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Abstract
Colorectal cancer (CRC) is one of the most common malignancies of the digestive 
tract, with the annual incidence and mortality increasing consistently. Oxaliplatin-
based chemotherapy is a preferred therapeutic regimen for patients with 
advanced CRC. However, most patients will inevitably develop resistance to 
oxaliplatin. Many studies have reported that non-coding RNAs (ncRNAs), such as 
microRNAs, long non-coding RNAs, and circular RNAs, are extensively involved 
in cancer progression. Moreover, emerging evidence has revealed that ncRNAs 
mediate chemoresistance to oxaliplatin by transcriptional and post-transcriptional 
regulation, and by epigenetic modification. In this review, we summarize the 
mechanisms by which ncRNAs regulate the initiation and development of CRC 
chemoresistance to oxaliplatin. Furthermore, we investigate the clinical 
application of ncRNAs as promising biomarkers for liquid CRC biopsy. This 
review provides new insights into overcoming oxaliplatin resistance in CRC by 
targeting ncRNAs.

Key Words: Colorectal cancer; Non-coding RNAs; Oxaliplatin; Resistance; Liquid biopsy 
biomarkers
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Core Tip: Oxaliplatin has served as a first-line chemotherapy option for colorectal cancer (CRC). However, 
owing to congenital or acquired resistance, treatment failure is common in some patients with CRC. 
Abundant evidence has revealed that non-coding RNAs (ncRNAs) are extensively involved in cancer 
progression, including drug resistance. Specifically, ncRNAs mediate resistance to oxaliplatin by 
mediating drug carriers, tumor microenvironment, resistance-related signaling pathways, and patterns of 
cell death. Importantly, we investigated the potential and clinical application values of these ncRNAs as 
liquid biopsy markers for CRC.

Citation: Luo ZD, Wang YF, Zhao YX, Yu LC, Li T, Fan YJ, Zeng SJ, Zhang YL, Zhang Y, Zhang X. Emerging 
roles of non-coding RNAs in colorectal cancer oxaliplatin resistance and liquid biopsy potential. World J 
Gastroenterol 2023; 29(1): 1-18
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/1.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.1

INTRODUCTION
Colorectal cancer (CRC) is considered to be the leading cause of death associated with malignancy of the 
gastrointestinal tract, with approximately 1932 million new cases and 935000 deaths in 2020[1]. 
Currently, surgery is the preferred treatment option for early CRC patients; however, it has few clinical 
benefits for advanced patients due to high rates of postoperative metastasis and recurrence[2,3]. The 
annual survival rate for stage III CRC patients is about 30%-60%; this figure drops to just 10% for stage 
IV patients[4,5]. The combination of oxaliplatin, 5-fluorouracil, and leucovorin (FOLFOX) has 
significantly increased the overall survival of patients and now serves as a first-line standard regimen 
for metastatic CRC (mCRC)[6]. Oxaliplatin is a widely used third-generation platinum analog that 
functions by reacting with DNA to form hydration derivatives with intra- and inter-strand crosslinks 
eventually resulting in cell death[7]. However, oxaliplatin has not been satisfactory in improving the 
survival rate of some patients due to drug resistance[8]. Moreover, some toxic side effects persist after 
oxaliplatin treatment; these include peripheral neurotoxicity, which further hinders chemotherapy[9]. 
Fortunately, oxaliplatin-based chemotherapy retreatment strategies are being optimized to provide 
further personalized therapy for patients with mCRC[10]. Therefore, it is of great importance to 
understand the mechanism by which oxaliplatin resistance occurs, and to identify new biomarkers that 
can aid prediction of the outcomes for CRC patients treated with oxaliplatin-based therapy.

Although the processes of chemoresistance in CRC are intricate and inconclusive[11], ongoing 
research has revealed multiple oxaliplatin resistance mechanisms. Several studies have confirmed that 
chemoresistance is associated with the dysregulation of efflux proteins and drug-metabolizing enzymes, 
such as ABC transporters and GSTP1; these enzymes mediate drug uptake, transport, and toxicity[12,
13]. Furthermore, accumulating evidence suggests that epithelial-mesenchymal transition (EMT)[14] 
and DNA damage repair[15] are driving factors that result in chemoresistance and tumor progression. 
Many studies have reported that various signaling pathways, such as the TGF-β/Smad[16], JNK/p38 
MAPK[17], Wnt/β-catenin[18], and MEK/ERK/ELK1[19] pathways are closely associated with 
oxaliplatin resistance. As the main regulatory components of the tumor microenvironment (TME), 
cancer-associated fibroblasts (CAFs)[20] and tumor-associated macrophages[21] can modulate cancer 
chemotherapy resistance through complex mechanisms of crosstalk. Of note, emerging studies have 
confirmed that cell death mechanisms play a pivotal role in chemoresistance. It has been reported that 
apoptosis inhibition[22] and autophagy dysregulation[23] are underlying mechanisms leading to 
chemoresistance. Furthermore, numerous studies have identified that several additional death 
mechanisms can mediate CRC chemoresistance, including ferroptosis[24], pyroptosis[25], necroptosis
[26], and others. However, the detailed molecular mechanisms by which these cell death modes lead to 
oxaliplatin resistance are unclear and require further investigation.

Non-coding RNAs (ncRNAs) refer to RNA molecules transcribed from genes that cannot encode 
proteins, accounting for more than 90% of human gene transcripts. ncRNAs can be divided into either 
small ncRNAs (< 200 nucleotides) or long non-coding RNAs (lncRNAs) (> 200 nucleotides) based on 
their length[27-29]. In the last decade, circular RNAs (circRNAs), a type of circular RNA generated in 
the splicing process of pre-mRNA, have emerged as a focus of research[30] (Figure 1). A growing 
number of studies have revealed that ncRNAs play critical roles in the occurrence and development of 
multiple human diseases via various mechanisms, such as epigenetics, transcription, and post-
transcription[31,32]. Moreover, microRNA (miRNAs), lncRNAs, and circRNAs are three of the more 
widely studied types of ncRNAs and have been shown to mediate tumor progression by regulating 
tumor cell proliferation, aggression, metastasis, apoptosis, and drug resistance, amongst other pathways
[33,34]. Drug resistance is one of the key factors in malignancy treatment failure, and whether this is 
mediated by ncRNAs has attracted increasing attention. In recent years, the rapid development of next-

https://www.wjgnet.com/1007-9327/full/v29/i1/1.htm
https://dx.doi.org/10.3748/wjg.v29.i1.1
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Figure 1 Classification of non-coding RNAs. Non-coding RNAs can be divided into either small ncRNAs (< 200 nucleotides) or long non-coding RNAs (> 200 
nucleotides) based on their length. Among these, small ncRNAs consist of ribosomal RNAs, transfer RNAs, small nucleosome/spliced RNAs, microRNAs, small 
interfering RNAs, PiWI-Interacting RNAs, and small nucleolar RNAs. Furthermore, the circular RNAs generated in the splicing process of pre-mRNA are also 
considered to be special ncRNAs. ncRNAs: Non-coding RNAs; lncRNAs: Long non-coding RNAs; rRNAs: Ribosomal RNAs; tRNAs: Transfer RNAs; snRNAs: Small 
nucleosome/spliced RNAs; miRNAs; MicroRNAs; siRNAs: Small interfering RNAs; piRNAs: PiWI-Interacting RNAs; snoRNAs: Small nucleolar RNAs.

generation sequencing technologies has expanded the understanding of tumor pathogenesis and drug 
resistance mechanisms, and an increasing number of tumor chemoresistance-associated differential 
ncRNAs have been identified[35-37]; these developments have provided the expansion of open datasets 
of candidate ncRNAs for basic research and clinical application. Currently, the targeting of ncRNAs as 
biomarkers in the clinic is being actively facilitated[38]. As such, a systematic understanding of the 
underlying roles of ncRNAs in malignancies provides valuable insights into overcoming chemores-
istance in CRC patients.

Although tissue biopsy is the gold standard for malignancy diagnosis, the availability of clinical 
samples is often limited, and subsequently, tumor heterogeneity may not be reflected in analysis and is 
therefore not suitable for longitudinal clinical monitoring[39]. As a noninvasive approach, liquid biopsy 
has been extensively applied for the real-time monitoring of variations in tumor dynamics in body 
fluids including blood, ascites, and others. With the development of novel molecular detection techno-
logies, growing evidence suggests that circulating tumor cells, circulating tumor DNA, circulating free 
nucleic acids, tumor-educated platelet, exosomes, etc[40,41] have gradually become prominent liquid 
biopsy hallmarks. Owing to their stability and high abundance, circulating ncRNAs can provide 
substantial details regarding tumor biology and therapeutic efficacy, and have become candidate 
biomarkers for earlier diagnosis, therapeutic monitoring, and prognosis evaluation of malignancies[42,
43].

In this study, we performed a systematic literature review to identify the latent mechanisms of 
ncRNAs (miRNAs, lncRNAs, and circRNAs) in CRC oxaliplatin resistance. In particular, exosomal 
ncRNAs, as one of the most promising biomarkers in liquid biopsies, are expected to improve 
diagnostic, therapeutic, and drug monitoring in CRC patients.
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OVERVIEW OF THE REGULATORY ROLES OF NCRNAS IN CRC OXALIPLATIN  
RESISTANCE
Classification and biological functions of miRNAs
MiRNAs are a class of small ncRNAs of approximately 22 nucleotides in length; they are produced by 
two RNase III proteins, Drosha and Dicer[44]. In general, miRNAs bind to the 3' untranslated region 
(UTR) of their target mRNAs resulting in cleavage or translational repression in the cytosol[45]. 
Intriguingly, numerous recent studies have demonstrated that some miRNAs activate gene 
transcription unconventionally in the nucleus by targeting enhancers, such miRNAs are known as 
nuclear activating miRNAs[46]. Moreover, enhancers (including super-enhancers) have been revealed to 
synergistically promote NamiRNA biogenesis and activate the expression of proximal genes[47,48]. 
Furthermore, studies have reported that the dysregulation of miRNAs may play an important role in 
CRC oxaliplatin resistance, as illustrated in Table 1.

