellular carcinoma (HCC), cholangiocellular carcinoma
(CCC), combined HCC and CCC (CHC), colorectal metastasis, or other diseases underwent partial hepatectomy at the
University of Tsukuba Hospital (Tsukuba, Japan). Patient records were identified by an administrative database. Patients
who (1) were less than 14 years old; (2) underwent partial hepatectomy with concomitant gastrointestinal surgical
procedures, biliary reconstruction, or splenectomy; (3) underwent partial hepatectomy with a liver resection percentage
of less than 10%; (4) had macroscopic evidence of noncurative resection; (5) had incomplete records, including
postoperative computed tomography (CT) data; and (6) had recurrence were excluded. All the data for the current study
were collected in accordance with the University of Tsukuba Hospital Institutional Review Board.

Definition of major hepatectomy and minor hepatectomy, posthepatectomy liver failure, and liver fibrosis

Major hepatectomy was defined as right trisegmentectomy, left trisegmentectomy, right hepatectomy or left hepatectomy
(LH), while minor hepatectomy was defined as segmentectomy (Seg), subsegmentectomy, or nonanatomical hepa-
tectomy, according to the Tokyo 2020 terminology of the liver[6]. Posthepatectomy liver failure (PHLF) was defined
according to the International Study Group of Liver Surgery criteria and was based on an increased international
normalized ratio and concomitant hyperbilirubinemia on or after postoperative Day 5[7]. Liver fibrosis was stratified into
stages 0 to 4 using the METAVIR scoring system (FO: No fibrosis, F1: Portal fibrosis, F2: Periportal fibrosis, F3: Bridging
fibrosis, F4: Cirrhosis).

Liver volumetry was used to calculate the liver resection percentage, regeneration index, remnant liver growth rate

and late regeneration rate
In 2006, an IDT-16 multidetector row CT scanner (Philips, Netherlands) was used to obtain images with a slice thickness
of 5 mm. From 2007 to 2013, a Brilliance 64 multidetector row CT scanner (Philips, Netherlands) was used to obtain
images with slice thicknesses of 2-5 mm. From 2014 to the present, an iCT 128 multidetector row CT scanner (Philips,
Netherlands) was used to obtain 1-2 mm image slices. Medical image analysis software was used for volumetry (Synapse
Vincent® version 6.7; Fujifilm Global, Tokyo, Japan). Volumetric values were obtained by the inherent software volume
rendering algorithm. Accurate simulation of liver resection was performed postoperatively by manually tracing the
resected border on CT images based on intraoperative images of the resected liver plane, resected specimen, and medical
records. The total liver volume (TLV), resected liver volume (RLV), tumor volume (Tuv), and postoperative liver volume
were automatically measured. Postoperative liver volume was measured at 3 months (Supplementary Figure 1), 6
months, and 12 months after surgery. The total functional liver volume (TFLV) was calculated by subtracting Tuv from
the TLV, and the RLV was calculated by subtracting Tuv from the postoperative reconstructed resected specimen volume.
The liver resection percentage (%), regeneration index (RI) (%), remnant liver growth rate (fold) and late regeneration rate
(fold) were calculated according to the following formulas.

Liver resection percentage (%) = [postoperative reconstructed resected specimen volume (mL)-Tuv (mL)]/[TFLV (mL)]
x100.

RI (%) = [postoperative liver volume (mL)]/[TFLV (mL)] x 100.

Remnant liver growth rate (fold) = [postoperative remnant liver volume (mL)]/[TFLV (mL) - RLV (mL)].

Late regeneration rate (fold) = [RI at 6 months (%) - RI at 3 months (%)]/[RI at 6 months (%)].

Definitions of “low regeneration”, “delayed regeneration” and “restoration to the original volume”

The patients were classified into the “low regeneration” group based on the RI at 3 months and 12 months, which was <
the 25" percentile. “Delayed liver regeneration” was defined as a late regeneration rate > the 25" percentile. “Restoration
to the original volume” was defined as regeneration of the remnant liver to more than 90% of the TFLV.

Statistical analysis

Categorical variables were compared using the chi-square test or Fisher’s exact test. Continuous variables are expressed
as the median, minimum, or maximum. Pearson’s correlation coefficients were calculated, and unpaired ¢ tests were used
to compare two groups. Comparisons among more than three groups were performed using one-way analysis of
variance. Significant differences were examined using the Bonferroni-Dunn multiple comparison post hoc test. Low
regeneration, delayed regeneration and volume restoration failure were analyzed using univariate and multivariate
logistic regression models. Receiver operating characteristic (ROC) analysis was also conducted using the constructed
multivariate logistic model. Independent predictors in the multivariate model were selected based on the results of the
univariate analysis (P < 0.10). P < 0.05 was considered to indicate statistical significance. All the statistical analyses were
performed using SPSS 29.0 (SPSS, Inc., Chicago, IL, United States).

RESULTS

Demographics
A total of 268 patients who underwent partial hepatectomy were included. Patients were classified according to the
hepatectomy type: Right hepatectomy and trisegmentectomy (RH/Tri) group, LH group, Seg group, and subseg-
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mentectomy and nonanatomical hepatectomy (Sub/Non) group. The numbers of patients in the RH/Tri, LH, Seg, and
Sub/Non groups were 41, 53, 99 and 75, respectively (Table 1). All patients demonstrated similar baseline characteristics
except for body mass index (BMI) (kg/m?), background disease, hepatitis C virus positivity, liver resection percentage
(%), heavy alcohol history and preoperative platelet count (uL) (Table 1).

Regarding postoperative outcomes, there were significant differences in operation time (min), total Pringle maneuver
time (min), and PHLF grade B/C occurrence rate (%) among the groups. In particular, the incidence rate of PHLF was
significantly greater in the RH/Tri group (Table 1).

Comparison of the RI, remnant liver growth rate and postoperative ALBI score at 3, 6 and 12 months among the

RH/Tri, LH, Seg, and Sub/Non groups

The RI plateaued at 3 months in the LH, Seg and Sub/Non groups, whereas the RI continued to increase until 12 months
in the RH/Tri group (Figure 1A). A comparison of the RIs among these four groups at 3 months showed that the RIs were
significantly lower in the RH/Tri group than in the other groups (77% vs 85% vs 90% vs 92%, Figure 1B). However, there
was no difference in the RI between the RH/Tri group and the LH group (85% and 87%, P = 0.12) at 12 months; both of
these values are below the criterion for restoring the original volume. On the other hand, the Rls in the RH/Tri group
were significantly lower than those in the Seg group and the Sub/Non group (92% and 93%, Figure 1B), both of which
met the criterion of restoring the original volume.

The remnant liver growth rate plateaued at 3 months in the LH, Seg and Sub/Non groups, whereas the remnant liver
growth rate continued to increase until 12 months in the RH/Tri group (Figure 2).

Although the postoperative ALBI scores in the Seg group tended to increase during the early period postsurgery, the
postoperative ALBI scores in general were not significantly different at any time point in either group at 3, 6 or 12 months
posthepatectomy (Supplementary Figure 2A). There was no difference in the postoperative ALBI score among the four
groups at 3 or 12 months (Supplementary Figure 2B).

Univariate and multivariate analyses to identify risk factors for low regeneration at 3 months and 12 months
Univariate analysis revealed that a background disease of CCC or CHC (compared with that of HCC), a preoperative
ALBI score (per 1.0 up), rehepatectomy and a postoperative complication according to the Clavien-Dindo (CD) classi-
fication of grade 3 or higher were associated with low regeneration at 3 months (Table 2). Multivariate analysis
demonstrated that the preoperative ALBI score [per 1.0 up, odds ratio (OR) 95%CI = 2.80 (1.17-6.69), P = 0.02] and a
postoperative complication CD classification of grade 3 or higher [OR = 0.29 (0.10-0.82), P = 0.02] were found to be
independent risk factors for low regeneration at 3 months. ROC analysis demonstrated an area under the ROC curve
(AUROC) of 0.60 for the ALBI score, which was the highest among the representative liver function parameters, Child-
Pugh score, model for end-stage liver disease (MELD) score, MELD-Na score, and indocyanine green 15-min rate (0.53,
0.56, 0.58, 0.55, respectively), and its cutoff value was -2.69.

Univariate analysis revealed that a preoperative platelet count < 100 x 10°/pL and a preoperative ALBI score (per 1.0
up) were associated with low regeneration at 12 months (Table 2). Multivariate analysis demonstrated that both a
preoperative platelet count <100 x 10°/uL [OR = 5.01 (1.14-21.95), P = 0.03} and a preoperative ALBI score [per 1.0 up, OR
= 2.27 (1.01-5.09), P = 0.04] were found to be independent risk factors for low regeneration at 12 months. ROC analysis
demonstrated an AUROC of 0.57 for the ALBI score, and its cutoff value was -2.73.

Changes in the Rl with/without severe liver fibrosis

Pathologically, F3 and F4 were classified into the severe fibrosis group. In the RH/Tri and LH groups, patients in the
severe fibrosis group tended to have delayed liver regeneration, but the final liver volume at 12 months was not different.
On the other hand, in the Seg and Sub/Non groups, the RI did not significantly differ between the severe fibrosis group
and the nonsevere liver fibrosis group at any time point (Supplementary Figure 3). The preoperative ALBI score and F
stage were not correlated (r = 0.08, P = 0.22).

Univariate and multivariate analyses were used to identify risk factors for delayed regeneration and failure of the

restoration to the original volume

Univariate analysis revealed that only the liver resection percentage [OR = 1.03 (1.00-1.05), P = 0.04] was associated with
delayed regeneration (Table 3). ROC analysis demonstrated an AUROC of 0.61 for the liver resection percentage, and its
cutoff value was 26%.

Univariate analysis revealed that other background diseases (compared with HCC), the presence of diabetes mellitus, a
preoperative platelet count < 100 x 10°/pL, a preoperative ALBI score (per 1.0 up), liver resection percentage, and
postoperative complication CD classification of grade 3 or higher were associated with volume restoration failure. The
multivariate analysis demonstrated that the preoperative ALBI score [per 1.0 up, OR = 2.63 (1.15-6.04), P = 0.02] and the
liver resection percentage [OR = 1.02 (1.00-1.05), P = 0.04] were found to be independent risk factors associated with
volume restoration failure.

Prediction of volume restoration failure by the combination of the preoperative ALBI score and liver resection

percentage

A heatmap for predicting the probability of volume restoration failure was constructed by combining the preoperative
ALBI score and liver resection percentage (Figure 3). The gradient shows the risk level: Blue indicates a low risk of
volume restoration failure (less than 10%), whereas red indicates a high risk of volume restoration failure (higher than
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Table 1 Demographics, n (%)

;I-;lTn group (n = LH group (n=53) Seg group (n = 99) ?:)b/Non group (n = Pyalue
Baseline characteristics
Age 68 (16-80) 69 (14-86) 68 (46-83) 70 (52-90) 0.06
Sex, male, yes 29 (71) 33 (62) 73 (74) 58 (77) 0.29
BMI (kg/m?) 21.8 (15.4-31.3) 22.3 (15.2-29.4) 230 (15.5-32.8) 23.4 (17.8-35.5) 0.009
Background disease
HCC 21 (51) 14 (26) 63 (64) 56 (75) <0.001
CCC & CHC 4 (10) 19 (36) 9(9) 8 (11) -
Colorectal liver metastasis 10 (24) 6 (11) 16 (16) 11 (15) -
Others 6 (15) 14 (26) 11 (11) 0(0) -
HCV, yes 6 (15) 9(17) 26 (26) 29 (39) 0.01
Liver resection percentage 52 (21-71) 32 (13-49) 27 (10-56) 15 (10-32) <0.001
Diabetes mellitus, yes 13 (32) 16 (30) 34 (34) 33 (44) 0.36
Renal complication 3(7) 3 (6) 6 (6) 6(8) 0.94
Heavy alcoholic' 15 (37) 9(17) 39 (39) 32() 0.03
ICG 15 min 10.7 (0.1-81.1) 9.0 (1.4-66.4) 10.1 (1.3-80.0) 11.5 (2.8-33.4) 0.65
Preoperative ALBI score -2.56 (-3.46 to -1.40) -2.73 (-3.50 t0 -0.69)  -2.85(-3.75t0-1.51)  -2.78 (-3.38 to -1.82) 0.07
Preoperative platelet count (/uL) 205 (95-562) 198 (78-504) 186 (61-542) 182 (91-396) 0.02
Liver cirrhosis (F4), yes 4 (10) 2(4) 18 (18) 9(12) 0.08
Laparoscopic hepatectomy 3(7) 2 (38) 13 (13) 7(9) 0.28
Re-hepatectomy 3(7) 4(8) 5(5) 79) 0.74
Preoperative Chemotherapy 10 (24) 9 (17) 15 (15) 5(7) 0.06
Postoperative outcomes
Operation time (min) 383 (218-644) 354 (183-629) 388 (151-742) 341 (153-584) 0.008
Intraoperative blood loss (mL) 680 (110-13360) 378 (68-3660) 525 (0-32150) 470 (0-1894) 0.25
RBC transfusion 6 (15) 3(6) 8(8) 3(4) 0.19
Total Pringle time (min) 56 (0-179) 45 (0-131) 75 (0-202) 78 (0-167) <0.001
Posthepatectomy liver failure 10 (24) 3(6) 7(7) 3(4) 0.001
grade B/C
Complication CD grade >3 9(22) 10 (19) 22 (22) 12 (16) 0.75
Length of Hospital stay (d) 16 (7-41) 11 (5-54) 11 (6-40) 11 (6-167) 0.46

Daily alcohol consumption 30 g/d or higher.

RH/Tri: Right hepatectomy/Trisegmentectomy; LH: Left hepatectomy; Seg: Segmentectomy; Sub/Non: Subsegmentectomy and nonanatomical
hepatectomy; BMI: Body mass index; HCC: Hepatocellular carcinoma; CCC: Cholangiocellular carcinoma; CHC: Combined hepatocellular carcinoma and
cholangiocellular carcinoma; HCV: Hepatitis C virus; ALBI: Albumin-bilirubin; ICG: Indocyanine green; RBC: Red blood cell; CD: Clavien-Dindo.

90%). As the ALBI score and liver resection percentage increased, the risk of volume restoration failure increased.

DISCUSSION

The novelty of this study is that liver regeneration after partial hepatectomy was determined by the preoperative liver
function reserve reflected by the ALBI score, and prolonged regenerative activity was dependent on the liver resection
percentage. It was also acknowledged that although the remnant liver volume after minor hepatectomy could return to its
initial size, the residual liver volume after major resection does not necessarily return to its original volume. Furthermore,
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Table 2 Risk factors for low regeneration at 3-m s posthepatectomy
3-months (n = 187) 12-months (n = 192)
Univariate OR P value Multivariate OR P value Univariate OR P value Multivariate OR P value
(95%Cl) (95%Cl) (95%Cl) (95%Cl)
Age >75, yes 0.69 (0.30-1.56) 0.37 - - 0.48 (0.19-1.24) 0.13 - -
Sex, male, yes 1.40 (0.66-32.94)  0.38 - - 0.79 (0.39-1.62) 0.79 - -
BMI >28 kg/m?, yes 0.19 (0.02-1.44) 0.11 - - 0.42 (0.09-1.94) 0.42 - -
Background, HCC - Ref. - Ref.
CCC & CHC 0.30 (0.09-1.08) 0.07 0.31 (0.08-1.17) 0.08 0.81 (0.31-2.07) 0.65 - -
Colorectal liver metastasis  0.98 (0.41-2.38) 0.96 0.88 (0.35-2.21) 0.79 0.88 (0.34-2.27) 0.79 - -
Others 0.76 (0.31-2.37) 0.76 0.93 (0.30-2.88) 0.90 0.97 (0.35-2.71) 0.96 - -
HCV positive, yes 0.63 (0.29-1.38) 0.25 - - 1.18 (0.58-2.39) 0.65
Diabetes mellitus, yes 0.93 (0.47-1.83) 0.84 - - 0.77 (0.39-1.52) 0.45 - -
Renal complication, yes 2.50 (0.73-8.60) 0.15 - - 0.51 (0.11-2.37) 0.39 - -
Heavy alcoholic, yes 1.10 (0.56-2.18) 0.77 - - 0.86 (0.44-1.69) 0.66 - -
Preoperative platelet count 2.19 (0.47-10.13)  0.32 5.30(1.22-23.09)  0.03 5.01 (1.14-21.95) 0.03
<100 x 10°/L, yes
Preoperative ALBI score 2.85 (1.21-6.71) 0.02 2.80 (1.17-6.69) 0.02 2.33 (1.05-5.18) 0.04 2.27 (1.01-5.09) 0.04
(per 1.0 up)
ICG 15 minutes rate (per  0.97 (0.93-1.01) 0.15 - - 1.00 (0.97-1.04) 0.92 - -
1.0 up)
Liver cirrhosis (F4), yes 1.22 (0.47-23.14)  0.69 - - 1.42 (0.51-3.97) 0.51 - -
Preoperative 0.66 (0.25-1.73) 0.40 - - 0.84 (0.32-2.24) 0.73 - -
chemotherapy, yes
Re-hepatectomy, yes 2.65 (0.84-8.33) 0.09 2.81 (0.84-9.47) 0.09 0.28 (0.04-2.25) 0.23 - -
Liver resection percentage 1.01 (0.99-1.04) 0.22 - - 1.01 (0.99-1.04) 0.24 - -
(per 1.0% up)
Intraoperative blood loss > 1.73 (0.83-3.62) 0.14 - - 1.04 (0.47-2.34) 0.92 - -
1000mL, yes
RBC transfusion, yes 0.75 (0.20-2.82) 0.67 - - 0.81 (0.22-3.02) 0.75 - -
Pringle time > 90 min, yes ~ 1.07 (0.49-2.34) 0.86 - - 1.09 (0.51-2.31) 0.83 - -
Posthepatectomy liver 0.58 (0.16-2.10) 0.41 - - 0.72 (0.21-2.93) 0.72 - -
failure grade B/C, yes
Postoperative 0.31 (0.11-0.84) 0.02 0.29 (0.10-0.82) 0.02 1.79 (0.83-3.87) 0.14 - -
complication CD grade >
3, yes

OR: Odds ratio; BMI: Body mass index; HCC: Hepatocellular carcinoma; CCC: Cholangiocellular carcinoma; CHC: Combined hepatocellular carcinoma
and cholangiocellular carcinoma; HCV: Hepatitis C virus; ALBI: Albumin-bilirubin; ICG: Indocyanine green; RBC: Red blood cell; CD: Clavien-Dindo.

the degree to which the original volume was restored after hepatectomy was determined by the preoperative ALBI score
and the liver resection percentage. This knowledge, along with our heatmap, can aid surgeons in deciding the timing and
type of hepatectomy after intrahepatic recurrence.