Oncogenic miRNAs mediate oxaliplatin resistance in CRC
MiR-135b-5p has been confirmed to be upregulated in the serum of CRC patients, mechanistically this 
has been shown to induce protective autophagy via the MUL1/ULK1 signaling pathway, a process that 
contributes to oxaliplatin resistance[49].  Another miRNA, miR-454-3p, is highly expressed in 
oxaliplatin-resistant CRC cells compared to oxaliplatin-sensitive cells and promoted oxaliplatin 
resistance by inhibiting PTEN expression and activation of the AKT pathway[50]. Similarly, targeting 
miR-19a with high expression in oxaliplatin-resistant CRC cell lines could promote oxaliplatin sensit-
ization of resistant cells through activation of the PTEN/PI3K/AKT pathway[51]. Compounding these 
findings, it has been revealed that dichloroacetate, a pyruvate dehydrogenase kinase inhibitor, can 
enhance the chemosensitivity of oxaliplatin-resistant CRC cells through the miR-543/PTEN/Akt/ 
mTOR pathway and the miR-107/CAB39/AMPK/mTOR pathway[52,53]. In addition, an unbiased 
microRNA array demonstrated that miR-503-5p was up-regulated in oxaliplatin-resistant CRC cells; 
overexpression of miR-503-5p conferred resistance to oxaliplatin-induced apoptosis by inhibiting 
PUMA expression[54]. Further studies have revealed that by targeting BNI1, up-regulation of miR-744 
enhanced the resistance of T84 and HCT116 cells to oxaliplatin[55]. Moreover, the oncogenic miR-5000-
3p was upregulated in CRC tissues and oxaliplatin-resistant CRC cells, this miRNA negatively 
regulated USP9 to facilitate CRC chemoresistance[56]. Additionally, natural killer cells contributed to 
enhancing the sensitivity of oxaliplatin resistant CRC cells through the microRNA-146b-5p/WBSCR22 
axis[57]. Remarkably, miR-19b-3p has been documented to be the most significantly upregulated 
candidate miRNA in colon cancer tissues, its expression correlates with tumorous histologic grading, 
staging, and poor prognosis in patients. Importantly, miR-19b-3p facilitated proliferation, curbed 
apoptosis, and induced oxaliplatin resistance in CRC cells by targeting SMAD4[58].

Tumor-suppressive miRNAs mediate oxaliplatin resistance in CRC
Interestingly, it has been demonstrated by some that tumor-suppressive miRNAs are associated with 
oxaliplatin resistance. Studies have identified that miR-1278 was significantly downregulated in CRC 
tissues, and that overexpression of miR-1278 inhibited CRC progression and enhanced oxaliplatin 
sensitivity through targeting of the KIF5B/BTG2 axis[59]. Similarly, miR-506 was weakly expressed in 
chemoresistant CRC cells, but its overexpression has been confirmed to impair the resistance of HCT116 
cells to oxaliplatin via the Wnt/β-catenin pathway[60]. Moreover, miR-200b-3p was down-regulated in 
oxaliplatin-resistant CRC tissues and cells (HT29-OR and HCT116-OR), and studies revealed that miR-
200b-3p reversed oxaliplatin resistance of CRC cells by targeting TUBB3[61]. Furthermore, miR-122, 
which was down-regulated in oxaliplatin-resistant SW480 and HT29 cells, has been demonstrated to be 
overexpressed in CRC cells, this could enhance the chemosensitivity of CRC by inhibiting the 
expression of XIAP[62]. As a tumor suppressor, miR-193a-5p can act directly upon CXCR4 to mitigate 
the chemosensitivity of CRC cells to 5-FU and oxaliplatin[63]. Using sequencing, Liang et al[64] 
discovered that miR-483-3p was negatively correlated with FAM171B expression, and targeting the 
miR-483-3p/FAM171B regulatory axis could enhance the sensitivity of CRC cells to oxaliplatin. 
Moreover, miR-325 mimics were observed to prevent the development of oxaliplatin resistance in CRC 
via interference with the HSPA12B/PI3K/AKT/Bcl-2 axis[65]. Finally, a proteomic analysis study 
reported that regulation of miR-195-5p and miR-497-5p is a potential strategy for alleviating oxaliplatin 
resistance in CRC cells[66].

As an additional factor, several groups showed that the interaction between ncRNAs and autophagy 
exerted significant roles in the therapeutic resistance of CRC[67]. Sun et al[68] demonstrated that miR-
34a was expressed at low levels in oxaliplatin-resistant CRC patients and cells. Overexpression of miR-
34a contributed to facilitating the sensitivity of CRC cells to oxaliplatin by regulating the TGF-β/Smad4 
pathway resulting in the inhibition of macroautophagy. Furthermore, c-Myc has been shown to promote 
oxaliplatin resistance in CRC by integrating into the miR-27B promoter region and further mediating 
activation of the miR-27b-3p/ATG10 axis[69].
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Table 1 Dysregulation of microRNAs and oxaliplatin resistance in colorectal cancer

MiRNAs Expression1 Targets and pathways Ref.

miR-135b-5p ↑ MUL1/ULK1 [49]

miR-454-3p ↑ PTEN [50]

miR-19a ↑ PTEN/PI3K/AKT [51]

miR-543 ↑ PTEN/Akt/mTOR [52]

miR-107 ↑ CAB39/AMPK/mTOR [53]

miR-503-5p ↑ PUMA [54]

miR-744 ↑ BIN1 [55]

miR-5000-3p ↑ USP49 [56]

miR-146b-5p ↑ WBSCR22 [57]

miR-19b-3p ↑ SMAD4 [58]

miR-1278 ↓ - [59]

miR-506 ↓ Wnt/β-catenin [60]

miR-200b-3p ↓ TUBB3 [61]

miR-122 ↓ XIAP [62]

miR-193a-5p ↓ CXCR4 [63]

miR-483-3p ↓ FAM171B [64]

miR-325 ↓ HSPA12B/PI3K/AKT/Bcl-2 [65]

miR-195-5p ↓ -

miR-497-5p ↓ -

[66]

miR-34a ↓ TGF-β/Smad4 [68]

miR-27b-3p ↓ - [69]

1Aberrant expression of miRNAs either up-regulated (↑) or down-regulated (↓) in CRC oxaliplatin resistance.
MiRNAs: MicroRNAs.

It is noteworthy that miR-181a could suppress the expression of BIRC6, a protein inhibitor of 
apoptosis, by directly targeting the 3'-UTR of BIRC6 mRNA[70]. Conversely, BIRC6 was observed to be 
significantly upregulated in acquired oxaliplatin-resistant CRC cells when compared to parental cells
[71]. Considering that knockdown of BIRC6 helped enhance the chemosensitivity of CRC cells to 
oxaliplatin, targeting BIRC6 using miR-181a mimics may be a potential strategy to reverse oxaliplatin 
resistance in CRC.

Classification and biological functions of lncRNAs 
LncRNAs are defined as a class of ncRNA molecules with transcript lengths of more than 200 
nucleotides; they do not encode proteins due to their lack of an open reading frame[72]. LncRNAs can 
be classified into intergenic, intronic, sense, antisense, and bidirectional lncRNAs based on their 
genomic localization[73]. Alternatively, there are four categories of lncRNAs based on their functional 
mechanisms, including signal, decoy, guide, and scaffold lncRNAs[74,75]. It has been reported that 
lncRNAs can regulate transcription, translation, RNA stability, and alternative splicing[76-79]. It is 
noteworthy that numerous studies have revealed that aberrant lncRNAs (oncogenic and tumor 
suppressive lncRNAs) contribute to regulating the mechanism of oxaliplatin resistance through multiple 
cellular mechanisms, including but not limited to DNA damage repair, interference with drug influx 
and efflux, regulation of the cell cycle and apoptosis, and activation of signaling pathways[80,81]. 
Table 2 provides an overview of some aberrant lncRNAs and their target molecules in the context of 
oxaliplatin resistance in CRC.

Oncogenic lncRNAs as regulators of CRC oxaliplatin resistance
Studies discovered that high expression of the lncRNA GIHCG promoted the proliferation, migration, 
and invasion of tumor cells, and enhanced their resistance to 5-FU and oxaliplatin[82]. Similarly, overex-
pression of the lncRNA ARSR reduced cell apoptosis and induced oxaliplatin resistance[83]. Notably, 
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Table 2 Dysregulation of long non-coding RNAs and oxaliplatin resistance in colorectal cancer

LncRNAs Expression1 Targets and pathways Ref.

GIHCG ↑ - [82]

lncARSR ↑ - [83]

HOTAIR ↑ miR-1277-5p/ZEB1 [85]

↑ MALAT1/miR-218/EZH2 [86]MALAT1

↑ miR-324-3p/ADAM17 [88]

OIP5-AS1 ↑ miR-137 [89]

Linc00152 ↑ miR-193a-3p/ERBB4/AKT [90]

CASC15 ↑ miR-145/ABCC1 [92]

CBR3-AS1 ↑ miR-145-5p [93]

CRNDE ↑ miR-136/E2F1 [94]

LINC00460 ↑ miR-149-5p/miR-150-5p/p53 [95]

KCNQ1OT1 ↑ miR-34a/Atg4B [96]

MIR155HG ↑ miR-650/Annexin A2 [91]

lnc-RP11-536 K7.3 ↑ SOX2/HIF-1α/USP7 [97]

TUG1 ↑ GATA6/BMP [98]

LUCAT1 ↑ UBA52/RPL40/MDM2/p53 [99]

PiHL ↑ EZH2/HMGA2/PI3K/Akt [100]

ELFN1-AS1 ↑ EZH2/DNMT3a/MEIS1 [102]

SNHG5 ↑ STAU1 [103]

CCAT2 ↑ BOP1/AURKA [104]

NBAT-1 ↓ WWC3/LATS1/YAP [105]

- [106]MEG3 ↓

miR-141/PDCD4 [107]

lnc-AP ↓ pep-AP/TALDO1 [108]

lncRNA PVT1 - hsa-miR-297/GSTA2 [109]

1Aberrant expression of lncRNAs either up-regulated (↑) or down-regulated (↓) in CRC oxaliplatin resistance.
LncRNAs: Long non-coding RNAs.

emerging evidence has revealed that lncRNAs could target mRNAs to promote chemoresistance[84]. 
For instance, upregulation of the lncRNA HOTAIR has been reported to facilitate EMT in a ZEB1-
dependent manner by negatively regulating miR-1277-5p, a process that is involved in hypoxia-induced 
oxaliplatin resistance[85]. We previously discovered that metastasis-associated lung adenocarcinoma 
transcript 1 (MALAT1) was overexpressed in CRC tissues compared to paired noncancerous tissues. 
Correspondingly, the overexpression of MALAT1 suppressed E-cadherin expression and promoted 
oxaliplatin-induced EMT by interacting with EZH2. Furthermore, upregulated MALAT1 further 
inhibited miR-218 expression, resulting in poor response to oxaliplatin-based chemotherapy in CRC 
patients[86]. Numerous studies have demonstrated that some endogenous transcripts (such as 
endogenous pseudogenes, lncRNAs, and circRNAs) can complement miRNAs in sequences and inhibit 
their expression, resulting in the upregulation of target gene expression. This phenomenon is called the 
miRNA “sponge” effect[87]. Analogously, Fan et al[88] demonstrated that MALAT1 could function as a 
“sponge” for miR-324-3p and increase the expression of ADAM17 to facilitate resistance to oxaliplatin in 
CRC cells.