Liver resection success relies on the ability of the remnant liver to regenerate. Most of the knowledge regarding the
pathophysiological basis of liver regeneration comes from rodent studies, and data on humans are scarce. Among the
limited reports on humans, early studies in the 1970s and 1980s revealed that mitotic activity occurred 3 d after partial
hepatectomy, and cellular proliferation continued for several weeks[8]. The liver remnant returned to its original size in
approximately 3 to 6 months. At that time, the liver volume was calculated by multiplying the liver area measured by
hand using tracing paper and a CT width greater than 1 cm[8]. This could cause significant mismatches in the extraction
results, depending on the examiners. On the other hand, studies from the 1990s to the early 2000s reported different
results based on the experience in donor hepatectomy. Using prototype CT-volumetric software, they reported that the
volume of the normal liver after major hepatectomy increased up to 70%-80% in 6 months and up to 85%-90% in 12
months; however, the liver did not reach its initial volume[9-11]. In our study, we used the latest CT-volumetric software,
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Table 3 Risk factors for delayed regeneration and failure for restoration of the original volume

Delayed regeneration (total n = 153) Volume restoration failure (total n = 191)
Univariate OR P value Multivariate OR P value Univariate OR P value Multivariate OR P value
(95%Cl) (95%Cl) (95%Cl) (95%Cl)
Age >75, yes 0.67 (0.27-1.68) 0.45 - - 0.94 (0.46-1.94) 0.88 - -
Gender, male, yes 1.14 (0.48-2.67) 0.77 - - 0.76 (0.40-1.45) 0.41 - -
BMI > 28 kg/m?, yes 0.22 (0.03-1.74) 0.15 - - 0.44 (0.14-1.46) 0.18 - -
Background, HCC - Ref. - Ref.
CCC & CHC 0.49 (0.13-1.82) 0.29 - - 1.64 (0.73-3.65) 0.23 0.40 (0.15-1.11) 0.08
Colorectal liver metastasis ~ 1.83 (0.73-4.56) 0.19 - - 0.88 (0.34-1.90) 0.81 0.71 (0.22-2.26) 0.56
Others 1.10 (0.27-4.42) 0.90 - - 2.39 (0.95-6.00) 0.07 0.28 (0.08-0.97) 0.44
HCV positive, yes 0.61 (0.26-1.47) 0.27 - - 0.70 (0.37-1.34) 0.28 - -
Diabetes mellitus, yes 0.64 (0.30-1.39) 0.26 - - 0.55 (0.30-1.00) 0.05 0.69 (0.36-1.35) 0.28
Renal complication, yes 0.89 (0.18-4.48) 0.88 - - 1.15 (0.37-3.56) 0.81 - -
Heavy alcoholic, yes 0.86 (0.39-1.88) 0.71 - - 0.84 (0.46-1.53) 0.56 - -
Preoperative platelet count 1.60 (0.28-9.11) 0.60 - - 417 (0.82-21.21)  0.09 4.34 (0.81-23.40) 0.09
<100 x 10°/uL, yes
Preoperative ALBI score 1.13 (0.46-2.81) 0.79 - - 2.76 (1.27-5.97) 0.01 2.63 (1.15-6.04) 0.02
(per 1.0 up)
ICG 15 min rate (per 1.0 1.00 (0.97-1.04) 0.99 - - 1.00 (0.98-1.04) 0.58 - -
up)
Liver cirrhosis (F4), yes 1.94 (0.70-5.38) 0.20 - - 1.22 (0.47-3.15) 0.69 - -
Preoperative 2.01 (0.80-5.03) 0.14 - - 0.80 (0.34-1.87) 0.60 - -
chemotherapy, yes
Re-hepatectomy, yes 1.67 (0.40-7.03) 0.49 - - 0.74 (0.21-2.62) 0.64 - -
Liver resection percentage  1.03 (1.00-1.05) 0.04 1.03 (1.00-1.05) 0.04 1.03 (1.01-1.05) 0.008 1.02 (1.00-1.05) 0.04
(per 1.0% up)
Intraoperative blood loss >  1.35 (0.58-3.15) 0.49 - - 1.41 (0.69-2.86) 0.34 - -
1000 mL, yes
RBC transfusion, yes 0.55 (0.12-2.58) 0.58 - - 1.04 (0.35-3.12) 0.95 - -
Pringle time > 90 min, yes ~ 1.82 (0.80-4.14) 0.16 - - 0.91 (0.46-1.81) 0.78 - -
Posthepatectomy liver 0.95 (0.24-3.60) 0.92 - - 1.83 (0.61-5.50) 0.28 - -
failure grade B/C, yes
Postoperative complication 0.54 (0.19-1.53) 0.24 - - 1.97 (0.95-4.07) 0.07 1.80 (0.83-3.91) 0.14
CD grade 2 3, yes

OR: Odds ratio; BMI: Body mass index; HCC: Hepatocellular carcinoma; CCC: Cholangiocellular carcinoma; CHC: Combined hepatocellular carcinoma
and cholangiocellular carcinoma; HCV: Hepatitis C virus; ALBI: Albumin-bilirubin; ICG: Indocyanine green; RBC: Red blood cell; CD: Clavien-Dindo.

Synapse Vincent version 6.7, to measure postoperative remnant liver volume. This software calculates liver volume based
on a high-speed and precise image-processing algorithm that uses an image processing method[12]. Using two different
regeneration parameters (the RI and remnant liver growth rate), the remnant liver continued to regenerate until 12
months after right hepatectomy/trisegmentectomy. On the other hand, regeneration stopped less than 3 months after LH
and minor hepatectomy. The remnant liver volume 12 months after RH/Tri increased but was not significantly different
from that after LH and did not return to the original volume, while the liver volume after minor hepatectomy returned to
almost the initial size. Regardless of the type of hepatectomy, postoperative liver function at 3, 6, and 12 months did not
differ from preoperative liver function. In addition, a prolonged regenerative response was related to the amount of liver
removed, especially for patients who underwent more than one-fourth resection. The difference in these regenerative
reactions depends on the hepatectomy type, and it has been reported that the regenerative response of hepatocytes is
altered by different resection rates[13,14]. In animal studies, hepatocytes removed via 1/3 hepatectomy were less prolifer-
atively active and quieter and had a slower response than hepatocytes removed via 2/3 hepatectomy, and the rege-
nerative response was very minimal when the liver resection rate was less than 10%[14,15]. It has also been reported that
the number of hepatocytes involved in regeneration and DNA replication decreases as the resection rate decreases[16].
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Figure 1 Comparison of the regeneration indices at 3, 6 and 12 months among the right hepatectomy and trisegmentectomy, left
hepatectomy, segmentectomy, and subsegmentectomy and nonanatomical hepatectomy groups. A: Chronological changes in the regeneration
index (RI) at 3, 6 and 12 months posthepatectomy, classified by hepatectomy type; B: Comparison of the RIs between patients who underwent hepatectomy at 3
months and 12 months. RH/Tri: Right hepatectomy and trisegmentectomy; LH: Left hepatectomy; Seg: Segmentectomy; Sub/Non: Subsegmentectomy and
nonanatomical hepatectomy.
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Figure 2 Comparison of the remnant liver growth rate at 3, 6 and 12 months among the right hepatectomy and trisegmentectomy, left
hepatectomy, segmentectomy, and subsegmentectomy and nonanatomical hepatectomy groups. The remnant liver growth rate plateaued at 3
months in the left hepatectomy, segmentectomy, and subsegmentectomy and nonanatomical hepatectomy groups, whereas it continued to increase until 12 months
in the right hepatectomy and trisegmentectomy group. RH/Tri: Right hepatectomy and trisegmentectomy; LH: Left hepatectomy; Seg: Segmentectomy; Sub/Non:
Subsegmentectomy and nonanatomical hepatectomy.

Mitchell et al[14] reported that the G1/S transition in hepatocytes was disrupted by low expression of heparin-binding
epidermal growth factor-like growth factor in rats with reduced liver resection, which was supported by human studies
[14,17]. Recent human reports using volumetry have indicated an increase in the rate of regeneration and prolongation of
the regeneration period as the liver resection rate increases[18]. The authors cite the relationship between resection rate
and the number of portal processing vessels, explaining that the relative increase in portal blood flow to the remaining
liver parenchyma caused hepatocytes to become more active and took a longer time to regenerate sufficient parenchyma
to maintain hemostasis. On the other hand, similar to our results, these authors reported that the liver regeneration rate at
12 months decreased with increasing resection rate, but the reason for this was not clear. We further established a
heatmap to predict volume restoration failure by combining the preoperative ALBI score and liver resection percentage.
With this knowledge and the heatmap, it is possible to plan for liver resection with recurrence in mind at the initial liver
resection stage for cancers with a high recurrence rate, such as HCC and metastatic liver cancers requiring repeat
hepatectomy.

Liver regeneration after hepatectomy is modified by various factors, such as age, sex, BMI, degree of liver fibrosis,
native liver disease, chemotherapy, preoperative portal pressure, and steatosis[4,19-21]. In animal models, platelets
promoted liver regeneration by enhancing the production of TNF-a and IL-6 and accelerating hepatocyte mitosis in the
acute phase after hepatectomy[22]. It has previously been shown that hepatic fibrosis has a negative impact on liver
regeneration; i.e., the liver regeneration in cirrhotic livers is significantly slower and less complete than that in noncir-
rhotic livers[20,23]. This was explained by the hypothesis that the regeneration-promoting factors TNF-a, IL-6 and HGF
were significantly lower in cirrhotic livers than in normal livers[24]. However, some cirrhotic livers display a fair degree
of regenerative capacity[19,25]. In fact, in our study, the severely fibrotic liver eventually regenerated to a point that was
comparable to that of a normal liver. Interestingly, the progression of liver fibrosis did not directly affect postoperative
low regeneration or delayed regeneration; rather, the preoperative ALBI score was more influential. Considering cutoff
values of -2.69 and -2.73 at 3 months and 12 months, posthepatectomy liver regeneration could be attenuated in patients
with preoperative liver function and an ALBI grade 2a or higher. This was because the progression of liver fibrosis does
not always correlate with liver function, and liver function usually decreases after cirrhosis has progressed to advanced
stages. Moreover, the attenuation of liver regeneration in patients with a low preoperative liver function reserve could be
attributed to the disturbance of the intrahepatic microcirculation of materials such as oxygen, proteins, and growth
factors in hepatocytes[26]. This condition is called “sinusoidal capillarization”, which results in the defenestration of
hepatic sinusoidal endothelial cells and the formation of a continuous basement membrane, compromising the bidirec-
tional exchange of materials between sinusoids and hepatocytes and resulting in hepatocellular dysfunction. Sinusoidal
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Figure 3 A heatmap for predicting the probability of volume restoration failure. The gradient shows the risk level: Blue indicates a low risk of volume
restoration failure (less than 10%), whereas red indicates a high risk of volume restoration failure (higher than 90%). ALBI: Albumin-bilirubin.

capillarization is a reversible condition that is usually recognized in chronic liver diseases, such as alcoholic liver disease,
nonalcoholic fatty liver disease, and chronic hepatitis viral disease. However, sinusoidal capillarization does not
necessarily correlate with the fibrotic stage[25], which might explain why the preoperative ALBI score correlated more
with low regeneration than with severe fibrosis. Another interesting finding of this study was that postoperative
complication CD classifications of grade 3 or higher were related to greater regeneration at 3 months postsurgery. This
might be because proinflammatory cytokines such as IL-6 and TNF-a released from Kupffer cells or liver sinusoidal
endothelial cells also promote cytokines conducive to liver regeneration[1].

Parenchymal sparing hepatectomy has been proposed for its ability to prevent PHLF and its oncological efficacy
against postoperative recurrence[27]. Owing to the improved accuracy of preoperative and intraoperative imaging
modalities that are not limited to open hepatectomies, “parenchymal sparing hepatectomy” is widely applied in
minimally invasive surgeries such as laparoscopic and robot-assisted hepatectomies. However, its effectiveness in
performing hepatectomies adjacent to major large vessels and for accessing posterior superior segments (S7 and S8) has
still not been established[28]. In accordance with “parenchymal sparing hepatectomy”, surgeons will try to resect livers
with the smallest volume possible. However, when the tumor is located close to a major blood vessel or deep inside the
liver, it is often difficult to decide whether to choose major hepatectomy or Seg, which are technically simpler, but the
resection volumes are larger, or subsegmentectomy or nonanatomical hepatectomy, which are sometimes technically
more complicated, but the resection volumes are smaller. In our study, although the remnant liver volume after minor
hepatectomy returned to the initial size, the residual liver volume after major hepatectomy did not return to its original
volume. Based on these results, from the perspective of liver regeneration, it may be preferable to avoid major hepatec-
tomies and instead choose minor hepatectomies when the minor hepatectomy can completely remove the tumor.
However, since the liver regenerates to the original volume after minor hepatectomy, there is no need to forcibly choose
more complicated minor hepatectomy procedures, such as subsegmentectomy or nonanatomical resection, as long as the
preoperative liver function is sufficient to avoid severe PHLF, which can be assessed by preoperative surgical planning
[29]. Instead, Seg, which is usually performed with a simpler resection procedure, might be preferable. This might be
especially true in cases of minimally invasive surgeries that require the creation of complicated resection planes in a
limited surgical view. This approach not only prolongs the operation time but can also cause intraoperative and
postoperative complications such as bleeding and bile leakage. Specifically, robot-assisted hepatectomy requires the use
of an inflexible scope, which obscures the surgical view in hepatectomies in the subphrenic area, such as in S7, S8, and
S4a. Therefore, the usefulness of “parenchymal sparing hepatectomy” can vary depending on the patient and modality.

This study has several limitations. First, the data were retrospective in nature and were collected from a single center
with a small sample size. Second, although we have evaluated different percentages of partial hepatectomy patients
overall, the question remains as to whether this potentially different mode of regeneration can be assessed in the same
way. In addition to the difference in the number of hepatocytes involved in regeneration depending on the resection rate,
it was also reported that the remnant liver following 30% partial hepatectomy regenerated solely by hypertrophy without
cell division; hypertrophy and subsequent proliferation equally contributed to regeneration after 70% partial hepa-
tectomy[30]. As our comprehension of liver regeneration deepens, there may be a need to reconsider the approach to
evaluating regeneration based on resection rates. Third, although patients were classified according to the type of
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hepatectomy, patients with different backgrounds were analyzed together to provide a more intuitive understanding of
clinical practice. This limitation may be overcome in the future by conducting a multicenter study and analyzing it in a
larger population after sorting out background factors. Fourth, partial hepatectomies with a liver resection percentage of
less than 10% were omitted from our data because of the potential for large errors in postoperative liver regeneration
when assessed by CT volumetry. Despite these limitations, given the limited data on liver regeneration after partial
hepatectomy in humans, this study offers unique implications for planning partial hepatectomy.

CONCLUSION

Liver regeneration after partial hepatectomy was determined by the liver resection percentage and the preoperative liver
function reserve reflected by the ALBI score. With this knowledge and our heatmap, surgeons can choose the appropriate
hepatectomy type on a case- and modality-specific basis, with rehepatectomy in mind after intrahepatic recurrence.
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Abstract

BACKGROUND

Colorectal cancer (CRC) ranks among the most prevalent malignant tumors
globally. Recent reports suggest that Fusobacterium nucleatum (F. nucleatum)
contributes to the initiation, progression, and prognosis of CRC. Butyrate, a short-
chain fatty acid derived from the bacterial fermentation of soluble dietary fiber, is
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known to inhibit various cancers. This study is designed to explore whether F. nucleatum influences the onset and
progression of CRC by impacting the intestinal metabolite butyric acid.