Moreover, lncRNA Opa-interacting protein 5 antisense RNA 1 can complement the sites of miR-137 in 
sequence, sponging miR-137 and inhibiting its expression, thus conferring oxaliplatin resistance in CRC 
cells[89]. It was reported that Linc00152 increased ERB-B2 receptor tyrosine kinase 4 expression by 
acting as a “sponge” for miR-193a-3p resulting in the promoted phosphorylation of AKT at Thr308 and 
Ser47; this process mediated oxaliplatin resistance in CRC cells[90]. In addition, researchers have 
illustrated that the lncRNA MIR155HG promoted M2 macrophage polarization and enhanced 
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oxaliplatin resistance in CRC cells by regulating the miR-650/Annexin A2 axis[91]. Similarly, other 
lncRNAs such as CASC15[92], CBR3-AS1[93], CRNDE[94], LINC00460[95], and KCNQ1OT1[96] have 
been reported to serve as “sponges” for miRNAs, thereby mediating oxaliplatin resistance in CRC.

Several research groups have revealed that lncRNAs could stabilize functional proteins, and mediate 
the chemoresistance of cancers. For example, lncRNA-RP11-536 K7.3 contributed to oxaliplatin 
resistance by recruiting SOX2 to activate deubiquitinase USP7 and stabilize the protein HIF-1α in CRC 
cells[97]. Furthermore, the lncRNA TUG1 induced oxaliplatin resistance in CRC stem cells and inhibited 
cell apoptosis by interacting with GATA6[98]. Moreover, two additional studies have further revealed 
that the lncRNAs LUCAT1 and PiHL mediated oxaliplatin resistance in CRC cells by interacting with 
UBA52 and EZH2 proteins, respectively[99,100].

LncRNAs have also been demonstrated to be regulators of gene expression by enhancing the stability 
of mRNA through epigenetic mechanisms[101]. Studies have elucidated that the lncRNA ELFN1-AS1 
suppressed myeloid ecotype virus insertion site 1 transcription and promoted oxaliplatin resistance by 
interacting with EZH2 and DNA methyltransferase 3 alpha after localization to the promoter region of 
MEIS1 gene[102]. In addition, overexpression of the lncRNA SNHG 5 contributed to the proliferation of 
CRC cells and their resistance to oxaliplatin-induced apoptosis by blocking the degradation of SPATS 2 
by STAU 1[103]. Of note, it has been identified that in microsatellite stable CRC, overexpression of the 
lncRNA CCAT2 could induce chromosomal instability, and enhance 5-FU and oxaliplatin-resistance by 
the upregulation of ribosomal biogenesis factor and the activation of aurora kinase A[104].

Tumor-suppressive lncRNAs as regulators of CRC oxaliplatin resistance
Previously, several tumor suppressor lncRNAs were reported to be associated with CRC oxaliplatin 
resistance. For instance, the expression levels of NBAT-1 and MEG3 in CRC tissues were low compared 
with normal adjacent tissues, especially in oxaliplatin-resistant patients[105,106]. Mechanistically, 
NBAT-1 was revealed to inhibit the growth of oxaliplatin-resistant CRC cells by activating the WWC 
3/LATS 1/YAP pathway after acting as a “sponge” for miR-454[105]. Similarly, MEG3 promoted the 
sensitivity of CRC cells to oxaliplatin by regulating the miR-141/PDCD4 axis[107]. It was further 
reported that lnc-AP is a lncRNA with coding potential, and is highly associated with oxaliplatin 
resistance in CRC; lnc-AP encodes the short peptide pep-AP that enhances sensitization of CRC cells to 
oxaliplatin via the pep-AP/TALDO1 pathway[108]. Intriguingly, an epidemiological investigation 
demonstrated that an rs2278176 CT/TT mutation in the lncRNA PVT1 increased the chemosensitivity of 
CRC patients to FOLFOX compared to CRC patients carrying distinct genotypes[109].

Of note, when compared to parental cells, the lncRNA CRNDE was significantly down-regulated in 
oxaliplatin-resistant cells and can be considered a predictor of oxaliplatin treatment response and tumor 
prognosis[110]. Interestingly, this lncRNA can be combined with arginine-rich splicing factor 6 to 
reduce its stability, knockdown of the latter can inhibit autophagy and increase the sensitivity of cancer 
cells to oxaliplatin by the alternative splicing of PICALM[111]. Given that up-regulated expression of 
CRNDE aids an increase in the sensitivity of cancer cells to oxaliplatin, we speculate that increasing 
CRNDE expression and decreasing the stability of SRSF6 may be a promising strategy to ameliorate 
CRC resistance to oxaliplatin.

Classification and biological functions of circRNAs 
Most circRNAs consist of covalently closed loop single-stranded RNAs produced by the back-splicing of 
exon precursor mRNAs that are more stable than their linear precursor gene[30]. Currently, circRNAs 
consist of four general categories: Exonic circRNAs, circular intronic RNAs, exon-intron circRNAs, and 
circRNA from other sources (such as antisense circular RNA or intergenic circular RNA) based on their 
structural domains and biogenesis features[112,113]. As vital biological regulators, circRNAs have been 
reported to widely participate in multiple oxaliplatin resistance-related mechanisms, such as apoptosis, 
autophagy, glycolysis, TME, EMT, DNA damage repair, etc[114]. Studies identified that hsa_circ_0040-
809 was highly expressed in CRC cells and tissues; hsa_circ_0040809 upregulates DNMT1 expression by 
competitively combining with miR-515-5p, thus suppressing apoptosis and promoting cancer 
progression[115]. Conversely, as a tumor suppressor, circTADA2A was found to be down-regulated in 
cancer cells and tissues. Overexpression of circTADA2A elevated the expression of KLF14 by targeting 
miR-374a-3p, thereby promoting cell apoptosis and inhibiting tumor growth[116]. Moreover, 
has_circ_0001666 is a circRNA originating from exons 2, 3, and 4 of the host gene FAM120B. Studies 
have demonstrated that hsa_circ_0001666 competitively bound to miR-576-5p to increase PCDH10 
expression, which in turn restrained cell stemness and EMT, and the Wnt/β-catenin pathway[117]. 
Zhang et al[118] revealed that the knockdown of circRNA_103948 contributed to enhanced autophagy of 
CRC cells by targeting the miR-1236-3p/TPT1 signaling pathway, inhibiting tumor growth. In addition, 
hypoxia facilitated circCCDC66 expression, which boosted the development of CRC by modulating the 
miR-3140/autophagy axis[119]. Furthermore, studies observed that hsa_circ_101555 was more highly 
expressed in CRC tissues than in normal tissues and was associated with adverse prognosis of patients. 
Inhibition of circ101555 resulted in the initiation of cell apoptosis and devastated DNA repair by 
activating the miR-597-5p/CDK6/RPA3 axis, thereby repressing the progression of CRC[120]. These 
studies suggested that circRNAs might be closely associated with the process leading to CRC oxaliplatin 
resistance.
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CircRNAs regulate CRC oxaliplatin resistance 
The majority of circRNAs containing miRNA response elements (MREs) can regulate gene expression 
and signaling pathways by functioning as ceRNAs, mediating tumor chemoresistance[121] (Table 3). 
Studies have identified that circular RNA protein tyrosine kinase 2 was significantly up-regulated in 
CRC tissues compared to normal tissues, and its high levels of expression promoted CRC progression 
and oxaliplatin resistance by regulation of the miR-136-5p/YTHDF1 axis[122]. Similarly, circ_0032833 
was highly expressed in FOLFOX-resistant CRC cells, and knock-down of circ_0032833 could promote 
apoptosis and partially enhance the sensitivity of CRC cells to 5-FU and oxaliplatin through the activity 
of miR-125-5p/MSI1[123]. Lai et al[124] also demonstrated that hsa_circ_0079662 functioned as a 
“sponge” for hsa-mir-324-5p and activated HOXA9 through activation of the TNF-α pathway; this 
process induced oxaliplatin-resistance in CRC cells. Furthermore, our previous research revealed that 
circHIPK3 was highly expressed in chemoresistance CRC patients, and this circRNA was strongly 
associated with tumor size, regional lymph node metastasis, and distant metastasis. The following 
functional investigation revealed that circHIPK3 facilitated oxaliplatin resistance, but not 5-FU 
resistance, by restraining autophagy-related cell death. Mechanistically, circHIPK3 acted as a ceRNA 
and a “sponge” for miR-637 resulting in activation of the STAT3/Bcl-2/Beclin1 pathway, and 
subsequent induction of oxaliplatin-resistance in CRC cells[125].

Intriguingly, oxaliplatin could directly induce the overexpression of some oncogenes, further exacer-
bating chemoresistance. Circular CCDC66, derived from exons 6 to 11, was highly expressed in 
oxaliplatin-resistant CRC tissues and cells, a phenomenon caused by oxaliplatin-triggered cell stress 
through phosphoinositide 3-kinase related kinases-mediated phosphorylation of DHX9[126]. Despite 
extensive literature, many circRNAs remain to be explored in the study of oxaliplatin-resistant CRC. 
Abu et al[127] identified differential expression of circular RNAs when analyzing chemosensitive and 
chemoresistant CRC cells using microarray; hsa_circ_32883 and hsa_circ_0338 were screened as 
promising candidates. Subsequently, their study also identified that exosome-derived circRNAs 
(hsa_circ_0032883, hsa_circ_0002039, and hsa_circ_0000338) may play important roles in the 
manifestation of chemoresistance[128].