AIM
To investigate the mechanism by which F. nucleatum affects CRC occurrence and development.

METHODS

Alterations in the gut microbiota of BALB/c mice were observed following the oral administration of F. nucleatum.
Additionally, DLD-1 and HCT116 cell lines were exposed to sodium butyrate (NaB) and F. nucleatum in vitro to
examine the effects on proliferative proteins and mitochondrial function.

RESULTS

Our research indicates that the prevalence of F. nucleatum in fecal samples from CRC patients is significantly
greater than in healthy counterparts, while the prevalence of butyrate-producing bacteria is notably lower. In mice
colonized with F. nucleatum, the population of butyrate-producing bacteria decreased, resulting in altered levels of
butyric acid, a key intestinal metabolite of butyrate. Exposure to NaB can impair mitochondrial morphology and
diminish mitochondrial membrane potential in DLD-1 and HCT116 CRC cells. Consequently, this leads to
modulated production of adenosine triphosphate and reactive oxygen species, thereby inhibiting cancer cell prolif-
eration. Additionally, NaB triggers the adenosine monophosphate-activated protein kinase (AMPK) signaling
pathway, blocks the cell cycle in HCT116 and DLD-1 cells, and curtails the proliferation of CRC cells. The
combined presence of F. nucleatum and NaB attenuated the effects of the latter. By employing small interfering
RNA to suppress AMPK, it was demonstrated that AMPK is essential for NaB's inhibition of CRC cell proliferation.

CONCLUSION
F. nucleatum can promote cancer progression through its inhibitory effect on butyric acid, via the AMPK signaling
pathway.

Key Words: Colorectal cancer; Fusobacterium nucleatum; Butyric acid; Gut microbiota; Adenosine monophosphate-activated
protein kinase signal pathway

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, we unravel the mechanism of Fusobacterium nucleatum (F. nucleatum) in the progression of
colorectal cancer (CRC), focusing on the interplay between intestinal flora and metabolism. Our results reveal that F.
nucleatum suppresses the production of the short-chain fatty acid butyric acid. We discovered that sodium butyrate impairs
mitochondrial function and impedes the cell cycle in CRC cells. Furthermore, the study highlights that both sodium butyrate
and F. nucleatum orchestrate CRC cell proliferation via the adenosine monophosphate-activated protein kinase signaling
pathway. These insights may enhance our understanding of CRC pathogenesis and aid in the development of more effective
treatment strategies.

Citation: Wu QL, Fang XT, Wan XX, Ding QY, Zhang YJ, Ji L, Lou YL, Li X. Fusobacterium nucleatum-induced imbalance in
microbiome-derived butyric acid levels promotes the occurrence and development of colorectal cancer. World J Gastroenterol 2024;
30(14): 2018-2037

URL: https://www.wjgnet.com/1007-9327/full/v30/i14/2018.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i14.2018

INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignant tumors in the world and is the second and third most
common cancer in women and men, respectively[1]. In recent years, CRC has ranked fifth in malignant tumor mortality
in China, and the incidence rate is increasing at an annual rate of 4%[2]. At present, it is one of the deadliest cancers
globally. The occurrence of CRC is influenced by multiple factors, including genetics, dietary habits, and environmental
influences[3,4], and its pathogenesis is complex and not yet fully understood.

The intestinal microenvironment contains a complex microbial ecosystem. In recent years, the interaction between gut
microbiota and the occurrence and development of CRC has been a hot research topic[5]. Research has found that the gut
microbiota balance in patients with CRC is disrupted, with significant differences in composition and proportion of
intestinal microbes compared to normal, healthy individuals[6,7]. As early as 1997, Dove et al[8] found that in Apc™™/*
mice who spontaneously develop multiple intestinal tumors and numerous intestinal polyps, the number of small
intestinal tumors was significantly reduced under germ-free conditions compared to Apc™* mice in a regular
environment, establishing an early association between the gut microbiota and CRC occurrence and development.
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Preclinical and clinical evidence has also emphasized the role of gut microbiota in altering the therapeutic response of
CRC patients to chemotherapy and immunotherapy[7].

In recent years, several studies have reported the association between various microorganisms and CRC development,
including Fusobacterium nucleatum (F. nucleatum), Peptostreptococcus anaerobius, Parvimonas micra, Enterotoxigenic Bacteroides
fragilis, Peptostreptococcus stomatis, and Escherichia coli[9-11]. Additionally, there have been studies applying high-
abundance pathogenic bacteria and low-abundance probiotics to colorectal tumor diagnostic models[12]. Many studies
have indicated that microbial imbalance and infection are major factors in CRC occurrence and development[13,14].

F. nucleatum has been reported to play a role in the occurrence, development, and prognosis of CRC. Castellarin et al
[15] compared 99 cases of CRC patient tissues with corresponding normal mucosal tissues and found that the average
abundance of F. nucleatum in cancerous tissues was 415 times higher than in normal specimens. The relative abundance of
F. nucleatum increases from intramucosal carcinoma to advanced stages of CRC and with increasing tumor malignancy
[16]. The abundance of F. nucleatum in tumor tissues and fecal samples of CRC patients is significantly higher than in the
normal control group[17,18]. However, the exact mechanism by which F. nucleatum plays a role in the intestinal micro-
ecology and its specific molecular mechanisms have not been fully clarified.

The gut microbiota can produce short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate, through the
fermentation of dietary fiber[19]. Among the SCFA family, butyrate plays an extremely important role. It exerts anti-
inflammatory and anti-tumor effects on the mucosa by regulating cell metabolism, maintaining microbial homeostasis,
inhibiting cell proliferation, immunomodulation, and effecting genetic/epigenetic regulation. It also provides a good
energy source for colonic cells[20]. Although butyrate acts through several signaling pathways, one of key interest is the
adenosine monophosphate-activated protein kinase (AMPK) pathway, as butyrate can inhibit cell proliferation and
promote autophagy through this pathway, two actions that are important in cancer progression.

AMPK is a serine/threonine kinase and serves as a major energy sensor in cells, playing a critical role in maintaining
energy homeostasis[21]. Once activated, AMPK promotes catabolic processes to generate adenosine triphosphate (ATP),
assisting cells in escaping death and leading to drug resistance and metastasis. On the other hand, AMPK has also been
reported to be positively correlated with tumor suppressor genes such as p53 and LKB1. Therefore, AMPK activation
results in cell cycle arrest and tumor growth inhibition, playing a key role in cancer prevention[22].

In this study, we elucidate the role of F. nucleatum in CRC development from the perspective of the intestinal flora and
intestinal metabolites and investigate the role of the intestinal flora in CRC occurrence and development.

MATERIALS AND METHODS

Cell culture

HCT116 and DLD-1 cell lines were purchased from American Type Culture Collection [(ATCC) Manassas, VA, United
States]. The HCT116 and DLD-1 cells were cultured in Dulbecco’s modified Eagle medium in an incubator with 5% CO, at
37° C. Penicillin G (100 U/mL), streptomycin (100 mg/mL) (Beyotime, Nanjing, China), and 10% foetal bovine serum
(Invitrogen, Waltham, MA, United States) were added to the culture medium. Two colonic cell lines were used to
demonstrate reproducibility.

Bacteria strains
F. nucleatum strain ATCC 25586 was purchased from the ATCC. F. nucleatum was cultured in Fastidious Anaerobe Broth
under anaerobic conditions.

Animal studies

Adult 6-8 wk-old male BALB/c mice and a weight of 18-22 g (Beijing Vital River Laboratory Animal Technology Co.,
Ltd., Beijing, China) were housed at the experimental animal center of Wenzhou Medical University and maintained
under specific pathogen-free conditions (12-h light/dark cycle, 21° C + 2° C, humidity 50% * 10%). All animal studies
were conducted in compliance with the animal experiment guidelines of Wenzhou Medical University. Study protocols
were approved by the Animal Experimental Ethics Committee (wydw?2022-0217).

All mice have free access to standard feed and water. After mice were habituated to their surroundings for a week,
they were randomly divided into two groups of 12 mice per group. A suspension of F. nucleatum bacteria (1 x 10f) was
administered by gavage once a day for 5 d to mice in the treatment group. The control group was gavaged with
physiological saline. Intervention was ceased for 1 wk, during which time, normal drinking water and diet were
consumed, after which mice were gavaged with F. nucleatum again for 5 d. After repeating three cycles, the mice were
euthanized using 1% pentobarbital sodium (administered by intraperitoneal injection). Feces were collected for
subsequent experiments.

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was conducted to examine the abundance of F. nucleatum using a specific probe.
Briefly, sections of formalin-fixed, paraffin-embedded colonic tissue were cut into 5 pm sections and hybridized in
accordance with the manufacturer’s instructions (FOCOFISH, Guangzhou, China). The following universal bacterial
probe (EUB338; Cy3-labeled) was used: 5'-GCTGCCTCCCGTAGGAGT-3'. The following probe specific to F. nucleatum
(FUS664; FITC-labeled) was used: 5-CTTGTAGTTCCGC(C/T)TACCTC-3". The resulting slides were visualized and
examined under a fluorescent microscope (BX53F; Olympus, Tokyo, Japan). Five random fields per sample (200 x
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magnification) were examined, and the average number of bacteria per field was calculated. A blinded reviewer
examined five random fields per sample (200 x magnification), and the average number of bacteria per field was
calculated. Demographics of patient tissues can be found in our previous study[23].

Cell cycle analysis

Cell cycle analysis was performed by flow cytometry using propidium iodide (PI). CRC cells were cultured on a six-well
plate (2 x 10° cells per well) and incubated at 37° C and 5% CO, overnight. Cells were treated with F. nucleatum culture
supernatants and sodium butyrate (NaB) for 24 h, after which cells were collected and incubated in the dark for 30 min
with 1 mL DNA staining solution and 10 pL permeabilization solution treatment. Flow cytometry and CytExpert were
used for cell cycle analysis, including G0/G1, S, and G2/M phases, and the proportion of cells in each phase was
calculated.

Assessment of reactive oxygen species levels

Cells were cultured as described above. After 24 h of treatment with NaB or F. nucleatum culture supernatants, cells were
centrifuged and resuspended in DCFH-DA staining solution (10 pmol/L) for 20 min at 37° C. Every 3-5 min, cell
suspensions were mixed by inversion to ensure full contact with the probe. Cells were washed three times with serum-
free cell culture medium to remove the DCFH-DA that did not enter the cell. Flow cytometry was used to measure
fluorescence intensity.

Mitochondrial membrane potentials assay

Cellular mitochondrial depolarization was measured using a JC-1 dye, according to the manufacturer’s instructions.
Briefly, after 24 h of treatment with NaB or F. nucleatum culture supernatants, cells were collected, suspended in 0.5 mL of
culture media, and thoroughly mixed with 0.5 mL of the JC-1 staining working solution and incubated for 20 min at 37°
C. Supernatants were removed after incubation and cells were rinsed three times with JC-1 staining buffer. Cells were
resuspended with the appropriate volume of JC-1 staining buffer, followed by flow cytometric analysis.

ATP assay

An ATP assay kit was used to measure ATP concentrations according to the manufacturer’s instructions (Beyotime,
Shanghai, China). Briefly, after 24 h of treatment with NaB or F. nucleatum culture supernatants, cells were lysed with
ATP lysis buffer and centrifuged at 12000 rpm for 5 min at 4°C. Supernatants were collected and stored on ice. In 1.5 mL
EP tubes, 100 pL ATP working solution (ATP test solution: ATP test dilution = 1:9) was added before the ATP test, and
the tubes were incubated for 3-5 min at room temperature. Next, 20 pL of the sample or standard were added to the tube,
mixed with a pipette, and the RLU values were measured with an enzyme marker after at least two seconds. The
luminescence values were normalized against sample protein concentration. The data and images were processed by
GraphPad Prism 6 statistical software (La Jolla, CA, United States).

Preparation and ultrastructural observation of electron microscope samples

After treatments, supernatant was removed and cells were fixed overnight at 4° C using 1-2 mL of 2.5% glutaraldehyde.
The following day, a cell scraper was used to remove the cell layer and collected into a 1.5 mL EP tube. Cells were rinsed
three times for 10 min with phosphate buffered saline, after which 1% osmic acid was added and cells were fixed in the
dark at room temperature for 1 h. Cells were rinsed 3 times for 10 min with double distilled water, then stained at room
temperature for 1 h with 1-2 drops of uranium acetate solution. Samples were placed in successive volumes of 50%, 70%,
80%, 90%, 100%, and 100% acetone solutions for 10 min for progressive dehydration, after which a 1:1 volume ratio of
acetone to epoxy resin embedding agent was added for penetration treatment. After incubation for 60 min at 37° C, a 1:4
volume ratio mixture of acetone and embedding agent were added, and samples were incubated overnight at 37 °C. The
pure embedding solution was added the following day, and samples were allowed to dry for 1 h in a 37° C oven. Pure
embedding solution was added and polymerized at 45° C for 3 h and 65° C for 48 h. Semi-thin slices were then cut,
followed by ultra-thin sections, which were then stained and dried for observation with transmission electron
microscopy.

Transfection with small interfering RNA

Small interfering RNAs (siRNAs) specific for AMPKa were purchased from Tsingke Biotechnology Co., Ltd. (Beijing,
China). Transfection of siRNA was performed using Lipo3000™ transfection reagent according to the manufacturer’s
protocol. The specific siRNA sequences are as follows: AMPKa siRNA - 1 sense: 5-GCAGAAGUAUGUAGAGC-
AAUCTT-3, antisense: 5-GAUUGCUCUACAUACUUCUGCTT-3"; AMPKa siRNA - 2 sense: 5'-GCUUGAUGCACACA-
UGAAUTT-3, antisense: 5'-AUUCAUGUGUGCAUCAAGCTT-3". The control siRNA sequences were as follows: Sense:
UUCUCCGAACGUGUCACGUTT,; antisense: ACGUGACACGUUCGGAGAATT.

Western blot

Total protein concentrations were examined using the Bicinchoninic Acid Protein Assay. Samples were separated using
sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes.
Skim milk was used for incubation with specific primary antibodies (1:1000 dilution) at 4° C overnight. The antibodies
included phosphorylated AMPK (p-AMPK) (Cell Signaling Technology, Danvers, MA, United States), cyclin B1 (Diagbio,
Hangzhou, China), Cdkl (Abways, Beijing, China), p21 (Diagbio), C-myc (Diagbio), and GAPDH (Abways). The samples
were incubated with secondary antibodies (1:2000 dilution) (Biosharp, Harjumaa, Estonia) at room temperature for 1 h.
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Protein bands were visualized using a hypersensitive enhanced chemiluminescence kit (Beyotime). The Bio-Rad gel
imaging system was used to photograph gels, and Image] software was used for analysis.

16S rDNA sequencing

Total genomic DNA of mice was obtained from their cecal contents. 165/18S rRNA genes were amplified using specific
primers. All polymerase chain reaction (PCR) steps were conducted in the reaction media (30 pL) containing 15 pL of
High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, United States). The following thermocycling
conditions were used: Predegeneration at 98° C for 1 min, denaturation at 98° C for 10 s, annealing at 50° C for 30 s, and
extension at 7° C for 30 s (30 cycles); the final elongation step was carried out at 72° C for 5 min. PCR products were
mixed and purified for quantification and identification. Sequencing libraries were generated by a TTANSeq Fast DNA
Library Prep Kit (Illumina; Tiangen Biotech, Beijing, China). The library quality was evaluated using the Qubit@ 2.0
Fluorometer (Thermo Scientific, Waltham, MA, United States) and Agilent Bioanalyzer 2100 system (Santa Clara, CA,
United States). Finally, the sequencing of the constructed library was performed on the Illumina platform using the 2 x
250 bp paired-end protocol and data analysis was conducted.

Statistical analysis

The above experiments were performed at least thrice. GraphPad Prism 6.0 software was used for graphing and statistical
analysis. The BD FACS Aria II flow cytometer was used to measure the mitochondrial membrane potential and detect
reactive oxygen species (ROS), and Treestar Flowjo 10.0 software (Eugene, OR, United States) was used to analyze the
results. Cell cycle detection and data analysis were conducted by a CytExpert 2.3 flow cytometer (Beckman Coulter, Brea,
CA, United States). All variables were presented as mean * standard deviation. Other statistics were analyzed using
Student’s t-test. P < 0.05 was considered statistically significant.

RESULTS

Abundance of F. nucleatum is significantly high in CRC tissues

To study the difference in the flora in CRC tissues, 39 fresh clinical tissue samples (including 24 CRC samples, 10 normal
tissue samples, and 5 paracancerous tissue samples) were collected for 16S rDNA sequencing. The results showed that
there were significant differences between normal and CRC tissues at the family level (P < 0.05, Figure 1A). Fusobacterium
was found at a higher abundance in CRC tissues, but in lower abundance in normal and adjacent tissues. Clostridium
butyrate-producing bacteria were also found to drop in abundance as CRC spread, mostly because their abundance was
substantially higher in normal tissue samples than in CRC and adjacent tissues.