Studies have reported that the expression of exosomal miR-21-5p from oxaliplatin-resistant cells was 
significantly elevated, and therefore levels of this miRNA could act as a predictor of chemotherapy 
response in CRC patients[129]. Interestingly, miR-21-5p can be sponged by some tumor-suppressive 
circRNAs, such as circDDX17[35] and circEPB41L2[130], thus resulting in activation of the downstream 
PTEN/AKT pathway. Importantly, previous studies have confirmed that targeting the 
PTEN/PI3K/AKT/mTOR pathway partially reversed oxaliplatin resistance in CRC[51,52]. Given this, 
we speculate that targeting these suppressive circRNAs might contribute to the sensitization of CRC 
cells to oxaliplatin via the miR-21-5p/PTEN/AKT axis. Furthermore, hsa_circ_0001955 and 
hsa_circ_0000977, potential upstream targets for chemoresistance-associated miRNAs[49,93], were 
demonstrated to be dysfunctional in CRC tissue, a finding that suggests these circRNAs may be 
involved in the progression of CRC chemoresistance in a ceRNA-dependent manner[131]. Currently, 
studies regarding the roles of circRNAs in oxaliplatin resistance are less commonly reported, the precise 
and comprehensive mechanisms of circRNAs in CRC chemoresistance need to be explored by further 
study.

INTEGRATION, APPLICATION, AND CHALLENGES OF TARGETING EXOSOMAL  
NCRNAS IN CRC CHEMORESISTANCE
Exosomes biogenesis and characterization
Extracellular vesicles (EVs) are defined as a class of membranous vesicles that are released by cells to the 
extracellular matrix and play a key role in various physiological and pathological processes. According 
to the difference in their origin, size, content, and biological function, EVs can be roughly divided into 
three main subtypes—microbubbles, exosomes, and apoptotic bodies[132]. Exosomes are an emerging 
hallmark of liquid biopsy and have attracted much scientific attention of late, these small disc-shaped 
EVs have a diameter of approximately 40–150 nm and are enclosed by a lipid bilayer membrane[133]. 
Almost all cell types can secrete exosomes, and they also exist broadly within fluids including blood, 
urine, saliva, milk, ascites, cerebrospinal fluid, and others[40,134]. At present, ultracentrifugation 
remains the standard method for exosome extraction. However, with the emergence of novel techno-
logies, exosome isolation and purification strategies are being continuously optimized, such as size 
exclusion chromatography, magnetic bead immune capture, and microfluidic-based chip technology 
techniques[135], these are aimed at efficiently obtaining exosomes with high abundance and quality. 
The characterization of exosomes has emerged as a prerequisite for their utilization, and the three basic 
characterization modes of morphological identification are particle size distribution and protein 
markers. However, more advanced features are gradually being included, in exosome characterization, 
such as the identification of the purity of exosomes and their uptake[135,136]. As signaling entities, 
numerous studies have demonstrated that exosomes exert biological effects in two ways: Firstly, 
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Table 3 Dysregulation of circular RNAs and oxaliplatin resistance in colorectal cancer

CircRNAs Expression1 Targets and pathways Ref.

circPTK2

(hsa_circ_0003221)

↑ miR-136-5P/YTHDF1 [122]

circ_0032833 ↑ miR-125-5p/MSI1 [123]

hsa_circ_0079662 ↑ hsa-mir-324-5p/TNF-α/HOXA9 [124]

circHIPK3 ↑ miR-637/STAT3/Bcl-2/Beclin1 [125]

Circular CCDC66 ↑ PI3KK/p-DHX9 [126]

hsa_circ_32883/ ↑

hsa_circ_0338 ↑

- [127,128]

1Aberrant expression of circRNAs either up-regulated (↑) or down-regulated (↓) in CRC oxaliplatin resistance.
CircRNAs: Circular RNAs.

exosomal membrane proteins or lipids act as ligands, directly activating receptors at the surface of 
target cells, generating cascade signal events and activating intracellular signaling pathways; Secondly, 
exosomes entrain and transport cellular signal-regulating molecules to target cells; these include DNA, 
lipids, proteins, and RNAs, which are extensively involved in tumorigenesis, metastasis, recurrence, and 
chemoresistance of cancers[137,138]. In particular, exosomal ncRNAs have received unprecedented 
appreciation in biomedical research and clinical application recently[139,140]. Several exosomal ncRNAs 
involved in CRC oxaliplatin resistance are listed in Table 4.

The latent mechanisms of exosomal ncRNAs in CRC oxaliplatin resistance 
Increasing numbers of reports have revealed that exosomal ncRNAs can mediate chemoresistance via 
remodeling of the tumor microenvironment. Studies have identified that lncRNA H19 is highly 
expressed in CRC tissues compared to normal tissues. Moreover, lncRNA H19 derived from CAFs can 
act as a direct “sponge” for miR-141 and activate the β-catenin pathway, thus promoting stemness and 
oxaliplatin resistance[141]. Similarly, exosomal miR-92a-3p was transmitted from CAFs to cancer cells, 
promoting chemoresistance via the Wnt/β-catenin/apoptosis pathway[20]. Moreover, CAF-derived 
exosomes were revealed to deliver CRC-associated lncRNA to cancer cells, interacting with the mRNA 
of the stable protein human antigen R and increasing the expression of β-catenin; these processes 
promoted oxaliplatin resistance in CRC cells[142]. Qu et al[143] also found that exosomal cricN4BP2L2 
secreted by CAFs can interact with EIF4A3 and modulate the PI3K/AKT/mTOR signaling pathway, 
thus promoting oxaliplatin resistance and the stemness of CRC cells. In addition, exosomal circ_0094343 
derived from human colonic epithelial cells (NCM460 cells) was identified to be taken up by CRC cells 
in which it regulated cell apoptosis and glycolysis via the miR-766-5p/TRIM67 pathway, thereby 
enhancing the chemosensitivity of tumor cells[144].

Conversely, tumor cells have been revealed to generate exosomes in an autocrine or paracrine 
manner; they are taken up by themselves or delivered to the local microenvironment, thus exerting 
functional regulation. Ning et al[145] demonstrated that CRC cell-derived exosomal miR-208b could 
promote Treg expansion by directly inhibiting the expression of programmed cell death factor 4, 
resulting in promoted tumor progression and oxaliplatin resistance. Similarly, studies have revealed 
that exosomal miR-46146 conferred chemoresistance via the targeting of programmed cell death factor 
10 in CRC cells[146]. Interestingly, one particular study revealed that miR-1915-3p was down-regulated 
in oxaliplatin-resistant CRC cells compared to oxaliplatin- sensitive cells and that EVs-derived miR-
1915-3p increased the oxaliplatin sensitivity of drug-resistant cells by targeting PFKFB3/USP2[147]. 
Moreover, it has been reported that hsa_circ_0005963 can be transferred from oxaliplatin-resistant cells 
to sensitive cells by exosomes, directly acting as a miR-122 “sponge” and increasing the expression of 
PKM2, which promotes glycolysis and oxaliplatin-resistance in sensitive cells[148].

Exosomal ncRNAs as potential liquid biopsy biomarkers 
Liquid biopsy, in which diseases are evaluated via sampling biological fluids, can avoid the influence of 
tissue heterogeneity on tumor molecular typing to some extent. More and more evidence show that 
abundant exosomes are enriched in body fluids and participate in many physiological and pathological 
processes. As an emerging hallmark of liquid biopsy, exosomes are of substantial value in cancer 
diagnosis, monitoring, and prediction[136,140]. Studies found that the ratio of exosomal miRNAs is an 
effective predictor of tumor response in peritoneal metastatic patients after repeated intraperitoneal 
chemotherapy, as patients with high ratios of miR-223-3p/miR-29b-3p or miR-21-5p/miR-29b-3p had 
inferior survival outcomes compared to patients with low ratios[149]. By analogy, exosomes derived 
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Table 4 Aberrant exosomal non-coding RNAs and their targets in the chemoresistance of colorectal cancer

Exosomal ncRNAs1 Donor cells Recipient cells Targets and pathways Ref.

miR-21↓ THLG-293T/LG-293T cells CRC cells - [156]

miR-208b↑ CRC cells T cells PDCD4 [145]

miR-92a-3p↑ CAFs cells CRC cells FBXW7/MOAP1 [20]

miR-46146↑ CRC-R cells CRC-S cells PDCD10 [146]

miR-1915-3p↓ FHC cells CRC cells PFKFB3/USP2 [147]

lncRNA H19↑ CAFs cells CRC cells - [141]

lncRNA CCAL↑ CAFs cells CRC cells HuR/β-catenin [142] 

cricN4BP2L2 CAFs cells CRC cells EIF4A3/PI3K/AKT/mTOR [143]

ciRS-122↑ CRC-R cells CRC-S cells miR-122/PKM2 [148]

circ_0094343↓ NCM460 cells CRC cells miR-766-5p/TRIM67 [144]

1Aberrant exosomal ncRNAs are either up-regulated (↑) or down-regulated (↓) in CRC oxaliplatin resistance. CRC-R cells and CRC-S cells represent 
oxaliplatin-resistant and oxaliplatin-sensitive cells, respectively.
ncRNAs: Non-coding RNAs; CRC: Colorectal cancer; CAFs: Cancer-associated fibroblasts.

miR-21-5p, miR-1246, miR-1229-5p, and miR-96-5p were highly expressed in CRC patients and cancer 
cell lines resistant to 5-FU and oxaliplatin compared with those sensitive to chemotherapy. The area 
under the curve (AUC) of four combinations of exosomal miRNAs was 0.804, which is expected to be an 
effective predictor of chemotherapy[129]. In addition, researchers found that plasma-derived exosomal 
miRNA-125b was highly expressed in patients with progressive disease (PD) compared with the healthy 
control group or patients with stable disease. Importantly, some patients with PD who respond to 
modified fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) have obvious differences in the 
expression of plasma exosomal miRNA-125b before and after chemotherapy, and patients with low 
expression of exosomal miRNA-125b have higher progression-free survival (PFS)[150]. Furthermore, it 
was reported that miR-208b was highly expressed in the serum of FOLFOX-resistant CRC patients and 
the AUC of serum miRNA-208b was 0.771 [95% confidence interval (CI): 0.688-0.855], which is better 
than that of serum CEA of 0.493 (95%CI: 0.385-0.601). Their research suggests that this miRNA can be 
regarded as a promising liquid biopsy indicator to predict FOLFOX sensitivity in cancer patients[145]. 
Encouragingly, a panel of plasma exosomal miR-17-5p and miR-185-5p were successfully used to 
predict FOLFOX4/FOLFIRI responses in patients with advanced CRC[151].

Exosomal ncRNAs as delivery vehicles for chemosensitization
A large number of reports have revealed the prospects for the application of exosomes to overcome 
chemoresistance, their strong stability, intrinsic biocompatibility, low immunogenicity, and natural 
targeting ability making them favorable targets[152,153]. Novel research has exhibited an engineered 
exosome encapsulating oxaliplatin and PGM5 Antisense RNA 1 that were delivered into CRC cells, and 
these effectively relieved chemoresistance and inhibited tumor progression[154]. Furthermore, Pi et al
[155] constructed engineered EVs enwrapped in folate nanoparticles and survivin siRNA, which 
significantly inhibited tumor growth in CRC xenograft mice. Similarly, miR-21 inhibitors have been co-
incorporated into exosomes, resulting in enhanced chemosensitivity of CRC cells[156]. Taken together, 
these findings suggest that exogenous delivery of ncRNAs could serve as a novel therapeutic target for 
CRC.

CONCLUSION
A multitude of emerging studies have confirmed that dysfunctional ncRNAs contribute to the 
development of malignancies, including chemoresistance. In this review, we systematically summarized 
the multiple mechanisms by which ncRNAs function in CRC oxaliplatin resistance and discussed the 
biomedical prospects of exosomal ncRNAs as hallmarks for fluid biopsy and therapeutic targets. 
Figure 2 schematically illustrates the multiple regulatory roles of ncRNAs in CRC oxaliplatin resistance. 
Owing to the differential expression patterns of ncRNAs in cancer patients, it is considered they may be 
used as biomarkers for early detection, tumor staging, and clinical outcome. Although many 
mechanisms by which ncRNAs exert their biological effects remain to be deciphered, targeting these 
ncRNAs has emerged as a promising strategy to ameliorate chemoresistance.



Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 11 January 7, 2023 Volume 29 Issue 1

Figure 2 Overview of the mechanisms by which several non-coding RNAs exert oxaliplatin resistance in colorectal cancer. Various 
microRNAs, long non-coding RNAs, and circular RNAs are up-regulated or down-regulated in colorectal cancer and mediate oxaliplatin resistance via a multitude of 
mechanisms. These mechanisms include acting as competing endogenous RNAs, generating encoded peptides, regulating autophagy, inducing apoptosis, and 
interfering with DNA damage and repair. In particular, several non-coding RNAs have been demonstrated to confer oxaliplatin resistance in colorectal cancer cells via 
exosomes. CRC: Colorectal cancer; lncRNAs: Long non-coding RNAs; miRNAs; MicroRNAs; circRNAs: Circular RNAs.

Nevertheless, the integration and application of ncRNAs in clinical practice are far from the existing 
research fervor and are currently being tested in experimental studies; there are still many challenges to 
be overcome before ncRNAs can be extensively implemented in clinics. Firstly, the results of existing 
research are confounding due to differing nomenclature being utilized for circRNAs. The circRNAs 
labeled using different naming standards make the subsequent genomic localization cumbersome. 
Secondly, the expression of ncRNAs in biological fluids is relatively low, and therefore accurate 
detection and quantification of these molecules is a prerequisite for the development of biomarkers. 
Furthermore, due to differences in the lengths and mechanisms by which ncRNAs function in distinct 
tumor types, it is a challenge to select appropriate targets for these multitudinous candidates. Exosomes 
may be a better intermediary for delivering ncRNAs therapies; this could be achieved in an endogenous 
or exogenous manner. However, it is crucial to increase the loading of ncRNAs delivered by 
endogenous exosomes and ensure the safety of engineered exosomes with complex structures. 
Measurements of the efficacy of exosomal ncRNAs in clinical applications cannot be limited to 
laboratory data alone. A series of large validation cohorts will be required to obtain reliable predictive 
models and accurate therapeutic doses. In the future, clinical translational trials utilizing target ncRNAs 
are expected to overcome oxaliplatin resistance and thus improve the clinical outcomes of CRC patients.

FOOTNOTES
Author contributions: Zhang Y and Zhang X designed the manuscript; Luo ZD, Wang YF, and Zeng SJ drafted the 
manuscript; Zhao YX, Yu LC, Li T, and Fan YJ collected the information; Luo ZD, Zhang YL, and Zhang X revised the 
manuscript; Zhang YL and Zhang X coordinated the research and provided financial support; All authors read and 
approved the final manuscript.



Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 12 January 7, 2023 Volume 29 Issue 1

Supported by The Natural Science Foundation of Shandong Province, No. ZR2020MH238.

Conflict-of-interest statement: All authors declare that we have no other real or potential conflict of interest for this 
article.

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

Country/Territory of origin: China

ORCID number: Zheng-Dong Luo 0000-0002-4304-2695; Yi-Feng Wang 0000-0001-5955-2449; Yu-Xiao Zhao 0000-0003-
0503-8633; Long-Chen Yu 0000-0001-6101-3751; Tian Li 0000-0001-7061-6925; Ying-Jing Fan 0000-0002-3457-8121; Shun-
Jie Zeng 0000-0002-5975-3280; Yan-Li Zhang 0000-0002-3424-9731; Yi Zhang 0000-0002-0440-1798; Xin Zhang 0000-0003-
2138-5600.

S-Editor: Liu GL 
L-Editor: Webster JR 
P-Editor: Liu GL

REFERENCES
Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global Cancer Statistics 2020: 
GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin 2021; 
71: 209-249 [PMID: 33538338 DOI: 10.3322/caac.21660]

1     

Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB. Colorectal cancer. Lancet 2019; 394: 1467-1480 [PMID: 
31631858 DOI: 10.1016/S0140-6736(19)32319-0]

2     

Biller LH, Schrag D. Diagnosis and Treatment of Metastatic Colorectal Cancer: A Review. JAMA 2021; 325: 669-685 
[PMID: 33591350 DOI: 10.1001/jama.2021.0106]

3     

Kanemitsu Y, Shitara K, Mizusawa J, Hamaguchi T, Shida D, Komori K, Ikeda S, Ojima H, Ike H, Shiomi A, Watanabe 
J, Takii Y, Yamaguchi T, Katsumata K, Ito M, Okuda J, Hyakudomi R, Shimada Y, Katayama H, Fukuda H; JCOG 
Colorectal Cancer Study Group. Primary Tumor Resection Plus Chemotherapy Versus Chemotherapy Alone for 
Colorectal Cancer Patients With Asymptomatic, Synchronous Unresectable Metastases (JCOG1007; iPACS): A 
Randomized Clinical Trial. J Clin Oncol 2021; 39: 1098-1107 [PMID: 33560877 DOI: 10.1200/JCO.20.02447]

4     

Grothey A, Sobrero AF, Shields AF, Yoshino T, Paul J, Taieb J, Souglakos J, Shi Q, Kerr R, Labianca R, Meyerhardt JA, 
Vernerey D, Yamanaka T, Boukovinas I, Meyers JP, Renfro LA, Niedzwiecki D, Watanabe T, Torri V, Saunders M, 
Sargent DJ, Andre T, Iveson T. Duration of Adjuvant Chemotherapy for Stage III Colon Cancer. N Engl J Med 2018; 378: 
1177-1188 [PMID: 29590544 DOI: 10.1056/NEJMoa1713709]

5     

Hecht JR, Lonardi S, Bendell J, Sim HW, Macarulla T, Lopez CD, Van Cutsem E, Muñoz Martin AJ, Park JO, Greil R, 
Wang H, Hozak RR, Gueorguieva I, Lin Y, Rao S, Ryoo BY. Randomized Phase III Study of FOLFOX Alone or With 
Pegilodecakin as Second-Line Therapy in Patients With Metastatic Pancreatic Cancer That Progressed After Gemcitabine 
(SEQUOIA). J Clin Oncol 2021; 39: 1108-1118 [PMID: 33555926 DOI: 10.1200/JCO.20.02232]

6     

Martinez-Balibrea E, Martínez-Cardús A, Ginés A, Ruiz de Porras V, Moutinho C, Layos L, Manzano JL, Bugés C, 
Bystrup S, Esteller M, Abad A. Tumor-Related Molecular Mechanisms of Oxaliplatin Resistance. Mol Cancer Ther 2015; 
14: 1767-1776 [PMID: 26184483 DOI: 10.1158/1535-7163.MCT-14-0636]

7     

Van der Jeught K, Xu HC, Li YJ, Lu XB, Ji G. Drug resistance and new therapies in colorectal cancer. World J 
Gastroenterol 2018; 24: 3834-3848 [PMID: 30228778 DOI: 10.3748/wjg.v24.i34.3834]

8     

Kang L, Tian Y, Xu S, Chen H. Oxaliplatin-induced peripheral neuropathy: clinical features, mechanisms, prevention and 
treatment. J Neurol 2021; 268: 3269-3282 [PMID: 32474658 DOI: 10.1007/s00415-020-09942-w]

9     

Mauri G, Gori V, Bonazzina E, Amatu A, Tosi F, Bencardino K, Ruggieri L, Patelli G, Arena S, Bardelli A, Siena S, 
Sartore-Bianchi A. Oxaliplatin retreatment in metastatic colorectal cancer: Systematic review and future research 
opportunities. Cancer Treat Rev 2020; 91: 102112 [PMID: 33091698 DOI: 10.1016/j.ctrv.2020.102112]