Ten tissue samples were chosen from the aforementioned samples, including both normal and CRC tissue. FISH was
used to determine the quantity of F. nucleatum in colorectal tissue. As shown in Figure 1B, the abundance of F. nucleatum
in CRC tissue is significantly higher than in normal colorectal tissue, indicating that F. nucleatum is strongly associated
with CRC occurrence and progression.

Abundance of butyrate-producing bacteria in fecal samples from CRC patients is lower compared to healthy

individuals

To further study the effect of intestinal flora on CRC development, we sequenced 16S rDNA from 105 stool samples,
including 44 CRC patients and 61 healthy people. The results of LefSe analysis showed that there are significant
differences in bacteria between CRC and normal/adjacent tissues (Figure 2A and B). Compared to CRC patients, the
abundance of Lac_Lachnospira, Lac_Roseburia and Rum_Faecalibacterium significantly increased in healthy fecal samples (P
< 0.05), which is the characteristic bacteria in fecal samples of healthy people (Figure 2C). The abundance of Trichospira
and Rochella is much higher in fecal samples from healthy people compared to patients with stage I-IV CRC. There was no
significant difference between CRC stages. The abundance of Rum_Faecalibacterium in healthy people and patients with
stage I CRC fecal samples were the same (Figure 2D), demonstrating that although there is a significant difference in the
abundance of butyrate-producing bacteria between CRC patients and healthy people, its role in CRC development needs
to be further explored.

Abundance of butyrate-producing bacteria decreased in mice treated with F. nucleatum

To further clarify the role and relationship between F. nucleatum and butyric acid bacteria in CRC occurrence and
development, BALB/c mice were gavaged with an F. nucleatum suspension (1 x 10 CFU/d). 16S rDNA sequencing was
used to detect changes in bacterial abundance in fecal samples. As shown in Figure 3A and B, intragastric administration
of F. nucleatum resulted in significantly fewer butyric acid-producing bacteria in fecal samples compared to the control

group.

F. nucleatum inhibits formation of the short chain fatty acid butyric acid

Fecal samples from mice treated with F. nucleatum were collected, and GC-MS targeted metabolomics were used to
discover and evaluate the quantities of short chain fatty acids (SCFAs). The GC-MS data shown in Figure 4A and B shows
a significant difference in the PC1 direction between the F. nucleatum-treated group and the control group, indicating a
significant divergence in metabolic pathways between the two groups. According to targeted SCFA detection, the amount
of SCFAs in the F. nucleatum-treated group was much lower than in the untreated group (Figure 4C). Butyric acid/
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Figure 1 Abundance of Fusobacterium nucleatum is significantly increased in colorectal cancer tissues. A: 16S rDNA sequencing results of
clinical tissue samples (A: Normal tissue; B: Colorectal cancer tissue; C: Paracancerous tissue); B: Fluorescence in situ hybridization results showed that the
abundance of Fusobacterium nucleium in colorectal cancer tissue was significantly higher than that in normal colorectal tissue.
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Figure 2 Abundance of butyrate-producing bacteria in fecal samples from colorectal cancer patients is lower compared to that of healthy
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individuals. A: There were significant differences in bacterial composition between colorectal cancer and normal/adjacent tissues; B: Butyricimonas, Roseburia,
Faecalibacterium and other butyric acid producing bacteria are enriched in the feces of healthy individuals; C: The abundance of Lac_Lachnospira, Lac_Roseburia,
and Rum_Faecalibacterium in fecal samples of healthy people was significantly higher than that of colorectal cancer patients; D: The abundance of Trichospira and
Rochella in the fecal samples of healthy people is significantly higher than that of patients with stage I-IV colorectal cancer, and the abundance of Fecal bacilli in the
fecal samples of healthy people and patients with stage | colorectal cancer is higher.
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Figure 3 Abundance of butyrate-producing bacteria is decreased in mice treated with Fusobacterium nucleatum. A and B: The 16S rDNA
sequencing results showed that the abundance of fecal butyric acid-producing bacteria (Lac_Rosebaria and Clostridium) was lower than those of the control group in
mice treated with Fusobacterium nucleatum by gavage (n = 12 for each group). Each bar represents the content of Clostridium (A) or Lactobacillus (B) in the feces of
mice in the treatment group.

isobutyric acid levels in fecal samples significantly decreased following F. nucleatum treatment (P < 0.05) (Figure 4D-F),
which is one of the most prominent components of SCFAs. This suggests that in mice, F. nucleatum treatment changes
intestinal metabolic patterns, due to a significant decrease in the proportion of butyric acid-producing bacteria. As a
result, F. nucleatum may affect the gut microbiota in addition to influencing metabolites and metabolic rate.

NaB blocks the cell cycle in HCT116 and DLD-1 cells

We treated human CRC cells DLD-1 and HCT116 cells with 2 mmol/L NaB and used flow cytometry to examine the
effects on the cell cycle of HCT116 and DLD-1 cells. The proportion of G2/M phase cells dramatically increased after 24 h
of NaB administration, as shown in Figure 5A and B. This suggests that NaB can prevent HCT116 and DLD-1 cells from
entering the G1 phase. There were no discernible alterations in the cell cycle when we exposed cells to F. nucleatum
supernatant (FAB). However, these effects were reduced when cells were treated with NaB and F. nucleatum supernatant,
showing that F. nucleatum can suppress the efficacy of NaB.

NaB reduces mitochondrial membrane potential and increases ROS content in CRC cells

An aberrant drop in mitochondrial membrane potential and a rise in ROS levels indicate mitochondrial malfunction.
According to research, NaB can cause mitochondrial damage as part of its anti-tumor effect. We employed the JC-1 dye to
measure mitochondrial membrane potential. HCT116 and DLD-1 cells were treated with 2 mmol/L NaB for 24 h and
found that the mitochondrial membrane potential significantly decreased in both cell lines, whereas treatment with F.
nucleatum supernatant increased the membrane potential of DLD-1 cells (P < 0.001) but did not significantly alter the
mitochondrial membrane potential of HCT116 cells. The effect of NaB on mitochondrial membrane potential is eliminated
when cells are treated with NaB and FAB, indicating that F. nucleatum metabolites can inhibit the damage caused to the
mitochondrial membrane by NaB (Figure 6A and B).

ROS levels are a significant indicator of cell damage induced by normal physiological functions and environmental
influences. When HCT116 and DLD-1 cells were treated with NaB, ROS levels significantly increased (P < 0.001) and the
peak level shifted to the right. When cells were treated with FAB, there was a small reduction in ROS levels, but no
significant difference when compared to the control group. When cells were co-treated with FAB and NaB, the effect of
NaB was reversed (Figure 6C and D). This suggests that F. nucleatum metabolites have a protective impact on CRC cells,
possibly by reducing the damage caused by NaB to mitochondria.

NaB damages the mitochondrial morphology of CRC cells

We assessed the amount of ATP present in HCT116 and DLD-1 cells to further test whether NaB had an impact on energy
metabolism in CRC cells. Cells treated with NaB showed a substantial drop in ATP levels compared to the control group,
but this impact was mitigated by FAB. Transmission electron microscopy showed that the mitochondria of the control
group were largely undamaged, with distinct cristae and no visible damage. However, following NaB treatment, the
mitochondrial matrix and cristae start to vanish, and in extreme situations, matrix overflow and mitochondrial membrane
damage occurred. After the addition of FAB, the shape of the mitochondria was improved and the damage caused by
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Figure 4 Fusobacterium nucleatum inhibits the formation of the short chain fatty acid butyric acid. A and B: Positive ion mode PLS-DA analysis
diagram and negative ion mode PLS-DA analysis diagram show that there is a significant difference between the feces of mice treated with Fusobacterium nucleatum
(F. nucleatum) and the control group (NC) in the PC1 direction (n = 6 for each group); C-F: The total amount of short-chain fatty acids (SCFAs), butyric acid, and

isobutyric acid was significantly lower in the treatment group of F. nucleatum than the untreated group (n = 3 for each group). NFn: F. nucleatum treatment group. °P
<0.05.
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Figure 5 Effects of sodium butyrate and Fusobacterium nucleatum on the cell cycle of HCT116 and DLD-1 cells. A: Sodium butyrate (NaB)
blocks the cell cycle at G2/M phase, while treatment with Fusobacterium nucleatum has no significant effect on the cell cycle; B: Statistical analysis of flow cytometry
results. ns: P> 0.05, °P < 0.01, °P < 0.001. FAB: Fusobacterium nucleatum supernatant.

NaB was diminished (Figure 7).

NaB and F. nucleatum regulate CRC cell proliferation through AMPK signal pathway

According to our findings, NaB affects energy metabolism of CRC cell lines. The serine/threonine kinase AMPK is a
significant energy sensor in cells and is essential for preserving energy balance. AMPK activation results in cell cycle
arrest and inhibition of tumor development and will therefore be essential to cancer prevention. We investigated the
expression levels of cycle-related proteins in the AMPK signaling pathway. Protein analysis revealed that AMPK was
activated, p-AMPK expression increased, proliferation proteins such as CDK1, C-myc, and cyclin B1 were decreased, and
cycle arrest protein P21 expression increased after NaB treatment of DLD-1 and HCT116 cells. In contrast, F. nucleatum
treatment reduced AMPK phosphorylation and promoted the expression of cyclic-related proteins CDK1 and C-myc,
indicating that F. nucleatum treatment promoted cell cycle progression in CRC cells. However, F. nucleatum and NaB were
administered together, the effect of F. nucleatum was significantly attenuated (Figure 8), which is consistent with the
findings that early NaB blocked the CRC cell cycle.

AMPK is necessary for NaB to inhibit CRC cell proliferation

To establish the role of AMPK in NaB-induced cell inhibition, we used AMPK-specific siRNA to knock down AMPK
expression. In HCT116 and DLD-1 cells (Figure 9), AMPK-specific siRNA prevented AMPK phosphorylation and
increased the expression of downstream associated proliferative proteins following NaB treatment (Figure 10). Flow
cytometry analysis also revealed that AMPK-specific siRNA prevented the cycle arrest caused by NaB (Figure 11). These
findings indicate that AMPK is required for NaB to inhibit CRC cell proliferation.
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Figure 6 Effects of Fusobacterium nucleatum and sodium butyrate on mitochondrial membrane potential and reactive oxygen species in
colorectal cancer cells. A: Sodium butyrate (NaB) decreased the mitochondrial membrane potential of colorectal cancer cells; however, the mitochondrial
membrane potential of the cells recovered after treatment with NaB and Fusobacterium nucleatum supernatant (FAB); B: Statistical results of mitochondrial
membrane potential experiments. Data are presented as mean + standard deviation (SD) from at least three independent experiments; C: NaB stimulates the
generation of reactive oxygen species (ROS) in colorectal cancer cells, FAB decreased the effect of NaB and reduced NaB damage to mitochondria; D: Statistical
results of ROS. Data from at least three independent experiments are expressed as mean + SD. ns: P> 0.05, 2P < 0.05, °P < 0.001.
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Figure 7 Sodium butyrate damages the mitochondrial morphology of colorectal cancer cells. A: Sodium butyrate (NaB) inhibits adenosine
triphosphate synthesis, but treatment with Fusobacterium nucleatum supernatants (FAB) suppresses this effect; B: After treatment with NaB and FAB, morphological
changes of mitochondria were observed under transmission electron microscopy. 2P < 0.05, °P < 0.001.

DISCUSSION

There is a close relationship between the intestinal microecology and the occurrence and development of CRC. Dysregu-
lation of microbial balance is often observed in CRC patients. According to some studies, F. nucleatum is abundant in the
tumor microenvironment and fecal samples of CRC patients, thus its presence is regarded as one of the risk factors for the
incidence and progression of CRC[24]. Yu et al[25] discovered that F. nucleatum content is prevalent in CRC tissues of
patients whose cancer recurs after chemotherapy. 165 rDNA sequencing was employed in this experiment to detect
bacterial diversity between CRC tissues and normal/paracancerous tissues. Fusobacteriaceae was discovered to be
primarily concentrated in CRC tissues, whereas Clostrididae was shown to be abundant in normal tissues (Figure 1A).
Using FISH technology to detect F. nucleatum content in CRC tissue and normal tissue samples, we found that the
abundance of F. nucleatum in CRC tissue was significantly higher than that in normal tissue (Figure 1B), consistent with
previous sequencing results. This indicates that F. nucleatum plays an important role in the occurrence and development
of CRC.
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Figure 8 Sodium butyrate and Fusobacterium nucleatum regulates the proliferation of colorectal cancer cells through the adenosine
monophosphate-activated protein kinase signal pathway. A and B: Adenosine monophosphate-activated protein kinase (AMPK) was activated in DLD-1
and HCT116 cells by treatment with sodium butyrate (NaB), leading to increased expression of phosphorylated AMPK (p-AMPK), decrease in expression of
proliferation proteins such as CDK1, C-myc, and cyclin B1, and increase in expression of cycle arrest protein P21. However, treatment with Fusobacterium nucleatum
inhibited the expression of p-AMPK. Data are expressed as mean + standard deviation, from at least three independent experiments. 2P < 0.05, °P < 0.01, °P < 0.001,
ns: P> 0.05.

This experiment used 16S rDNA sequencing on fecal samples from CRC patients and healthy individuals to further
investigate the relationship between intestinal flora and CRC and found significant differences between the flora of CRC
tissue and normal/paracancerous tissue (Figure 2A and B). Among these bacteria, butyric acid generating bacteria such
as Lac_Lachnospira, Lac_Roseburia, and Rum_Faecalibacterium are common in feces of healthy patients (Figure 2C). Our
research also found that the abundance of Lac_Lachnospira, Lac_Roseburia, and Rum faecalibacterium decreased significantly
as CRC progressed from stage I to later stages (Figure 2D), indicating that butyric acid-producing bacteria play an
important role in the progression of CRC.

After administering F. nucleatum intragastrically to BALB/c mice, their feces were analyzed to assess variations in
bacterial populations and metabolic processes. The feces of mice treated with F. nucleatum contained much lower levels of
butyric acid generating bacteria (Lac_Rosebaria and Clo_Closteriales) (Figure 3A and B). Interestingly, changes in the
intestinal flora caused changes in intestinal metabolic patterns (Figure 4A and B), as well as changes in the production of
SCFAs, such as butyric acid (Figure 4C-F). This finding implies that F. nucleatum may promote CRC progression by
changing intestinal metabolites in vitro and in vivo.

3%9@) WIG | https://www.wjgnet.com 2030 April 14,2024 | Volume30 | Issuel4 |



Wu QL et al. F. nucleatum promotes CRC development

A .
P-AMPK c-MYC Cydlin BL
HCT116 T * > a a I > a
o = =
g 15 ?L( 15 T g 15 T a
9 o Q
= T £ :
a4 05 & 05 sos
N v > v ;> v
- N ¥ F N & F N & K
Cc-mMYc & & & & & &
& & &
AMPK CDK1 P21
£ 08 é 15 - a L 20
po1 yr, % 06 a g g 15
T g a 210 R} b
X 04 — g =10 b
= o ~ ——
202 ©05 “os
N " 0.0 0.0 0.0
o : N o N o N o
A\ N ¥ ¥ & ¥ ¥ & ¥ ¥
£ £ S 3 S S S
& & & & & & &
& S SN S
B
DLD-1 P-AMPK C-MYC Cyclin B1
2.0
1.5 2.0 T
1.0
T 1 15
P-AMPK 2 I | 1.0 c .
05 - 10 0.5
cuve [ S .
0.0 - 0.0 - 0.0 y
~ ; N ; > :
é(’ ) Q.%V‘ $?‘ %C’ ) @V $V‘ %0 ) %V‘ @
Cycn 51— S 3
3 £ £ £ 3 £
< Q < Q < Q
& & &
cokt [ -
15 2.0 2.5
N 1.0 b
& & ev;1, a o 1.5
Q\Q‘ %& 0.5 T 1.0
& 0.5 05 c c
S <
0.0 0.0 0.0
> 2 > 2 ~ 2
%c’ é?’ $V" %O é?’ é?“ $(' \o gV‘
& & & & & &
& & ‘\Q@ & & &
® N ¥ N ® N

Figure 9 Adenosine monophosphate-activated protein kinasea-specific small interfering RNA effectively reduced the expression of
adenosine monophosphate-activated protein kinase and its phosphorylation in DLD-1 and HCT116 cells. A and B: Adenosine monophosphate-
activated protein kinase (AMPK)o-specific small interfering RNA (siRNA) reduces AMPK phosphorylation, increases the expression of proteins such as C-myc, CDK1,
and Cyclin B1, and reduces the expression of P21. Data are expressed as mean + standard deviation, from at least three independent experiments. 2P < 0.05, °P <
0.01, °P < 0.001. NC: Control; p-AMPK: Phosphorylated-adenosine monophosphate-activated protein kinase.

Furthermore, studies have shown that F. nucleatum competes with the beneficial butyrate-producing Clostridium
butyricum units, and that an abundance of F. nucleatum leads to a decrease in Clostridium butyricum abundance[26].
Therefore, it is vital to understand the association between F. nucleatum and butyric acid. We have previously treated
DLD-1 cells with F. nucleatum and collected metabolites for nuclear magnetic resonance analysis. The results showed that
after treating CRC cells with F. nucleatum, the extracellular concentration of butyrate significantly decreased[27].
Therefore, we speculate that F. nucleatum can actively consume butyric acid, promoting CRC development. In the future,
we will further explore the relationship between F. nucleatum and Clostridium butyricum.
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Figure 10 Adenosine monophosphate-activated protein kinasea-specific small interfering RNA inhibits the anticancer effect of sodium
butyrate. A and B: Sodium butyrate (NaB) activates adenosine monophosphate-activated protein kinase (AMPK), inhibits proliferative protein expression. However,
after transfection with AMPK small interfering RNA (siRNA), AMPK is knocked down, and the inhibitory function of NaB on cancer is weakened. Data are expressed
as mean + standard deviation, from at least three independent experiments. 2P < 0.05, °P < 0.01, °P < 0.001. NC: Control; p-AMPK: Phosphorylated adenosine
monophosphate-activated protein kinase.

Butyrate is the preferred energy source for colonic cells and has been shown to inhibit tumor development through a
variety of mechanisms[28], including anti-inflammatory and immunomodulatory effects, down-regulation of the Wnt
signaling pathway[29], inhibition of tumor cell proliferation and migration[21], limitation of tumor angiogenesis[22],
induction of apoptosis[30], and promotion of tumor cell differentiation[31]. In this study, we used flow cytometry to
investigate the effect of NaB on the cell cycle in DLD-1 and HCT116 CRC cell lines. Our findings showed that NaB
arrested the cell cycle at the G2/M phase. When CRC cells were co-treated with F. nucleatum supernatant and NaB, there
was a significant drop in the number of cells in the G2/M phase, demonstrating that F. nucleatum can mitigate the effect
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Figure 11 Adenosine monophosphate-activated protein kinase-specific small interfering RNA prevented cycle arrest caused by sodium
butyrate. A and B: Sodium butyrate (NaB) arrested the cell cycle of DLD-1 and HCT116 cells in the G2/M phase, while adenosine monophosphate-activated protein

kinase small interfering RNA (siRNA) transfection inhibited this phenomenon. ns: P > 0.05, °P < 0.001. p-AMPK: Phosphorylated adenosine monophosphate-
activated protein kinase.

of NaB on the cell cycle (Figure 5A and B).

ATP is the most direct source of energy in organisms, acting as the driving force for numerous biological operations.
The mitochondrion is at the heart of cellular energy metabolism, producing the majority of ATP[32]. ROS are byproducts
of aerobic respiration as well as signaling molecules that affect numerous cellular activities[33], and they play an
important role in regulating various physiological functions in animals. In this study, we discovered that NaB treatment
reduced ATP generation while increasing ROS production in CRC cells. The effect of NaB was partially inhibited when
treated with F. nucleatum (Figures 6C, D, and 7A).

Furthermore, we used transmission electron microscopy to assess alterations in mitochondrial membrane potential and
examined mitochondrial morphology in CRC cell lines. The mitochondrial membrane potential was shown to decrease
after NaB treatment. In addition, the mitochondrial membrane was disrupted, the matrix began to melt, and the crista
began to blur. When compared to the NaB group, the mitochondrial membrane potential increased in cells co-treated
with NaB and F. nucleatum supernatants (FAB), as did the mitochondrial morphology. These findings reveal that NaB can
disrupt energy metabolism by altering mitochondrial structure, whereas F. nucleatum metabolites have a protective
impact and can mitigate NaB damage (Figure 7B).

AMPK is a highly conserved serine/threonine protein kinase that regulates cell cycle checkpoints in cancer cells in
response to energy stress to coordinate proliferation and energy availability[34]. Because our experimental results show
that NaB and F. nucleatum can impact ATP generation in CRC cells, we hypothesize that both affect CRC development via
the AMPK pathway. After 24 h of treatment with F. nucleatum, the expression of p-AMPK was reduced, showing a
relationship between F. nucleatum and the AMPK pathway. We evaluated the expression levels of cell cycle-related
proteins in the AMPK pathway to further analyze the relationship between F. nucleatum, NaB, and the AMPK pathway.
Western blotting revealed that NaB increased the expression of Thr172 p-AMPK and activated AMPK in both CRC cell
lines (HCT116 and DLD-1) (Figure 8A and B). Furthermore, the AMPK-related proliferative proteins c-Myc, CDK1 and
cyclin Bl were downregulated, whereas the cycle inhibitory protein P21 was upregulated. F. nucleatum treatment
increased the expression of cyclin-related proteins c-Myc, CDK1 and cyclin B1, while inhibiting the production of
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phosphorylated AMPK and P21. These findings suggest that F. nucleatum and NaB can both regulate the proliferation of
CRC cells via AMPK.

We employed AMPK-specific siRNA to knock down AMPK expression and then co-treated HCT116 and DLD-1 cells
with NaB to explore the role of AMPK in CRC cell proliferation. AMPK-specific siRNA substantially decreases AMPK
phosphorylation and the expression of its downstream proteins c-Myc, cyclinB1, and CDK1 (Figure 9A and B). When cells
were co-treated with AMPK-specific siRNA and NaB, AMPK-specific siRNA prevented the induction of cell cycle arrest
observed with NaB alone (Figures 10 and 11). These data suggest that NaB requires AMPK to inhibit CRC cell prolif-
eration.

CONCLUSION

In conclusion, F. nucleatum can regulate the intestinal metabolite butyrate, and NaB can regulate energy metabolism and
prevent CRC proliferation via the AMPK pathway. The findings of this study may provide a better understanding of CRC
pathogenesis , thereby facilitating the development of more effective therapeutic approaches.

ARTICLE HIGHLIGHTS

Research background

Colorectal cancer (CRC) ranks among the most prevalent malignant neoplasms globally. Fusobacterium nucleatum (F.
nucleatum) has been implicated in the initiation, progression, and prognostic outcomes of CRC. Butyrate, a short-chain
fatty acid (SCFA) derived from the bacterial fermentation of soluble dietary fiber, exhibits inhibitory effects on several
types of cancers.

Research motivation

Recent research has demonstrated that the SCFA butyrate can suppress the proliferation, enrichment, and adherence of F.
nucleatum in CRC tissues. This suppression is achieved by the downregulation of adhesion-associated outer membrane
proteins, including RadD, FomA, and FadA. Consequently, this leads to a decrease in the colonization and invasion of F.
nucleatum and mitigates its contribution to chemoresistance. Therefore, this study aims to investigate whether F.
nucleatum can influence the synthesis of the intestinal metabolite butyric acid, thereby facilitating the development of
CRC.

Research objectives
Exploring whether F. nucleatum affects the production of intestinal metabolite butyrate to promote CRC development.

Research methods

Fecal samples were collected from mice in the treatment group following oral administration of F. nucleatum for the
analysis of SCFAs and 165 rDNA. Concurrently, CRC cells underwent co-treatment with F. nucleatum and sodium
butyrate (NaB) in vitro to assess alterations in the cell cycle, mitochondrial functionality, and the expression of pertinent
proteins.

Research results

The abundance of F. nucleatum is markedly elevated in fecal specimens and CRC tissues from patients with CRC. F.
nucleatum suppresses the synthesis of the SCFA butyric acid. NaB impairs mitochondrial functionality and impedes the
cell cycle in CRC cells. Both NaB and F. nucleatum modulate the growth of CRC cells via the adenosine monophosphate-
activated protein kinase (AMPK) signaling pathway. The presence of AMPK is essential for NaB’s effectiveness in
inhibiting CRC cell proliferation.

Research conclusions

Our findings showed that the abundance of F. nucleatum is significantly high in fecal samples and CRC tissues from CRC
patients. F. nucleatum impedes the synthesis of the SCFA butyric acid. NaB compromises mitochondrial functionality and
obstructs the cell cycle in CRC cells. The growth of CRC cells is modulated by both NaB and F. nucleatum via the AMPK
signaling pathway. The presence of AMPK is critical for the ability of NaB to curb CRC cell proliferation.

Research perspectives

The outcomes of this research could enhance our comprehension of CRC pathogenesis, potentially leading to the
formulation of more efficacious therapeutic strategies.
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Abstract

BACKGROUND

Acute pancreatitis (AP) encompasses a spectrum of pancreatic inflammatory
conditions, ranging from mild inflammation to severe pancreatic necrosis and
multisystem organ failure. Given the challenges associated with obtaining human
pancreatic samples, research on AP predominantly relies on animal models. In
this study, we aimed to elucidate the fundamental molecular mechanisms
underlying AP using various AP models.

AIM
To investigate the shared molecular changes underlying the development of AP
across varying severity levels.

METHODS

AP was induced in animal models through treatment with caerulein alone or in
combination with lipopolysaccharide (LPS). Additionally, using Ptfla to drive the
specific expression of the hM3 promoter in pancreatic acinar cells transgenic
C57BL/ 6]- hM3/Ptfla(cre) mice were administered Clozapine N-oxide to induce
AP. Subsequently, we conducted RNA sequencing of pancreatic tissues and
validated the expression of significantly different genes using the Gene
Expression Omnibus (GEO) database.

RESULTS

Caerulein-induced AP showed severe inflammation and edema, which were
exacerbated when combined with LPS and accompanied by partial pancreatic
tissue necrosis. Compared with the control group, RNA sequencing analysis
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revealed 880 significantly differentially expressed genes in the caerulein model and 885 in the caerulein combined
with the LPS model. Kyoto Encyclopedia of Genes and Genomes enrichment analysis and Gene Set Enrichment
Analysis indicated substantial enrichment of the TLR and NOD-like receptor signaling pathway, TLR signaling
pathway, and NF-xB signaling pathway, alongside elevated levels of apoptosis-related pathways, such as
apoptosis, P53 pathway, and phagosome pathway. The significantly elevated genes in the TLR and NOD-like
receptor signaling pathways, as well as in the apoptosis pathway, were validated through quantitative real-time
PCR experiments in animal models. Validation from the GEO database revealed that only MYDS88 concurred in
both mouse pancreatic tissue and human AP peripheral blood, while TLR1, TLR7, RIPK3, and OAS2 genes
exhibited marked elevation in human AP. The genes TUBA1A and GADD45A played significant roles in apoptosis
within human AP. The transgenic mouse model hM3/Ptfla(cre) successfully validated significant differential genes
in the TLR and NOD-like receptor signaling pathways as well as the apoptosis pathway, indicating that these
pathways represent shared pathological processes in AP across different models.

CONCLUSION

The TLR and NOD receptor signaling pathways play crucial roles in the inflammatory progression of AP, notably
the MYD88 gene. Apoptosis holds a central position in the necrotic processes of AP, with TUBA1A and GADD45A
genes exhibiting prominence in human AP.

Key Words: Acute pancreatitis; RNA-sequencing; Experimental acute pancreatitis models; Inflammatory; Apoptosis; TLR and
NOD-like signaling pathways

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: AP is a critical emergency condition with no effective targeted therapeutic interventions currently available.
Therefore, RNA sequencing (RNA-seq) was employed to investigate the molecular alterations in acute pancreatitis (AP),
aiming to identify novel therapeutic strategies. The RNA-seq analysis showed a significant upregulation of 7LR and NOD-
like signaling pathways in AP, with crucial involvement of genes such as TLR7, IRF7, and MYDS88. Notably, the TUBA14
and GADD45A4 genes were identified as key players in the apoptosis signaling pathway. Substantial evidence was provided
through comprehensive validation using Gene Expression Omnibus Series datasets from human peripheral blood and mouse
pancreatic tissues, as well as transgenic mouse models to examine inflammation and apoptosis-related molecules. This study
offers fresh insights for future therapeutic approaches in managing AP and establishes new directions for subsequent
fundamental investigations.

Citation: Zheng P, Li XY, Yang XY, Wang H, Ding L, He C, Wan JH, Ke HJ, Lu NH, Li NS, Zhu Y. Comparative transcriptomic
analysis reveals the molecular changes of acute pancreatitis in experimental models. World J Gastroenterol 2024; 30(14): 2038-2058
URL: https://www.wjgnet.com/1007-9327/full/v30/i14/2038.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i14.2038

INTRODUCTION

Acute pancreatitis (AP), defined as an inflammatory disorder of the pancreas, is characterized by early activation of
digestive enzymes followed by self-digestion of the pancreas[1]. The disease ranges from a mild and self-limiting
condition to severe AP (SAP), which is associated with high mortality due to pancreatic necrosis and persistent organ
failure[2]. Although the etiology varies in different countries and regions, gallstone disease, alcohol intake, and hypergly-
ceridemia are common causes of AP. Generally, the initial management of AP is nutritional support, and effective
treatment strategies are limited[3].

Currently, the exact pathogenic mechanism remains unclear. Due to the unpredictable progression of this disease and
limited access to human pancreatic tissues, there are still great challenges in research on the molecular mechanism of AP.
Therefore, experimental animal models have been extensively used to explore the pathogenic mechanism of AP, which
could be helpful for the development of novel preventive and therapeutic strategies for AP.

In 1977, Lampel and Kern were the first to report that the intravenous administration of high concentrations of the gut
hormone cholecystokinin homolog caerulein could induce a mild and reversible form of AP in rats[4]. Since then, the
caerulein model has emerged as one of the most extensively employed experimental models for investigating the
molecular mechanisms underpinning AP[5,6]. The premature activation of digestive enzymes, such as trypsinogen, and
their intrapancreatic activation are distinctive traits of pancreatic hyperstimulation, which are also fundamental
mechanisms underlying the caerulein model.

Furthermore, the caerulein model aids in unraveling processes related to autophagic dysfunction, aberrant calcium
signaling, and endoplasmic reticulum stress, all of which constitute the central pathogenic mechanisms of AP[7]. Key
characteristics of the caerulein-induced AP model include prominent pancreatic edema, extensive inflammation, and a
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degree of acinar cell necrosis. Notably, this model exhibits a pronounced self-limiting nature, with recovery typically
occurring within approximately one week. However, it is firmly established clinically that the severity of AP is linked to
significantly different clinical outcomes. While mild cases may spontaneously resolve, severe cases are associated with
high mortality rates.

To investigate the shared molecular changes underlying the development of AP across varying severity levels, a
combination of caerulein and lipopolysaccharide (LPS) has been employed to induce SAP[5]. The inclusion of LPS
treatment was linked to substantial damage to the intestinal barrier, resembling peripheral organ injuries observed in
patients. This exacerbated the pancreatic inflammatory responses and acinar cell injuries[2].

The TLR and NOD-like receptor signaling pathways are widely recognized as playing pivotal roles in the inflammatory
immune response. Activation of these signaling pathways results in the release of various inflammatory mediators,
fostering the advancement of tissue inflammation. Additionally, the release of chemokines facilitates the migration of
immune cells from the bloodstream into tissues[8,9]. The discovery of crucial genes within TLR and NOD-like receptor
signaling pathways offered fresh perspectives on mitigating the inflammatory response in AP and introduced novel
therapeutic targets.

Apoptosis is a regulated cell death process critical for preserving tissue and organ stability and overall health[10]. In
the progression of AP, apoptosis plays a role in the elimination of damaged pancreatic cells, thereby averting additional
inflammation and tissue damage. This function can be perceived as a protective mechanism that curtails the disease's
severity[11]. However, excessive apoptosis may lead to severe damage to pancreatic tissues[12]. Hence, comprehending
the molecular mechanisms governing acinar cell apoptosis in AP is of paramount significance, as it has the potential to
open up novel avenues and therapeutic strategies aimed at halting the progression of necrotic alterations in AP or
obstructing its necrotic pathways.

To explore the molecular biological changes in pancreatic tissue as AP progresses, we conducted RNA sequencing
(RNA-seq) on AP animal models exposed to both caerulein alone and in conjunction with LPS. This analysis unveiled the
extensive activation of inflammatory and apoptotic signaling pathways, along with the genes implicated in the
progression of AP. RNA-seq data from AP mouse pancreatic tissue and AP patient blood samples in the Gene Expression
Omnibus (GEO) database corroborated the transcriptional changes in these key genes. Ptfla serves as a pancreatic acinar-
specific promoter[13], whereas M3 is a subtype of human cloned muscarinic receptors[14]. Specific activation of M3
within the pancreatic acini of mice triggers excessive secretion of pancreatic enzymes, leading to the onset of AP. The
transgenic mouse hM3/Ptfla“? AP model further emphasized the key role of the apoptosis pathway in the development
of AP. These molecular biological changes provide comprehensive insights and evidence, offering directions for future
disease treatment and fundamental research.

MATERIALS AND METHODS

Experimental animals

Male wild-type mice at the age of 6-8 wk were obtained from Nanjing Gempharmatech Co. Ltd. Ptfla©? mice and hM3*
mice were both acquired from Shanghai Southern Model Biological Technology Co., Ltd. hM3/Ptfla “ mice were
generated by breeding h1M37 mice and Ptfla®? mice. All animal experiments were approved by the Institutional Animal
Care and Use Committee of The First Affiliated Hospital of Nanchang University and complied with the national and
international guidelines for the Care and Use of Laboratory Animals. In each group of every batch of animal models,
there were at least 6 mice included.