10     

Wei L, Wang X, Lv L, Zheng Y, Zhang N, Yang M. The emerging role of noncoding RNAs in colorectal cancer 
chemoresistance. Cell Oncol (Dordr) 2019; 42: 757-768 [PMID: 31359293 DOI: 10.1007/s13402-019-00466-8]

11     

Ghanbarian M, Afgar A, Yadegarazari R, Najafi R, Teimoori-Toolabi L. Through oxaliplatin resistance induction in 
colorectal cancer cells, increasing ABCB1 level accompanies decreasing level of miR-302c-5p, miR-3664-5p and miR-
129-5p. Biomed Pharmacother 2018; 108: 1070-1080 [PMID: 30372807 DOI: 10.1016/j.biopha.2018.09.112]

12     

Cui J, Li G, Yin J, Li L, Tan Y, Wei H, Liu B, Deng L, Tang J, Chen Y, Yi L. GSTP1 and cancer: Expression, 
methylation, polymorphisms and signaling (Review). Int J Oncol 2020; 56: 867-878 [PMID: 32319549 DOI: 
10.3892/ijo.2020.4979]

13     

Sreekumar R, Al-Saihati H, Emaduddin M, Moutasim K, Mellone M, Patel A, Kilic S, Cetin M, Erdemir S, Navio MS, 
Lopez MA, Curtis N, Yagci T, Primrose JN, Price BD, Berx G, Thomas GJ, Tulchinsky E, Mirnezami A, Sayan AE. The 
ZEB2-dependent EMT transcriptional programme drives therapy resistance by activating nucleotide excision repair genes 

14     

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0002-4304-2695
http://orcid.org/0000-0002-4304-2695
http://orcid.org/0000-0001-5955-2449
http://orcid.org/0000-0001-5955-2449
http://orcid.org/0000-0003-0503-8633
http://orcid.org/0000-0003-0503-8633
http://orcid.org/0000-0003-0503-8633
http://orcid.org/0000-0001-6101-3751
http://orcid.org/0000-0001-6101-3751
http://orcid.org/0000-0001-7061-6925
http://orcid.org/0000-0001-7061-6925
http://orcid.org/0000-0002-3457-8121
http://orcid.org/0000-0002-3457-8121
http://orcid.org/0000-0002-5975-3280
http://orcid.org/0000-0002-5975-3280
http://orcid.org/0000-0002-3424-9731
http://orcid.org/0000-0002-3424-9731
http://orcid.org/0000-0002-0440-1798
http://orcid.org/0000-0002-0440-1798
http://orcid.org/0000-0003-2138-5600
http://orcid.org/0000-0003-2138-5600
http://orcid.org/0000-0003-2138-5600
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://dx.doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/31631858
https://dx.doi.org/10.1016/S0140-6736(19)32319-0
http://www.ncbi.nlm.nih.gov/pubmed/33591350
https://dx.doi.org/10.1001/jama.2021.0106
http://www.ncbi.nlm.nih.gov/pubmed/33560877
https://dx.doi.org/10.1200/JCO.20.02447
http://www.ncbi.nlm.nih.gov/pubmed/29590544
https://dx.doi.org/10.1056/NEJMoa1713709
http://www.ncbi.nlm.nih.gov/pubmed/33555926
https://dx.doi.org/10.1200/JCO.20.02232
http://www.ncbi.nlm.nih.gov/pubmed/26184483
https://dx.doi.org/10.1158/1535-7163.MCT-14-0636
http://www.ncbi.nlm.nih.gov/pubmed/30228778
https://dx.doi.org/10.3748/wjg.v24.i34.3834
http://www.ncbi.nlm.nih.gov/pubmed/32474658
https://dx.doi.org/10.1007/s00415-020-09942-w
http://www.ncbi.nlm.nih.gov/pubmed/33091698
https://dx.doi.org/10.1016/j.ctrv.2020.102112
http://www.ncbi.nlm.nih.gov/pubmed/31359293
https://dx.doi.org/10.1007/s13402-019-00466-8
http://www.ncbi.nlm.nih.gov/pubmed/30372807
https://dx.doi.org/10.1016/j.biopha.2018.09.112
http://www.ncbi.nlm.nih.gov/pubmed/32319549
https://dx.doi.org/10.3892/ijo.2020.4979


Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 13 January 7, 2023 Volume 29 Issue 1

ERCC1 and ERCC4 in colorectal cancer. Mol Oncol 2021; 15: 2065-2083 [PMID: 33931939 DOI: 
10.1002/1878-0261.12965]
Xiao Y, Lin FT, Lin WC. ACTL6A promotes repair of cisplatin-induced DNA damage, a new mechanism of platinum 
resistance in cancer. Proc Natl Acad Sci U S A 2021; 118 [PMID: 33408251 DOI: 10.1073/pnas.2015808118]

15     

Liu J, Miao X, Xiao B, Huang J, Tao X, Zhang J, Zhao H, Pan Y, Wang H, Gao G, Xiao GG. Obg-Like ATPase 1 
Enhances Chemoresistance of Breast Cancer via Activation of TGF-β/Smad Axis Cascades. Front Pharmacol 2020; 11: 
666 [PMID: 32528278 DOI: 10.3389/fphar.2020.00666]

16     

Kwak AW, Park JW, Lee SO, Lee JY, Seo JH, Yoon G, Lee MH, Choi JS, Shim JH. Isolinderalactone sensitizes 
oxaliplatin-resistance colorectal cancer cells through JNK/p38 MAPK signaling pathways. Phytomedicine 2022; 105: 
154383 [PMID: 35987016 DOI: 10.1016/j.phymed.2022.154383]

17     

Liu X, Su K, Sun X, Jiang Y, Wang L, Hu C, Zhang C, Lu M, Du X, Xing B. Sec62 promotes stemness and 
chemoresistance of human colorectal cancer through activating Wnt/β-catenin pathway. J Exp Clin Cancer Res 2021; 40: 
132 [PMID: 33858476 DOI: 10.1186/s13046-021-01934-6]

18     

Ma J, Zeng S, Zhang Y, Deng G, Qu Y, Guo C, Yin L, Han Y, Cai C, Li Y, Wang G, Bonkovsky HL, Shen H. BMP4 
promotes oxaliplatin resistance by an induction of epithelial-mesenchymal transition via MEK1/ERK/ELK1 
signaling in hepatocellular carcinoma. Cancer Lett 2017; 411: 117-129 [PMID: 28987388 DOI: 
10.1016/j.canlet.2017.09.041]

19     

Hu JL, Wang W, Lan XL, Zeng ZC, Liang YS, Yan YR, Song FY, Wang FF, Zhu XH, Liao WJ, Liao WT, Ding YQ, 
Liang L. CAFs secreted exosomes promote metastasis and chemotherapy resistance by enhancing cell stemness and 
epithelial-mesenchymal transition in colorectal cancer. Mol Cancer 2019; 18: 91 [PMID: 31064356 DOI: 
10.1186/s12943-019-1019-x]

20     

Yin Y, Yao S, Hu Y, Feng Y, Li M, Bian Z, Zhang J, Qin Y, Qi X, Zhou L, Fei B, Zou J, Hua D, Huang Z. The Immune-
microenvironment Confers Chemoresistance of Colorectal Cancer through Macrophage-Derived IL6. Clin Cancer Res 
2017; 23: 7375-7387 [PMID: 28928161 DOI: 10.1158/1078-0432.CCR-17-1283]

21     

Rubio MF, Lira MC, Rosa FD, Sambresqui AD, Salazar Güemes MC, Costas MA. RAC3 influences the chemoresistance 
of colon cancer cells through autophagy and apoptosis inhibition. Cancer Cell Int 2017; 17: 111 [PMID: 29209153 DOI: 
10.1186/s12935-017-0483-x]

22     

Zhang H, Lu B. The Roles of ceRNAs-Mediated Autophagy in Cancer Chemoresistance and Metastasis. Cancers (Basel) 
2020; 12 [PMID: 33050642 DOI: 10.3390/cancers12102926]

23     

Yang C, Zhang Y, Lin S, Liu Y, Li W. Suppressing the KIF20A/NUAK1/Nrf2/GPX4 signaling pathway induces 
ferroptosis and enhances the sensitivity of colorectal cancer to oxaliplatin. Aging (Albany NY) 2021; 13: 13515-13534 
[PMID: 33819186 DOI: 10.18632/aging.202774]

24     

Hou X, Xia J, Feng Y, Cui L, Yang Y, Yang P, Xu X. USP47-Mediated Deubiquitination and Stabilization of TCEA3 
Attenuates Pyroptosis and Apoptosis of Colorectal Cancer Cells Induced by Chemotherapeutic Doxorubicin. Front 
Pharmacol 2021; 12: 713322 [PMID: 34630087 DOI: 10.3389/fphar.2021.713322]

25     

Lan H, Liu Y, Liu J, Wang X, Guan Z, Du J, Jin K. Tumor-Associated Macrophages Promote Oxaliplatin Resistance via 
METTL3-Mediated m6A of TRAF5 and Necroptosis in Colorectal Cancer. Mol Pharm 2021; 18: 1026-1037 [PMID: 
33555197 DOI: 10.1021/acs.molpharmaceut.0c00961]

26     

Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, Tanzer A, Lagarde J, Lin W, Schlesinger F, Xue C, 
Marinov GK, Khatun J, Williams BA, Zaleski C, Rozowsky J, Röder M, Kokocinski F, Abdelhamid RF, Alioto T, 
Antoshechkin I, Baer MT, Bar NS, Batut P, Bell K, Bell I, Chakrabortty S, Chen X, Chrast J, Curado J, Derrien T, 
Drenkow J, Dumais E, Dumais J, Duttagupta R, Falconnet E, Fastuca M, Fejes-Toth K, Ferreira P, Foissac S, Fullwood 
MJ, Gao H, Gonzalez D, Gordon A, Gunawardena H, Howald C, Jha S, Johnson R, Kapranov P, King B, Kingswood C, 
Luo OJ, Park E, Persaud K, Preall JB, Ribeca P, Risk B, Robyr D, Sammeth M, Schaffer L, See LH, Shahab A, Skancke J, 
Suzuki AM, Takahashi H, Tilgner H, Trout D, Walters N, Wang H, Wrobel J, Yu Y, Ruan X, Hayashizaki Y, Harrow J, 
Gerstein M, Hubbard T, Reymond A, Antonarakis SE, Hannon G, Giddings MC, Ruan Y, Wold B, Carninci P, Guigó R, 
Gingeras TR. Landscape of transcription in human cells. Nature 2012; 489: 101-108 [PMID: 22955620 DOI: 
10.1038/nature11233]