Construction of AP experimental models

The induction of AP was achieved by administering ten consecutive intraperitoneal injections of caerulein (Sigma-
Aldrich, St. Louis, Missouri, United States, at a dose of 50 pg/kg), with one-hour intervals between each injection,
followed immediately by a single dose of LPS (Sigma-Aldrich, St. Louis, Missouri, United States, at a dose of 10 mg/kg).
The control group received intraperitoneal injections of saline. hM3/Ptfla? mice were pre-treated one month in advance
by daily intragastric administration of tamoxifen (Sigma-Aldrich, 10 mg/kg) for one week to activate Ptfla“ expression.
Subsequently, a single intraperitoneal injection of Clozapine N-oxide (Sigma-Aldrich, 1 mg/kg) was administered to
induce spontaneous AP.

Histopathology

The mice were euthanized 24 h after AP modeling, and fresh pancreatic tissue was retrieved. The pancreatic tissues were
fixed in 4% formalin for 24 h, followed by embedding in paraffin and sectioning into 4 pm slices for H&E staining.
Pancreatic injury was blindly assessed by two pathologists according to previously described criteria. In brief, the
pancreatic histopathological assessment included four categories: edema, inflammatory cell infiltration, necrosis, each
scored from 0-3[15].

RNA isolation

The RNA was extracted using the MolPure® Cell Tissue Kit (Yeasen Biotechnology Shanghai Co., Ltd., 19221ES50). Add
the processed homogenate into Mol Pure DNA Removal/RNA Binding Column A2 (column placed in a 2 mL Collection
Tube), then centrifuge and collect the filtrate containing RNA. Proceed to protein removal, clear away proteins through
protein removal solution, wash the column twice with wash solution, and elute the collected RNA using RNase-free H,O.
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Real-time PCR analysis

The quantitative real-time PCR (qQRT-PCR) assay was performed to measure the mRNA expression levels of the target
genes using the Hifair® III 1st Strand cDNA Synthesis SuperMix (Yeasen Biotechnology Shanghai Co., Ltd., 11141ES10)
for qPCR Kit and the Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix Kit (Yeasen Biotechnology Shanghai
Co., Ltd., 11211ES03). GAPDH was employed as the internal reference. The primer sequences used are listed in Supple-
mentary Table 1.

Database

The validation data were sourced from the GEO database, with GSE109227 comprising RNA-seq data from pancreatic
samples of normal mice and pancreatitis-induced mice[16], and GSE194331 containing RNA-seq data from peripheral
blood of healthy individuals and AP patients[17].

RNA-seq

The libraries were constructed using VAHTS Universal V6 RNA-seq Library Prep Kit according to the manufacturer’s
instructions. The transcriptome sequencing and analysis were conducted by OE Biotech Co., Ltd. (Shanghai, China). The
libraries were sequenced on a llumina Novaseq 6000 platform and 150 bp paired-end reads were generated. About 55 raw
reads for each sample were generated. Raw reads of fastq format were firstly processed using fastp and the low-quality
reads were removed to obtain the clean reads. Then about 50 clean reads for each sample were retained for subsequent
analyses. The clean reads were mapped to the reference genome using HISAT2 FPKM3 of each gene was calculated and
the read counts of each gene were obtained by HT Seq-count principal component analysis (PCA) analysis were
performed using R (v 3.2.0) to evaluate the biological duplication of samples.

Differential expression analysis was performed using the DESeq2 Q value < 0.05 and foldchange > 2 or foldchange <
0.5 was set as the threshold for significantly differential expression genes (DEGs). Hierarchical cluster analysis of DEGs
was performed using R (v 3.2.0) to demonstrate the expression pattern of genes in different groups and samples. The
radar map of top 30 genes was drawn to show the expression of up-regulated or down-regulated DEGs using R packet
ggradar.

Based on the hypergeometric distribution, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway, Reactome and Wiki Pathways enrichment analysis of DEGs were performed to screen the significant enriched
term using R (v 3.2.0), respectively. R (v 3.2.0) was used to draw the column diagram, the chord diagram and bubble
diagram of the significant enrichment term.

Gene Set Enrichment Analysis analysis

Gene Set Enrichment Analysis (GSEA) was performed using GSEA software. The analysis was used a predefined gene
set, and the genes were ranked according to the degree of differential expression in the two types of samples. Then it is
tested whether the predefined gene set was enriched at the top or bottom of the ranking list.

Statistical analysis

The data were expressed as the mean + SEM. Statistical analysis was performed using the SPSS 13.0 software. Differences
between two groups with normal distributions were assessed by Student’s f test, and one-way analysis of variance was
used to compare differences between more than two groups. The least significant difference post hoc test was performed
when analysis of variance indicated significance. The value of P < 0.05 was regarded as the cutoff for statistical
significance.

RESULTS

Treatment with caerulein alone or in combination with LPS induced varying degrees of experimental AP

The drug AP models mainly include the caerulein model and the arginine model, among which the caerulein model has
become the most widely used AP model due to its close similarity to human pancreatitis pathogenesis and its feasibility.
To investigate the common characteristics of AP, treatment with caerulein alone or in combination with LPS was
performed to induce the AP model (Figure 1A). After stimulation with caerulein, pancreatic acinar cell edema was
markedly evident, manifesting as a significant increase in the pancreas-to-body weight ratio. This edema was even more
pronounced when caerulein was combined with LPS (Figure 1B).

H&E staining analysis showed an increased interstitial space between pancreatic acini in mice with AP, with infilt-
ration of inflammatory cells and pronounced pancreatic necrosis following the coadministration of caerulein with LPS
(Figure 1C). Edema and inflammation were notably enhanced when caerulein was combined with LPS, as reflected in the
pathological scoring (Figure 1D).

qRT-PCR analysis was used to assess the expression of the proinflammatory cytokines TNF-a, Interleukin-6, and
Interleukin-1beta (Figure 1E-G). These inflammatory factors were significantly elevated in AP, with a more pronounced
increase observed in mice treated with LPS. This finding aligned well with the clinical features of AP, especially in
patients with concurrent intestinal dysfunction, who had a higher risk of pancreatic necrosis[18,19]. Despite variations in
the severity of the AP model, the observed pancreatic inflammatory characteristics remain consistent with the clinical
manifestations, featuring prominent edema, inflammation, and necrosis.
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Figure 1 Treatment with caerulein alone or in combination with lipopolysaccharide induced varying degrees of experimental acute
pancreatitis. Modeling methods for the control group, caerulein (CAE) group, and CAE combined with lipopolysaccharide (LPS; CAE + LPS) group, evaluation of
pancreatic tissue changes, and relevant parameters. A: Schematic representation of the modeling methods for the CAE group and CAE + LPS group; B: Pancreatic
weight ratios in the three groups; C: H&E staining of pancreatic tissue; D: Scores for edema, inflammation, and necrosis in pancreatic pathology; E-G: Quantitative
real-time PCR expression values of pancreatic inflammatory factors. n = 6 per group, P < 0.05, °P < 0.01, °P < 0.001. CAE: Caerulein; CON: Control; LPS:
Lipopolysaccharide.

RNA-seq identified the molecular changes during the development of AP

To investigate the molecular changes during the onset of AP, RNA-seq was performed on pancreatic tissues from normal
pancreas and two AP models. PCA and bar charts revealed significant differentially expressed (SDE) gene expression at
the transcriptional level among the three groups (Supplementary Figure 1). In comparison to normal pancreas, there were
2268 upregulated and 1787 downregulated genes in the AP experimental model induced by caerulein alone. There were
2400 upregulated and 1878 downregulated genes compared to normal pancreas in the AP model induced by caerulein in
conjunction with LPS. The number of differentially expressed genes between the two AP models was relatively low.
Using volcano plots and heatmaps, we displayed the SDE genes between the two AP models and the normal pancreas
(Figure 2A and B).

In comparison to a normal pancreas, the AP induced solely by caerulein contained 880 SDE genes, while the AP model
induced by caerulein combined with LPS had 885 SDE genes. It was noteworthy that there were 644 common SDE genes
between the two AP models, indicating a high degree of overlap. This high overlap in SDE genes suggested that although
these models differ in severity, their pathogenic mechanisms are remarkably similar (Figure 2C).

GO enrichment analysis revealed that AP mice were enriched in biological processes related to immune system
pathways and inflammatory responses. The cytoplasm and cytoskeleton were the major cellular components affected. In
terms of molecular function, there was a significant influence on protein binding (Figure 2D). KEGG analysis showed that
pathways associated with apoptosis processes in AP showed significant enrichment. Consistent with previous studies,
both groups were enriched in immune- and inflammation-related signaling pathways, such as the NOD-like receptor,
TLR, and NF-«B signaling pathways (Figure 2E)[8,20]. GSEA also showed upregulation of the NOD-like receptor, TLR,
NF-xB, apoptosis, and P53 signaling pathways in both AP models. Taken together, these data suggest that inflammation,
immune response and cell apoptosis play crucial roles during the onset of AP.

NOD-like receptor and TLR signaling pathways play a crucial role in the progression of AP

The TLR and NOD-like receptor signaling pathways, which are critical for the regulation of immune and inflammatory
responses, have been reported to play important roles in AP pathogenesis[20-22]. As shown in Figure 3A and B, the SDE
genes in these two pathways were identified. TLR7, IRF7, SPP1, OAS2, and RIPK3 were the common SDE genes observed
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Figure 2 RNA-seq identified the molecular changes during the development of acute pancreatitis. Comparative analysis of the caerulein (CAE)
group and CAE + lipopolysaccharide (LPS) group with the control (Con) group. A: Volcano plot of significant differentially expressed (SDE) genes (P value < 0.05 and
|log2FC| > 1), with red indicating significant upregulation and green indicating significant downregulation; B: Venn diagram, where blue represents CAE group vs Con
group, and red represents CAE + LPS group vs Con group, with the gray area representing commonly differentially expressed genes in both groups compared to the
Con group; C: Heatmap displaying the expression of SDE genes in each pancreatic sample, with red indicating upregulated genes and blue indicating downregulated
genes; D: Gene Ontology (GO) functional annotation of the top 30 significantly different genes, with the GO classification chart showing the distribution of entries
related to biological processes, cellular components, and molecular functions; E: Enrichment analysis results of the top 20 significantly different Kyoto Encyclopedia of
Genes and Genomes pathways; F: Gene Set Enrichment Analysis for the NOD-like receptor, TLR, NF-kB, and P53 signaling pathways, as well as apoptosis. CAE:
Caerulein; CON: Control; LPS: Lipopolysaccharide.

when comparing the two models to normal pancreas. Among these genes, TLR7 is often reported in conjunction with
IL22 to mitigate various diseases and is thought to have a similar role in AP[23]. Furthermore, interferon IRF7 may play a
crucial role in anti-inflammation and immune activation[24], while SPP1 is often reported for its central role in
modulating the immunological microenvironment of cancer[25].

To confirm that these genes are involved in AP pathogenesis, we generated two experimental AP animal models with
caerulein or in combination with LPS treatment. qRT-PCR analysis showed that the mRNA levels of TLR7, IRF7, and
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Figure 3 NOD-like receptor and TLR signaling pathway played a crucial role in the progression of acute pancreatitis. Significant differentially
expressed genes in the NOD-like receptor and TLR signaling pathways after comparing the caerulein (CAE) group and CAE + lipopolysaccharide (LPS) group to the
control (Con) group. A: Heatmap of significant differentially expressed (SDE) genes in the CAE Group compared to the Con group; B: Heatmap of SDE genes in the
CAE + LPS group compared to the Con group; C: Quantitative real-time PCR (qRT-PCR) expression values of commonly significantly different genes in both groups;
D: gRT-PCR expression values of specifically significantly different genes in the CAE Group compared to the Con group; E: gRT-PCR expression values of
specifically significantly different genes in the CAE + LPS group compared to the Con group. n = 6 per group, 2P < 0.01, °P < 0.001. CAE: Caerulein; CON: Control;
LPS: Lipopolysaccharide.

SPP1 were significantly upregulated in both AP models compared with the control group (Figure 3C). Interestingly, not
all genes showed an association with disease severity. In the model involving caerulein and LPS, TLR7, IRF7, OAS2, and
RIPK3 exhibited more pronounced upregulation, possibly linked to the intestinal damage caused by LPS. SPP1 did not
show a similar trend, possibly due to its close association with ductal growth and development in the pancreas[26].
Additionally, the unique SDE genes in each of the two AP models were validated. Some genes, including JAK3, IRF5, and
TLR1, were uniquely upregulated in the experimental model treated with caerulein alone, while other genes, including
IRF9, GBP2, TAP1 and MYD88, were upregulated in the model treated with caerulein combined with LPS (Figure 3D and
E). In conclusion, these data suggested that genes in the TLR and NOD-like receptor signaling pathways, including TLR?7,
IRF7, OAS2, and RIPK3, may be involved in the progression of AP and are strongly associated with the severity of AP.

Public RNA-seq data reveal the significant role of TLR and NOD-like signaling pathways in AP pathogenesis

To validate the RNA-seq results, two GSE datasets (GSE109227, GSE194331) from the GEO database were downloaded.
The GSE109277 dataset comprised RNA sequencing results of mouse pancreatic tissue. Wild-type C57BL6J mice were
injected intraperitoneally with 9 hourly injections of 50 mg/kg caerulein (n = 6) to induce experimental AP, while sodium
chloride was used as a control (n = 4). The data from GSE194331 consists of human peripheral blood RNA sequencing,
encompassing 32 healthy volunteers and samples taken within 24 h of presentation from 87 patients admitted to the
hospital with AP. These data indicated that the mRNA levels of MYDS88 were upregulated, both in AP experimental
models and in serum from patients with AP (Figure 4A). This observation suggested a significant degree of similarity in
AP development between different species, with MYD88 genes playing key roles in the development of AP in animal
models and in humans. However, the IRF7, IRF9, and SPP1 genes were only validated in the mouse pancreatic tissue
sequencing (Figure 4B-D). Interestingly, despite not being successfully validated in mouse pancreatic tissue sequencing
data, TLR1, TLR7, RIPK3 and OAS2 were validated in human peripheral blood sequencing data (Figure 4E-H). This may
be attributed to the limited sample size of mouse pancreatic tissue and substantial individual variations. Unfortunately,
GBP2 was slightly elevated in both humans and mice, but there was no statistical difference (Figure 4I). In summary,
these data further indicated that the TLR and NOD-like receptor signaling pathways play an important role in the
development of AP through the regulation of some key genes, such as MYD88.

Apoptosis serves as a crucial pathway mediating pancreatic necrosis in AP

Apoptosis, a programmed cell death process, has been reported to play a key role in AP and can clear damaged cells in
the early stages of inflammation. However, it can also become excessively activated in the later stages, leading to
significant acinar cell death[7,11]. Given that the apoptosis pathway was significantly activated in the AP mouse models
(Figure 2F), we further identified the SDE genes involved in this pathway. The heatmap plot showed SDE genes in the
two AP models vs normal pancreatic tissue, including apoptosis-related genes such as BAK1, BAX, PIDD1, the FOS and
the factor TNF (Figure 5A and B).
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Figure 4 Public RNA-seq data reveals that the significant role of TLR and NOD-like signaling pathways in acute pancreatitis
pathogenesis. A-I: The acute pancreatitis (AP) animal RNA-seq dataset (GSE109227) and human AP patient blood RNA-seq dataset (GSE194331) were
downloaded from the Gene Expression Omnibus database for the external validation of significant differentially expressed genes in the successfully validated NOD-
like receptor and TLR signaling pathways in the animal model, using quantitative real-time PCR. n = 6 per group.
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Figure 5 Apoptosis served as a crucial pathway mediating pancreatic necrosis in acute pancreatitis. Significant differentially expressed (SDE)
genes in the apoptotic signaling pathway after comparing the caerulein (CAE) group and CAE + lipopolysaccharide (LPS) group to the control (Con) group. A:
Heatmap of SDE genes in the CAE group compared to the Con group; B: Heatmap of SDE genes in the CAE + LPS group compared to the Con group; C-K:
Quantitative real-time PCR expression values of commonly significantly different genes in both groups, n = 6 per group, 2P < 0.05, °P < 0.01, °P < 0.001. CAE:
Caerulein; CON: Control; LPS: Lipopolysaccharide.

To validate the RNA-seq results, two additional batches of AP animal models were generated. Consistently, compared
with the normal group, the mRNA levels of these genes were significantly upregulated in the experimental model of AP
treated with caerulein or in combination with LPS treatment, as detected by qRT-PCR (Figure 5C-K). Notably, several
apoptosis-related genes, such as BAK1, FOS, and TNF, showed a more pronounced increase in expression in the group
with AP induced by the combination of caerulein and LPS, indicating a close correlation between apoptosis genes and the
severity of AP. These data indicated that apoptosis is considered an important biological feature of AP.

TUBA1A and GADD45A are genes closely associated with apoptosis in AP
Similarly, the validation of apoptosis-related genes was conducted using RNA-seq data from both animal pancreatic
tissue and human peripheral blood samples. In contrast to the confirmation of inflammation and immune-related genes
mentioned earlier, most apoptosis-related genes were not confirmed in the human peripheral blood sequencing results.
Only two genes, TUBAIA and GADD45A, were successfully validated (Figure 6A and B). This discrepancy may be
attributed to species differences and variations in the sequenced samples. Apoptosis primarily acts on cells within tissues
and has a smaller impact on the entire systemic circulation, making it challenging to detect in peripheral blood samples.
As expected, the mouse pancreatic sequencing results were highly consistent with our results, such as BAX, BAK1, FOS
, CTSS, TUBA1A, and GADD45A (Figure 6A-E). Unfortunately, while the expression of the PARP3 gene aligned with our
anticipated trend, it did not exhibit significant differences (Figure 6F). Further exploration revealed that the TNF and
PIDD1 genes demonstrated a completely contrary expression pattern to our expectations (Figure 6G and H). Unfortu-
nately, PIDD1 had the exact opposite trend, suggesting that it may not be representative of the variation in AP (Figure 6I).
Therefore, we believe that further efforts are warranted in the exploration of apoptosis-related processes in AP to identify
targets that also play roles in humans.

Inflammatory response in hM3/Ptf1a transgenic animal models consistent with the caerulein model

To gather further evidence to substantiate the significance and universality of apoptosis in AP, we decided to employ a
transgenic animal model for validation. The hM3/Ptfla? model involves the activation of M3 receptors in acinar cells of
the pancreas, induced by a pancreas-specific promoter, Ptfla, leading to spontaneous pancreatitis. The hM3 cholinergic
receptor is a component of the cholinergic nervous system and is widely distributed across various organs and tissues.
Within the digestive system, the hM3 receptor plays a significant role in the contraction of gastrointestinal smooth
muscles, secretion of digestive fluids, and gastrointestinal motility[27]. The Ptfla gene functions as a transcription factor
that is crucial in regulating the development of pancreatic acinar cells. The cre recombinase driven by the Ptfla gene
promoter marked the hM3 gene specifically expressed in acinar cells[28]. Transgenic mice were administered tamoxifen
orally to activate Ptfla©?, followed by intraperitoneal injection of Clozapine N-oxide (CNO) after a one-month interval to
activate the Ptfla gene (Figure 7A).

Activation of the 1M3 gene led to excessive secretion of pancreatic enzymes, causing AP. More severe than the
caerulein model, the mice exhibited extensive diffuse necrosis and abundant inflammatory infiltration in the pancreas
(Figure 7B). After inducing pancreatitis, qRT-PCR was utilized to assess the inflammatory genes mentioned above. The
results revealed that despite variations in modeling approaches, all genes exhibited a consistent trend with the caerulein
model: notably elevated during AP (Figure 7C-K). This underscores once more the pivotal role of the genes we have
identified as key players in AP inflammation.

The apoptosis in AP in the hM3/Ptf1ac transgenic animal model was consistent with the caerulein models

To further investigate the expression changes in apoptotic genes after AP induction in transgenic mice, qRT-PCR was
employed to assess their expression. Surprisingly, apoptotic gene expression was confirmed in the hM3/Ptfla®? mouse
model and these findings confirmed the similarity in the regulatory mechanisms of the apoptotic pathway across
different AP models (Figure 8). Identifying key targets that influence apoptosis and promote a positive role in AP could
aid in reducing pancreatic necrosis.
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Figure 6 TUBA1A and GADD45A were genes closely associated with apoptosis in acute pancreatitis. A-I: The acute pancreatitis (AP) animal
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RNA-seq dataset (GSE109227) and human AP patient blood RNA-seq dataset (GSE194331) were downloaded from the Gene Expression Omnibus database for the
external validation of the genes successfully validated in the animal model and related to the apoptotic signaling pathway, using quantitative real-time PCR. AP: Acute
pancreatitis; HC: Healthy control.
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Figure 7 Inflammatory response in hM3/Ptf1a(cre) transgenic animal models consistent with the caerulein model. hM3/Ptf1a(cre) model and
its pathological images with inflammatory gene validation. A: Schematic representation of the hM3/Ptf1a(cre) model; B: H&E staining of pancreatic tissue schematic
representation of the modeling methods; C-K: Validation of the significant differentially expressed genes in the transgenic animal hM3/Ptf1a(cre) model after inducing
acute pancreatitis, which were found in the NOD-like receptor and TLR signaling pathways. n = 6 per group, P < 0.01, P < 0.001. CON: Control; CNO: Clozapine N-
oxide.
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DISCUSSION

In our effort to unravel the molecular changes underlying the development of AP, we adopted the widely recognized and
physiologically relevant caerulein model. To closely mimic clinical scenarios and to avoid the limitations of a single
severity model, we employed a combination of caerulein and LPS to induce SAP. Transcriptome analysis utilizing RNA-
seq revealed dynamic transcriptional alterations in AP. Comparative analysis between the caerulein group and the
caerulein combined with LPS group revealed a highly congruent set of SDE genes. GO and KEGG analyses highlighted
the enrichment of pathways predominantly associated with inflammation, immunity, and apoptosis. Notably, the NOD-
like receptor and TLR signaling pathways exhibited robust concordance of SDE genes in our induced animal samples,
bolstering the internal validity of our experimental results. However, this congruence was not fully recapitulated in
external datasets. Importantly, genes including TLR1, MYD88, RIPK3, and GBP2, which were differentially expressed in
our model, were also validated in human blood samples, underscoring the reliability of our findings and offering novel
therapeutic targets for future studies in the realms of inflammation and immunity. Within the apoptosis-related
pathways, the atypical expression of the TUBAIA and GADD45A genes stood out remarkably. Their dysregulation not
only held true in our animal model but also withstood scrutiny in publicly available GEO datasets and transgenic animal
experiments. This presents a promising outlook for TUBAIA and GADD45A as novel intervention targets for the necrosis
of AP in future clinical treatment.

In our quest to decipher the intricate mechanisms underlying AP, we judiciously opted not to employ all available
modeling approaches. This decision was rooted in the realization that certain models fail to faithfully represent the
pathophysiological mechanisms and exhibit unique, albeit nonrepresentative, conditions associated with AP. For
instance, the AP model induced by intraperitoneal injection of L-arginine, while being informative in specific contexts,
does not provide clear mechanistic insights into AP and may be related to amino acid imbalances and oxidative stress[29-
31]. Importantly, this model does not closely mimic the etiology observed in clinical AP patients, thus limiting its transla-
tional relevance. Similarly, the retrograde ductal infusion-induced AP model primarily manifests lesions in the pancreatic
head characterized by extensive necrosis, with the pancreatic tail displaying primarily edematous changes[32]. The non-
uniform distribution of pathological alterations in this model, while recapitulating certain aspects of gallstone-induced
pancreatitis, deviates from the clinical course of AP[33]. Nevertheless, this model bears semblance to the mechanistic
underpinnings of biliary pancreatitis, offering a prospective avenue for investigating the molecular mechanisms
underlying the development of gallstone-induced pancreatitis.

The early-phase inflammatory response in AP plays a pivotal role in exacerbating disease progression[34].
Consequently, our study placed particular emphasis on the major inflammatory signaling pathways: the TLR and NOD-
like receptor signaling pathways. High-quality research has reported a close association between TLR-like receptors and
inflammatory damage in AP[19]. Notably, the absence of the toll-like receptor 2 receptor effectively alleviates AP in
animal models[17], while the TLR4 receptor is closely linked to lung injury in AP[18]. Evidently, TLR-like receptor
signaling pathways are intricately linked to the progression of AP.

This study verified key genes, such as TLR1, MYD88, RIPK3, and GBP2, through multiple models and datasets, offering
valuable insights and directions for future research endeavors. MYD88 functions as a downstream molecule of TLR-like
receptors, participating jointly in the regulation of immunity and inflammatory responses while also having the
capability to modulate RIPK3 involvement in cellular apoptosis pathways[35,36]. GBP2 is a highly regarded molecule
within the field of oncology research, as it has the capacity to enhance tumor invasion and proliferation abilities[37]. NOD
receptors often play a supplementary role alongside TLR-like receptors, and numerous reports have associated them with
intestinal injury in AP. For instance, they can assist Paneth cells in mitigating intestinal damage in the absence of TLR4
[38]. Therefore, these two crucial inflammatory signaling pathways warrant further exploration, as they may serve as
critical points of initiation in the inflammatory cascade of AP.

Apoptosis, a form of programmed cell death, is critically important for the development and maintenance of the
immune system, as well as its response to external and internal stimuli[11]. In the course of AP, apoptosis of acinar cells is
often closely associated with oxidative stress and inflammation. Numerous reports have highlighted genes that can
modulate and influence the progression of apoptosis, including recent research findings implicating genes such as those
involved in the ATF6/P53/IFM2 and Sirtl/Nrf2/ TNF pathways[39,40]. Many reviews have emphasized the role of key
genes such as caspases; however, significant differential expression of caspases at the transcriptional level was not
observed in our study, possibly due to minimal changes in their transcription and more pronounced alterations at the
protein level[7,41]. TNF-a, an apoptosis-responsive protein present in pancreatic acinar cells, exhibited notable transcrip-
tional changes[40]. Among the successfully validated genes, TUBA1A and its association with apoptosis have received
limited attention[42], while GADD45A, as a critical apoptosis-related gene, plays a significant role in promoting apoptosis
through interactions with various molecules[43,44]. Subsequent research efforts may shift the focus toward TUBAIA to
explore novel avenues of investigation. This research underscores the intricate regulatory mechanisms of apoptosis in the
context of AP, shedding light on key genes and their transcriptional dynamics, with potential implications for therapeutic
intervention.

The etiology of AP was diverse, and we have yet to explore other causative factors leading to AP, such as hyperlip-
idemic pancreatitis and alcoholic pancreatitis. Furthermore, there was a wide range of animal models available for AP,
including models induced by L-arginine, pancreatic duct ligation, and retrograde ductal infusion, but comparative
experiments in this area were lacking. Despite the identification of numerous genes playing important roles in inflam-
mation and apoptosis, further validation experiments in animal models and in-depth exploration of their mechanisms
will be finished in future work. Transgenic mouse models of AP certainly exhibit unique molecular changes, but we have
not extensively investigated the differences between these models and the commonly used caerulein model. The
aforementioned unfinished aspects will be the focus of our subsequent work. Nonetheless, our study provides insights
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Figure 8 The apoptosis in acute pancreatitis in the hM3/Ptf1a(cre) transgenic animal model was consistent with the caerulein models. A-l:
Validation of the significant differentially expressed genes in the NOD-like receptor and TLR signaling pathways in the transgenic animal hM3/Ptf1a(cre) model after
inducing acute pancreatitis. n = 6 per group, 2P < 0.01, °P < 0.001. CON: Control; CNO: Clozapine N-oxide.

into the molecular alterations in AP and identifies genes that play crucial roles in inflammation and apoptosis processes,
offering potential therapeutic targets.

CONCLUSION

This study investigated the molecular changes associated with the development of AP. RNA-seq analysis identified a
significant overlap in the gene expression patterns between AP and normal pancreas, primarily involving inflammatory,
immune, and apoptotic pathways. The validation of the TLR and NOD-like receptor signaling pathways using animal
tissues and two GEO datasets highlighted several potential key genes, including TLR7, IRF7, SPP1, OAS2, and RIPK3.
Moreover, we emphasized the importance of apoptotic pathways in AP. By incorporating transgenic animal models into
the validation process, TUBAIA and GADD45A were identified as the most important expressed genes, suggesting their
potential as critical targets for future interventions and therapies in AP. Both wild type and the hM3/Ptfla©? mice shared
the same pattern of inflammation. These discoveries provide new avenues for the treatment of necrosis in AP.

ARTICLE HIGHLIGHTS

Research background

Acute pancreatitis (AP) is a severe abdominal condition with an increasing incidence rate. Currently, there are no specific
therapeutic approaches targeting the underlying causes of this disease. Research on AP is still in its early stages, and this
study focuses on the molecular changes associated with inflammation and apoptosis, two major pathological events in
AP. The aim is to identify new potential targets for treatment interventions.

Research motivation
This study primarily focused on the molecular changes in AP, indicating significant alterations in inflammation and
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apoptosis. The research also identified key genes involved in the TLR and NOD signaling pathways, as well as in the
apoptotic signaling pathway, highlighting new research and intervention targets for future investigations in this field.

Research objectives

The purpose of this research was to investigate the parthenogenesis and molecular changes associated with AP. In fact,
we have identified genes that play important roles in the inflammatory and apoptotic signaling pathways. These findings
provide directions for future studies aimed at reducing inflammation and alleviating pancreatic necrosis in AP, as well as
discovering new therapeutic approaches for AP.

Research methods

In this study, RNA sequencing analysis was employed to investigate the molecular changes associated with AP and
identify key genes involved. Additionally, external GSE from human peripheral blood samples and mouse pancreatic
tissues were downloaded and used for validation purposes. Transgenic mice models were also utilized to further validate
the findings after induction of AP.

Research results

The molecular changes in inflammation and apoptosis are consistent between different animal models of AP and
transgenic AP models. The TLR and NOD signaling pathways play important roles in the inflammatory response of AP,
with key genes identified as TLR1, TLR7, RIPK3, and OAS2. TUBAIA and GADD45A have been identified as crucial
molecules involved in regulating acinar cell apoptosis in AP. However, further analysis is still needed to investigate AP
associated with various etiologies and different modeling method.

Research conclusions

New theories: (1) TUBAIA and GADD45A are key molecules involved in regulating apoptosis of vesicular cells in AP;
and (2) Transgenic mice, hM3/Ptfla®® with AP induced by caerulein, exhibit similar molecular changes. New method:
Transgenic mice carrying the hM3/Ptfla© construct were generated and successfully developed AP.

Research perspectives
Using the latest single-cell sequencing technology to investigate the pathogenic mechanisms of AP in-depth.
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Abstract

BACKGROUND

Hemorrhage associated with varices at the site of choledochojejunostomy is an
unusual, difficult to treat, and often fatal manifestation of portal hypertension. So
far, no treatment guidelines have been established.
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Grade D (Fair): 0 CASE SUMMARY

Grade E (Poor): 0 We reported three patients with jejunal varices at the site of choledochojejun-
ostomy managed by endoscopic sclerotherapy with lauromacrogol/a-butyl
cyanoacrylate injection at our institution between June 2021 and August 2023. We
reviewed all patient records, clinical presentation, endoscopic findings and
treatment, outcomes and follow-up. Three patients who underwent pancre-
aticoduodenectomy with a Whipple anastomosis were examined using conven-
tional upper gastrointestinal endoscopy for suspected hemorrhage from the
afferent jejunal loop. Varices with stigmata of recent hemorrhage or active he-
morrhage were observed around the choledochojejunostomy site in all three
patients. Endoscopic injection of lauromacrogol/a-butyl cyanoacrylate was
carried out at jejunal varices for all three patients. The bleeding ceased and
Article in press: March 26, 2024 patency was observed for 26 and 2 months in two patients. In one patient with
Published online: April 14, 2024 multiorgan failure and internal environment disturbance, rebleeding occurred 1
month after endoscopic sclerotherapy, and despite a second endoscopic sclero-
therapy, repeated episodes of bleeding and multiorgan failure resulted in
eventual death.
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CONCLUSION

We conclude that endoscopic sclerotherapy with lauromacrogol/a-butyl cyanoac-
rylate injection can be an easy, effective, safe and low-cost treatment option for
jejunal varicose bleeding at the site of choledochojejunostomy.

Key Words: Endoscopic sclerotherapy; Jejunal varices; Choledochojejunostomy; Portal
vein hypertension; Case report
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Core Tip: This is the first series of case reports on endoscopic sclerotherapy for venous varices at the choledochojejun-
ostomy, including videos. From the experiences of our center, endoscopic sclerotherapy with lauromacrogol/a-butyl
cyanoacrylate injection may be considered as an easy, cost-effective and efficient treatment option for hemorrhage from
venous varices at the choledochojejunostomy site. For patients without complications, underlying diseases, and significant
organ dysfunction, as well as those who have undergone pancreaticoduodenectomy for benign diseases, endoscopic sclero-
therapy tends to have better outcomes.
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choledochojejunostomy (with video): Three case reports. World J Gastroenterol 2024; 30(14): 2059-2067
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INTRODUCTION

The prevalence of gastrointestinal hemorrhage from ectopic varices is relatively low, ranging from 1% to 5%[1,2].
Bilioenteric anastomosis is an uncommonly affected site of ectopic variceal bleeding[3]. Hemorrhage associated with
varices at the site of choledochojejunostomy is an unusual, difficult to treat, and often fatal manifestation of portal
hypertension (PHT). The possible cause of hemorrhage from ruptured jejunal varices could be extrahepatic portal vein
obstruction or stenosis at the site where choledochojejunostomy was previously carried out, which leads to the
development of hepatopetal portal collaterals through the anastomosis and PHT[4,5].