27     

ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome. Nature 2012; 489: 
57-74 [PMID: 22955616 DOI: 10.1038/nature11247]

28     

Ali SA, Peffers MJ, Ormseth MJ, Jurisica I, Kapoor M. The non-coding RNA interactome in joint health and disease. Nat 
Rev Rheumatol 2021; 17: 692-705 [PMID: 34588660 DOI: 10.1038/s41584-021-00687-y]

29     

Liu CX, Chen LL. Circular RNAs: Characterization, cellular roles, and applications. Cell 2022; 185: 2016-2034 [PMID: 
35584701 DOI: 10.1016/j.cell.2022.04.021]

30     

Kaikkonen MU, Lam MT, Glass CK. Non-coding RNAs as regulators of gene expression and epigenetics. Cardiovasc 
Res 2011; 90: 430-440 [PMID: 21558279 DOI: 10.1093/cvr/cvr097]

31     

Eidem TM, Kugel JF, Goodrich JA. Noncoding RNAs: Regulators of the Mammalian Transcription Machinery. J Mol 
Biol 2016; 428: 2652-2659 [PMID: 26920110 DOI: 10.1016/j.jmb.2016.02.019]

32     

Slack FJ, Chinnaiyan AM. The Role of Non-coding RNAs in Oncology. Cell 2019; 179: 1033-1055 [PMID: 31730848 
DOI: 10.1016/j.cell.2019.10.017]

33     

Yan H, Bu P. Non-coding RNA in cancer. Essays Biochem 2021; 65: 625-639 [PMID: 33860799 DOI: 
10.1042/EBC20200032]

34     

Li XN, Wang ZJ, Ye CX, Zhao BC, Li ZL, Yang Y. RNA sequencing reveals the expression profiles of circRNA and 
indicates that circDDX17 acts as a tumor suppressor in colorectal cancer. J Exp Clin Cancer Res 2018; 37: 325 [PMID: 
30591054 DOI: 10.1186/s13046-018-1006-x]

35     

Zhu KP, Zhang CL, Ma XL, Hu JP, Cai T, Zhang L. Analyzing the Interactions of mRNAs and ncRNAs to Predict 
Competing Endogenous RNA Networks in Osteosarcoma Chemo-Resistance. Mol Ther 2019; 27: 518-530 [PMID: 
30692017 DOI: 10.1016/j.ymthe.2019.01.001]

36     

Li Y, Zhao J, Yu S, Wang Z, He X, Su Y, Guo T, Sheng H, Chen J, Zheng Q, Li Y, Guo W, Cai X, Shi G, Wu J, Wang L, 37     

http://www.ncbi.nlm.nih.gov/pubmed/33931939
https://dx.doi.org/10.1002/1878-0261.12965
http://www.ncbi.nlm.nih.gov/pubmed/33408251
https://dx.doi.org/10.1073/pnas.2015808118
http://www.ncbi.nlm.nih.gov/pubmed/32528278
https://dx.doi.org/10.3389/fphar.2020.00666
http://www.ncbi.nlm.nih.gov/pubmed/35987016
https://dx.doi.org/10.1016/j.phymed.2022.154383
http://www.ncbi.nlm.nih.gov/pubmed/33858476
https://dx.doi.org/10.1186/s13046-021-01934-6
http://www.ncbi.nlm.nih.gov/pubmed/28987388
https://dx.doi.org/10.1016/j.canlet.2017.09.041
http://www.ncbi.nlm.nih.gov/pubmed/31064356
https://dx.doi.org/10.1186/s12943-019-1019-x
http://www.ncbi.nlm.nih.gov/pubmed/28928161
https://dx.doi.org/10.1158/1078-0432.CCR-17-1283
http://www.ncbi.nlm.nih.gov/pubmed/29209153
https://dx.doi.org/10.1186/s12935-017-0483-x
http://www.ncbi.nlm.nih.gov/pubmed/33050642
https://dx.doi.org/10.3390/cancers12102926
http://www.ncbi.nlm.nih.gov/pubmed/33819186
https://dx.doi.org/10.18632/aging.202774
http://www.ncbi.nlm.nih.gov/pubmed/34630087
https://dx.doi.org/10.3389/fphar.2021.713322
http://www.ncbi.nlm.nih.gov/pubmed/33555197
https://dx.doi.org/10.1021/acs.molpharmaceut.0c00961
http://www.ncbi.nlm.nih.gov/pubmed/22955620
https://dx.doi.org/10.1038/nature11233
http://www.ncbi.nlm.nih.gov/pubmed/22955616
https://dx.doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/pubmed/34588660
https://dx.doi.org/10.1038/s41584-021-00687-y
http://www.ncbi.nlm.nih.gov/pubmed/35584701
https://dx.doi.org/10.1016/j.cell.2022.04.021
http://www.ncbi.nlm.nih.gov/pubmed/21558279
https://dx.doi.org/10.1093/cvr/cvr097
http://www.ncbi.nlm.nih.gov/pubmed/26920110
https://dx.doi.org/10.1016/j.jmb.2016.02.019
http://www.ncbi.nlm.nih.gov/pubmed/31730848
https://dx.doi.org/10.1016/j.cell.2019.10.017
http://www.ncbi.nlm.nih.gov/pubmed/33860799
https://dx.doi.org/10.1042/EBC20200032
http://www.ncbi.nlm.nih.gov/pubmed/30591054
https://dx.doi.org/10.1186/s13046-018-1006-x
http://www.ncbi.nlm.nih.gov/pubmed/30692017
https://dx.doi.org/10.1016/j.ymthe.2019.01.001


Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 14 January 7, 2023 Volume 29 Issue 1

Wang P, Huang S. Extracellular Vesicles Long RNA Sequencing Reveals Abundant mRNA, circRNA, and lncRNA in 
Human Blood as Potential Biomarkers for Cancer Diagnosis. Clin Chem 2019; 65: 798-808 [PMID: 30914410 DOI: 
10.1373/clinchem.2018.301291]
Chen B, Dragomir MP, Yang C, Li Q, Horst D, Calin GA. Targeting non-coding RNAs to overcome cancer therapy 
resistance. Signal Transduct Target Ther 2022; 7: 121 [PMID: 35418578 DOI: 10.1038/s41392-022-00975-3]

38     

Overman MJ, Modak J, Kopetz S, Murthy R, Yao JC, Hicks ME, Abbruzzese JL, Tam AL. Use of research biopsies in 
clinical trials: are risks and benefits adequately discussed? J Clin Oncol 2013; 31: 17-22 [PMID: 23129736 DOI: 
10.1200/JCO.2012.43.1718]

39     

Yu W, Hurley J, Roberts D, Chakrabortty SK, Enderle D, Noerholm M, Breakefield XO, Skog JK. Exosome-based liquid 
biopsies in cancer: opportunities and challenges. Ann Oncol 2021; 32: 466-477 [PMID: 33548389 DOI: 
10.1016/j.annonc.2021.01.074]

40     

Zhou H, Zhu L, Song J, Wang G, Li P, Li W, Luo P, Sun X, Wu J, Liu Y, Zhu S, Zhang Y. Liquid biopsy at the frontier 
of detection, prognosis and progression monitoring in colorectal cancer. Mol Cancer 2022; 21: 86 [PMID: 35337361 DOI: 
10.1186/s12943-022-01556-2]

41     

Anfossi S, Babayan A, Pantel K, Calin GA. Clinical utility of circulating non-coding RNAs - an update. Nat Rev Clin 
Oncol 2018; 15: 541-563 [PMID: 29784926 DOI: 10.1038/s41571-018-0035-x]

42     

Winkle M, El-Daly SM, Fabbri M, Calin GA. Noncoding RNA therapeutics - challenges and potential solutions. Nat Rev 
Drug Discov 2021; 20: 629-651 [PMID: 34145432 DOI: 10.1038/s41573-021-00219-z]

43     

Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol 2014; 15: 509-524 [PMID: 25027649 DOI: 
10.1038/nrm3838]

44     

Lu TX, Rothenberg ME. MicroRNA. J Allergy Clin Immunol 2018; 141: 1202-1207 [PMID: 29074454 DOI: 
10.1016/j.jaci.2017.08.034]

45     

Liang Y, Zou Q, Yu W. Steering Against Wind: A New Network of NamiRNAs and Enhancers. Genomics Proteomics 
Bioinformatics 2017; 15: 331-337 [PMID: 28882787 DOI: 10.1016/j.gpb.2017.05.001]

46     

Suzuki HI, Young RA, Sharp PA. Super-Enhancer-Mediated RNA Processing Revealed by Integrative MicroRNA 
Network Analysis. Cell 2017; 168: 1000-1014.e15 [PMID: 28283057 DOI: 10.1016/j.cell.2017.02.015]

47     

Odame E, Chen Y, Zheng S, Dai D, Kyei B, Zhan S, Cao J, Guo J, Zhong T, Wang L, Li L, Zhang H. Enhancer RNAs: 
transcriptional regulators and workmates of NamiRNAs in myogenesis. Cell Mol Biol Lett 2021; 26: 4 [PMID: 33568070 
DOI: 10.1186/s11658-021-00248-x]

48     

Wang H, Wang X, Zhang H, Deng T, Liu R, Liu Y, Li H, Bai M, Ning T, Wang J, Ge S, Ba Y. The HSF1/miR-135b-5p 
axis induces protective autophagy to promote oxaliplatin resistance through the MUL1/ULK1 pathway in colorectal 
cancer. Oncogene 2021; 40: 4695-4708 [PMID: 34140641 DOI: 10.1038/s41388-021-01898-z]

49     

Qian XL, Zhou F, Xu S, Jiang J, Chen ZP, Wang SK, Zuo Y, Ni C. MiR-454-3p Promotes Oxaliplatin Resistance by 
Targeting PTEN in Colorectal Cancer. Front Oncol 2021; 11: 638537 [PMID: 34017681 DOI: 
10.3389/fonc.2021.638537]