Diagnosis of ectopic variceal hemorrhage at a bilioenteric anastomosis can be difficult because varices are located deep
within the jejunal loop and factors such as postsurgical adhesions make early detection of the bleeding source more
difficult[6]. Treatment of ectopic variceal hemorrhage at bilioenteric anastomoses can be challenging because of their
hemodynamic complexity. So far, no treatment guidelines have been established, so it may require a multidisciplinary
approach and depend on the patient’s conditions[7]. There are two treatment choices: Portal decompression and
obliteration of the varices[8-11]. Endoscopic sclerotherapy has been reported as a minimally invasive therapeutic method
for jejunal varices[12-14].

We report three patients with jejunal varices at the site of choledochojejunostomy managed by endoscopic sclero-
therapy with lauromacrogol/a-butyl cyanoacrylate injection. We highlight the outcomes of endoscopic sclerotherapy for
such rare causes of bleeding, and analyze the possible factors affecting treatment effectiveness.

CASE PRESENTATION

Chief complaints

Case 1: A 25-year-old woman was admitted to hospital because of hematemesis, melena and hematochezia for 1 wk
(Table 1).

Case 2: A 55-year-old man was admitted to our hospital with hematochezia for 1 month and hematemesis for 12 d
(Table 1).

Case 3: A 68-year-old man presented to our hospital with intermittent melena, dizziness and fatigue for 1 month
(Table 1).

History of present illness
Case 1: Local laboratory tests showed a minimum hemoglobin level of 45 g/L, which necessitated blood transfusions for
8 months. The location of the bleeding could not be definitively identified by repeated gastroscopy and colonoscopy.

Case 2: Gastroscopy and angiography at the local hospital did not definitively identify the site of bleeding.

Case 3: Gastroscopy at the local hospital revealed esophageal and gastric varices, no signs of bleeding.

History of past illness

Case 1: The patient had undergone pancreaticoduodenectomy with a Whipple anastomosis for a solid pseudopapillary
tumor of the pancreas 29 months prior to the current visit. Eighteen days after surgery, follow-up computed tomography
(CT) revealed formation of thrombosis in the portal vein and superior mesenteric vein, and anticoagulation therapy was
administered.
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Table 1 The patients' basic information and clinical data

Duration from

Patient Age . . . Injection mixture Pre- Carvedilol .
Sex  Primary disease operation to " i ) Rebleeding
No. (yr) e composition Clipping intake
admission
1 25 Female Solid pseudopapillary 29 months Auromacrogol/ a-butyl No No No
tumor of pancreas cyanoacrylate (5.0/0.5 mL)
2 55 Male  Cholangio; carcinoma 14 months Lauromacrogol/ a-butyl Yes No Yes
cyanoacrylate (12/1 mL)
3 68 Male  Cholangio; carcinoma 47 months Lauromacrogol/a-butyl No Yes No

cyanoacrylate (30/3 mL)

Case 2: He had undergone pancreaticoduodenectomy 14 months previously with a Whipple anastomosis for moderately
to poorly differentiated adenocarcinoma of the bile duct. The portal vein and the right wall of the superior mesenteric
vein were affected by tumor invasion and were partially resected during the operation.

Case 3: He had undergone pancreaticoduodenectomy with a Whipple-Braun anastomosis for moderately differentiated
adenocarcinoma of the bile duct (pathological staging pT2NO0) 47 months previously.

Personal and family history
All the three patients denied any family history of genetic disease and malignant tumours.

Physical examination
Case 1: The vital sign were as follows: Blood pressure, 104/72 mmHg; heart rate, 104 beats per min.

Case 2: On physical examination, the vital sign were as follows: Blood pressure, 121 /63 mmHg; heart rate, 83 beats per
min. Furthermore, anemic appearance and right abdominal tenderness were detected.

Case 3: On physical examination, the vital sign were as follows: Blood pressure, 121 /74 mmHg; heart rate, 75 beats per
min.

Laboratory examinations
Case 1: Hemoglobin: 77.0 g/L; white blood counts (WBC): 19.94 x 10°/L; platelet (PLT): 97 x 10°/L.

Case 2: After admission, laboratory assessments revealed that the patient had heart failure, kidney failure and severe
internal environment disorder. Hemoglobin: 73.0 g/L; PLT: 98 x 10°/L; blood urea nitrogen: 42.70 mmol/L; serum
creatinine: 367 pmol/L; carbon dioxide combining power: 6.5 mmol/L; carbohydrate antigen 19-9: 42.85 U/mL.

Case 3: Hemoglobin: 84.0 g/L; WBC: 3.46 x 10°/L; PLT: 104 x 10°/L.

Imaging examinations

Case 1: After another episode of hematochezia, emergency gastroscopic examination the afferent loop revealed tortuous
dilated blood vessels around the choledochojejunostomy site (Figure 1A), along with mucosal rupture (Figure 1B).
Endoscopic ultrasonography confirmed the presence of numerous varicose veins near the choledochojejunostomy site,
with abundant blood flow (Figure 1C).

Case 2: A nonenhanced abdominal CT scan revealed liver cirrhosis and PHT. With adequate adjustment of the internal
environment and continuous renal replacement therapy, we performed emergency endoscopy on the afferent loop, which
revealed a significant number of tortuous dilated varicose veins near the choledochojejunostomy site, along with several
sites of active bleedings (Figure 1D).

Case 3: CT showed prehepatic PHT, suspicious tumor recurrence in the hepatic hilum area, and varices around the
choledochojejunostomy site (Figure 1E). Gastroscopy and colonoscopy detected no particular bleeding point, and only
detected nonbleeding signs of esophageal and gastric fundus varices. From these findings, his condition was suspected to
be due to repeated rupturing of jejunal varices of the afferent loop, which had developed because of extrahepatic portal
venous obstruction at the hepatic hilum area. Colonoscopy was undertaken to assess the possible varices around the
choledochojejunostomy site at the afferent loop. There were three varicose veins visible with signs of erythema
(Figure 1F) and thrombus head (Figure 1G), along with spontaneous bleeding (Figure 1H).

FINAL DIAGNOSIS

The final diagnosis of the three patients were jejunal varices at the site of choledochojejunostomy.
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Figure 1 Emergency endoscopy confirmed the presence of numerous varicose veins before endoscopic sclerotherapy and was validated
by endoscopic ultrasonography. A: Emergency gastroscopy revealed tortuous dilated blood vessels around the choledochojejunostomy site (Case 1); B: A
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mucosal rupture was detected with spontaneous bleeding (Case 1); C: Endoscopic ultrasonography confirmed the presence of numerous varicose veins with
abundant blood flow (Case 1); D: Emergency gastroscopy revealed a significant number of tortuous dilated varicose veins near the choledochojejunostomy site, along
with several active bleedings. Hemostatic clips were used before endoscopic sclerotherapy (Case 2); E: Computed tomography showed prehepatic portal
hypertension, suspicious tumor recurrence in the hepatic hilum area and the formation of varices around the choledochojejunostomy site (Case 3); F: Colonoscopy
revealed three varicose veins visible with signs of erythema (Case 3); G: Thrombus head (arrow) was detected (Case 3); H: Spontaneous bleeding was observed at
the site of varicose veins (Case 3).

TREATMENT

Case 1

Injection sclerotherapy with lauromacrogol/a-butyl cyanoacrylate (5.0/0.5 mL) was carried out at the mucosal rupture
(Figure 2A). Vascular angiography showed a patent portal vein and segmental occlusion of the superior mesenteric vein
with old mural thrombus (arrow, Figure 2B). Therefore, balloon angioplasty of the superior mesenteric vein was not
feasible. Considering the risk of bleeding, anticoagulant medication was not administered.

Case 2

Hemostatic clips were used to close off the bleeding points. Subsequently, combined injection of lauromacrogol/a-butyl
cyanoacrylate (12/1 mL) was administered to the varicose veins (Figure 2C).

Case 3

A sandwich method was used to inject a mixture of lauromacrogol/o-butyl cyanoacrylatepoly (30/3 mL) at multiple
points for endoscopic sclerotherapy (Figure 2D and Video).

OUTCOME AND FOLLOW-UP

Case 1
Hemorrhage has remained stable for 27 months of follow-up.

Case 2

Rebleeding occurred 1 month after endoscopic sclerotherapy, and despite two further endoscopic sclerotherapy
procedures, repeated episodes of bleeding and multi-organ failure resulted in eventual death.

Case 3

The patient developed moderate abdominal discomfort that disappeared within 2 d. He declined further examinations
regarding tumor recurrence and was discharged with 6.25 mg carvedilol orally once daily after sclerotherapy to reduce
portal vein pressure. One month later, the patient returned to the hospital for a follow-up examination. Enhanced CT
revealed increased soft tissue density in the hepatic hilum, suggesting metastasis. There was also localized narrowing of
the portal vein, with increased pressure on the right side of the narrowed segment. The peritoneum was thickened, and
abdominal lymph nodes were enlarged (Figure 3A). The endoscopic follow-up revealed adhesive clumps and exudative
ulcers near the choledochojejunostomy site, with no signs of bleeding (Figure 3B). The patient underwent endoscopic
ultrasound-guided fine needle aspiration (EUS-FNA) of the hepatic hilum mass, which was confirmed to be high-grade
intraepithelial neoplasia, suggesting metastasis. However, the patient declined portal vein stenting intervention and was
subsequently discharged. Two months after undergoing endoscopic sclerotherapy, a follow-up call revealed the patient
had no further gastrointestinal bleeding and continued to take carvedilol consistently.

DISCUSSION

Anastomotic jejunal varices are a rare and often easily ignored cause of bleeding from the gastrointestinal tract and are
typically diagnosed in patients with portal vein hypertension due to cirrhotic or extrahepatic PHT[15,16]. In some
patients who have previously undergone cholangiojejunostomy, portal vein hypertension may occur as a result of
extrahepatic portal venous stenosis or obstruction, leading to the development of hepatopetal portal collaterals through
the anastomosis in the afferent loop[17]. Extrahepatic portal venous stenosis or obstruction can result from
thrombophlebitis of the portal or superior mesenteric vein associated with an infection, compression or invasion of the
portal vein by benign and malignant tumor, radiation-induced portal vein stenosis, thrombosis caused by portal stasis
associated with hepatic cirrhosis, or surgical adhesions[18,19]. The most likely causes in our patients were as follows.
Case 1 was considered to have a long-segment occlusion in the superior mesenteric vein due to an obsolete thrombus
associated with potential infection. Case 2 had a tumor invading the right wall of the portal vein and superior mesenteric
vein, leading to an intraoperative vascular wall resection. In case 3, it was believed to have resulted from local stenosis of
the portal vein caused by recurrence of a tumor at the hepatic portal region, leading to portal vein hypertension on the
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Figure 2 Hemostatic clips were used to close off the bleeding points. A: Injection sclerotherapy mixture of lauromacrogol/a-butyl cyanoacrylate (5.0/0.5
mL) (Case 1); B: Vascular angiography showed a patent portal vein, but a segment occlusion of the superior mesenteric vein with old mural thrombus (arrow) (Case
1); C: A combined injection of lauromacrogol/a-butyl cyanoacrylate (12/1 mL) was administered at the varicose veins (Case 2); D: Endoscopic sclerotherapy with
lauromacrogol/a-butyl cyanoacrylate (30/3 mL) injection for jejunal varices were carried out immediately (Case 3).

right side of the stenotic segment.

Although the number of long-term survival cases after cholangiojejunostomy has increased, only a few have so far
been reported. Despite the low incidence, jejunal varices should be considered in the differential diagnosis of digestive
bleeding in patients with a history of pancreaticoduodenectomy. Clinical features for variceal bleeding are similar to
those of typical varices. Depending on the bleeding rate, venous varices at the site of cholangiojejunostomy can present
with hematemesis, melena or hematochezia. Based on previous reports, venous varices at the site of cholangiojejun-
ostomy can lead to hemorrhagic shock, often requiring multiple blood transfusions during the treatment process. All
three patients we reported received multiple blood transfusions during treatment.

Ectopic varices at the site of cholangiojejunostomy, which can trigger life-threatening bleeding, are usually overlooked
in the differential diagnosis when hemorrhage occurs, owing to the length of small bowel, tortuosity and the intermittent
nature of bleeding[3]. Enteroscopy can serve as an effective interventional diagnostic tool with therapeutic capabilities
[14]. For patients who have undergone the Whipple procedure, experienced endoscopists can also reach the site of
choledochojejunostomy using conventional gastroscopy and colonoscopy, and endoscopic treatment can also be
performed. Capsule endoscopy cannot show the anastomosis because it is in the afferent limb[20].

Treatment of jejunal loop varices is difficult and has no definitive conclusion because of their hemodynamic
complexity. Two treatment options are available: Obliteration of the varices (by endoscopic sclerotherapy or ligation,
embolization using interventional radiology, surgery for re-anastomosis); and portal decompression (by portal venous
dilatation and stent placement, splenectomy, and shunt operation)[9,21-26]. A multidisciplinary approach with the
cooperation of endoscopists, interventional radiologists, and surgeons is critical for timely treatment of these patients
[27]. The choice of treatment strategy depends on the patient’s overall condition, and the physician’s skill and equipment
available at the institution. Norton ef al[12]. used an algorithmic approach for treatment, and endoscopic therapy was
recommended as the primary option. Embolization, surgical shunt or transjugular intrahepatic portosystemic shunt
should be taken into consideration if the hemorrhage cannot be successfully controlled by endoscopic therapy and the
portal vein is patent. Surgical ligation should be selected if the portal vein is obstructed. In summary, endoscopic therapy
should be the first-choice management for ectopic variceal bleeding. Additionally, second or third rounds of treatment

3ﬁ9® WJG | https://www.wjgnet.com 2064 April 14,2024 | Volume30 | Issue14 |



Liu J et al. Endoscopic sclerotherapy for ectopic varices

Figure 3 Endoscopic re-examination confirmed no signs of bleeding after endoscopic sclerotherapy (Case 3). A: Follow-up enhanced
computed tomography revealed increased soft tissue density in the hepatic hilum, suggesting metastasis; B: Follow-up endoscopy revealed adhesive clumps and
exudative ulcers near the choledochojejunostomy site, with no signs of bleeding observed.

should be taken into consideration, because control of ectopic bleeding is sometimes difficult[5].

In case 1, vascular angiography showed patent portal vein blood flow, but the superior mesenteric vein was occluded
due to chronic thrombosis, making balloon angioplasty with stent placement impossible. For case 2, the previous surgical
records indicated that the primary tumor had a wide-ranging involvement, affecting the portal vein and superior
mesenteric vein. The patient’s poor general physical condition and cardiac and renal functions led him ultimately to
decide upon repeated endoscopic sclerotherapy as the treatment option. For case 3, CT confirmed the presence of a soft
tissue mass in the hepatic hilum area, which encased and compressed the portal vein, resulting in significant narrowing.
EUS-FNA was inclined towards a possible recurrence. However, the patient ultimately refused the placement of a portal
vein stent.

Some factors may affect the clinical outcomes of endoscopic sclerotherapy for variceal bleeding at the site of cholan-
giojejunostomy. The severity of varices can affect the difficulty and success rate of treatment. More severe varices may
require more treatment sessions or a greater amount of sclerosant, increasing the risk and complexity of the treatment.
The overall condition of the patient can influence the risk and recovery of the procedure. Some patients may have failure
of other organs that could increase the risk of treatment. The endoscopist’s expertise and skill can directly affect the
success rate of treatment and the incidence of complications. Post-treatment follow-up and strategies to prevent
recurrence are also crucial factors. From the prospective of pathophysiology, beta-blockers make sense in patients with
ectopic varices[28]. Case 3 has been regularly taking carvedilol after sclerotherapy to reduce portal vein pressure;
however, large-scale clinical data are still needed to evaluate the benefits of using carvedilol in patients with varices at the
biliary-enteric anastomosis.

There were some limitations to the current study. First, the results were obtained retrospectively, and the number of
cases was small. However, due to the short survival period caused by the underlying neoplastic disease and post-pancre-
aticoduodenectomy, as well as the low incidence of venous varices at the choledochojejunostomy site, there are a small
number of reports of these patients. Further studies with larger sample size or prospective cohort studies are needed to
confirm the safety and effectiveness. Second, all endoscopic sclerotherapeutic procedures were performed by an
endoscopist at a single center. Therefore, it is difficult to generalize the current results. Despite these limitations, to our
knowledge, this is the first series of case reports on endoscopic sclerotherapy for venous varices at the choledochojejun-
ostomy site, including videos.

CONCLUSION

Endoscopic sclerotherapy with lauromacrogol/o-butyl cyanoacrylate injection may be considered as an easy, cost-
effective and efficient treatment option for hemorrhage from venous varices at the choledochojejunostomy site in patients
who have undergone pancreaticoduodenectomy. For patients without complications, underlying diseases, and significant
organ dysfunction, as well as those who have undergone pancreaticoduodenectomy for benign diseases, endoscopic
sclerotherapy tends to have better outcomes. The treatment of this rare cause of bleeding will increasingly require a
multidisciplinary approach and personalized treatment choices in the future.
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