50     

Zhang Y, Liu X, Zhang J, Xu Y, Shao J, Hu Y, Shu P, Cheng H. Inhibition of miR-19a partially reversed the resistance of 
colorectal cancer to oxaliplatin via PTEN/PI3K/AKT pathway. Aging (Albany NY) 2020; 12: 5640-5650 [PMID: 
32209726 DOI: 10.18632/aging.102929]

51     

Liang Y, Zhu D, Zhu L, Hou Y, Hou L, Huang X, Li L, Wang Y, Zou H, Wu T, Yao M, Wang J, Meng X. 
Dichloroacetate Overcomes Oxaliplatin Chemoresistance in Colorectal Cancer through the miR-543/PTEN/Akt/mTOR 
Pathway. J Cancer 2019; 10: 6037-6047 [PMID: 31762813 DOI: 10.7150/jca.34650]

52     

Liang Y, Zhu D, Hou L, Wang Y, Huang X, Zhou C, Zhu L, Li L, Gu Y, Luo M, Wang J, Meng X. MiR-107 confers 
chemoresistance to colorectal cancer by targeting calcium-binding protein 39. Br J Cancer 2020; 122: 705-714 [PMID: 
31919406 DOI: 10.1038/s41416-019-0703-3]

53     

Xu K, Chen G, Qiu Y, Yuan Z, Li H, Yuan X, Sun J, Xu J, Liang X, Yin P. miR-503-5p confers drug resistance by 
targeting PUMA in colorectal carcinoma. Oncotarget 2017; 8: 21719-21732 [PMID: 28423513 DOI: 
10.18632/oncotarget.15559]

54     

Zhou Y, He A, Zhang L, Yi G. MiR-744 mediates the Oxaliplatin chemoresistance in colorectal cancer through inhibiting 
BIN1. Neoplasma 2020; 67: 296-303 [PMID: 31884801 DOI: 10.4149/neo_2019_190508N411]

55     

Zhuang YY, Zhong W, Xia ZS, Lin SZ, Chan MC, Jiang K, Li WF, Xu XY. miR-5000-3p confers oxaliplatin resistance 
by targeting ubiquitin-specific peptidase 49 in colorectal cancer. Cell Death Discov 2021; 7: 129 [PMID: 34075026 DOI: 
10.1038/s41420-021-00494-0]

56     

Zhao H, Su W, Kang Q, Xing Z, Lin X, Wu Z. Natural killer cells inhibit oxaliplatin-resistant colorectal cancer by 
repressing WBSCR22 via upregulating microRNA-146b-5p. Am J Cancer Res 2018; 8: 824-834 [PMID: 29888105]

57     

Jiang T, Ye L, Han Z, Liu Y, Yang Y, Peng Z, Fan J. miR-19b-3p promotes colon cancer proliferation and oxaliplatin-
based chemoresistance by targeting SMAD4: validation by bioinformatics and experimental analyses. J Exp Clin Cancer 
Res 2017; 36: 131 [PMID: 28938919 DOI: 10.1186/s13046-017-0602-5]

58     

Lin W, Zou H, Mo J, Jin C, Jiang H, Yu C, Jiang Z, Yang Y, He B, Wang K. Micro1278 Leads to Tumor Growth Arrest, 
Enhanced Sensitivity to Oxaliplatin and Vitamin D and Inhibits Metastasis via KIF5B, CYP24A1, and BTG2, 
Respectively. Front Oncol 2021; 11: 637878 [PMID: 33791222 DOI: 10.3389/fonc.2021.637878]

59     

Zhou H, Lin C, Zhang Y, Zhang X, Zhang C, Zhang P, Xie X, Ren Z. miR-506 enhances the sensitivity of human 
colorectal cancer cells to oxaliplatin by suppressing MDR1/P-gp expression. Cell Prolif 2017; 50 [PMID: 28217977 DOI: 
10.1111/cpr.12341]

60     

Wu YZ, Lin HY, Zhang Y, Chen WF. miR-200b-3p mitigates oxaliplatin resistance via targeting TUBB3 in colorectal 
cancer. J Gene Med 2020; 22: e3178 [PMID: 32092782 DOI: 10.1002/jgm.3178]

61     

Hua Y, Zhu Y, Zhang J, Zhu Z, Ning Z, Chen H, Liu L, Chen Z, Meng Z. miR-122 Targets X-Linked Inhibitor of 
Apoptosis Protein to Sensitize Oxaliplatin-Resistant Colorectal Cancer Cells to Oxaliplatin-Mediated Cytotoxicity. Cell 
Physiol Biochem 2018; 51: 2148-2159 [PMID: 30522111 DOI: 10.1159/000495832]

62     

Azar MRMH, Aghazadeh H, Mohammed HN, Sara MRS, Hosseini A, Shomali N, Tamjidifar R, Tarzi S, Mansouri M, 63     

http://www.ncbi.nlm.nih.gov/pubmed/30914410
https://dx.doi.org/10.1373/clinchem.2018.301291
http://www.ncbi.nlm.nih.gov/pubmed/35418578
https://dx.doi.org/10.1038/s41392-022-00975-3
http://www.ncbi.nlm.nih.gov/pubmed/23129736
https://dx.doi.org/10.1200/JCO.2012.43.1718
http://www.ncbi.nlm.nih.gov/pubmed/33548389
https://dx.doi.org/10.1016/j.annonc.2021.01.074
http://www.ncbi.nlm.nih.gov/pubmed/35337361
https://dx.doi.org/10.1186/s12943-022-01556-2
http://www.ncbi.nlm.nih.gov/pubmed/29784926
https://dx.doi.org/10.1038/s41571-018-0035-x
http://www.ncbi.nlm.nih.gov/pubmed/34145432
https://dx.doi.org/10.1038/s41573-021-00219-z
http://www.ncbi.nlm.nih.gov/pubmed/25027649
https://dx.doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/29074454
https://dx.doi.org/10.1016/j.jaci.2017.08.034
http://www.ncbi.nlm.nih.gov/pubmed/28882787
https://dx.doi.org/10.1016/j.gpb.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28283057
https://dx.doi.org/10.1016/j.cell.2017.02.015
http://www.ncbi.nlm.nih.gov/pubmed/33568070
https://dx.doi.org/10.1186/s11658-021-00248-x
http://www.ncbi.nlm.nih.gov/pubmed/34140641
https://dx.doi.org/10.1038/s41388-021-01898-z
http://www.ncbi.nlm.nih.gov/pubmed/34017681
https://dx.doi.org/10.3389/fonc.2021.638537
http://www.ncbi.nlm.nih.gov/pubmed/32209726
https://dx.doi.org/10.18632/aging.102929
http://www.ncbi.nlm.nih.gov/pubmed/31762813
https://dx.doi.org/10.7150/jca.34650
http://www.ncbi.nlm.nih.gov/pubmed/31919406
https://dx.doi.org/10.1038/s41416-019-0703-3
http://www.ncbi.nlm.nih.gov/pubmed/28423513
https://dx.doi.org/10.18632/oncotarget.15559
http://www.ncbi.nlm.nih.gov/pubmed/31884801
https://dx.doi.org/10.4149/neo_2019_190508N411
http://www.ncbi.nlm.nih.gov/pubmed/34075026
https://dx.doi.org/10.1038/s41420-021-00494-0
http://www.ncbi.nlm.nih.gov/pubmed/29888105
http://www.ncbi.nlm.nih.gov/pubmed/28938919
https://dx.doi.org/10.1186/s13046-017-0602-5
http://www.ncbi.nlm.nih.gov/pubmed/33791222
https://dx.doi.org/10.3389/fonc.2021.637878
http://www.ncbi.nlm.nih.gov/pubmed/28217977
https://dx.doi.org/10.1111/cpr.12341
http://www.ncbi.nlm.nih.gov/pubmed/32092782
https://dx.doi.org/10.1002/jgm.3178
http://www.ncbi.nlm.nih.gov/pubmed/30522111
https://dx.doi.org/10.1159/000495832


Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 15 January 7, 2023 Volume 29 Issue 1

Sarand SP, Marofi F, Akbari M, Xu H, Shotorbani SS. miR-193a-5p as a promising therapeutic candidate in colorectal 
cancer by reducing 5-FU and Oxaliplatin chemoresistance by targeting CXCR4. Int Immunopharmacol 2021; 92: 107355 
[PMID: 33429333 DOI: 10.1016/j.intimp.2020.107355]
Liang H, Xu Y, Zhang Q, Yang Y, Mou Y, Gao Y, Chen R, Chen C, Dai P. MiR-483-3p regulates oxaliplatin resistance 
by targeting FAM171B in human colorectal cancer cells. Artif Cells Nanomed Biotechnol 2019; 47: 725-736 [PMID: 
30861353 DOI: 10.1080/21691401.2019.1569530]

64     

Zhang L, Chen H, Song Y, Gu Q, Zhang L, Xie Q, Xu J, Zhang M. MiR-325 Promotes Oxaliplatin-Induced Cytotoxicity 
Against Colorectal Cancer Through the HSPA12B/PI3K/AKT/Bcl-2 Pathway. Dig Dis Sci 2021; 66: 2651-2660 [PMID: 
32914380 DOI: 10.1007/s10620-020-06579-7]

65     

Poel D, Boyd LNC, Beekhof R, Schelfhorst T, Pham TV, Piersma SR, Knol JC, Jimenez CR, Verheul HMW, Buffart TE. 
Proteomic Analysis of miR-195 and miR-497 Replacement Reveals Potential Candidates that Increase Sensitivity to 
Oxaliplatin in MSI/P53wt Colorectal Cancer Cells. Cells 2019; 8 [PMID: 31546954 DOI: 10.3390/cells8091111]

66     

Chen L, He M, Zhang M, Sun Q, Zeng S, Zhao H, Yang H, Liu M, Ren S, Meng X, Xu H. The Role of non-coding RNAs 
in colorectal cancer, with a focus on its autophagy. Pharmacol Ther 2021; 226: 107868 [PMID: 33901505 DOI: 
10.1016/j.pharmthera.2021.107868]

67     

Sun C, Wang FJ, Zhang HG, Xu XZ, Jia RC, Yao L, Qiao PF. miR-34a mediates oxaliplatin resistance of colorectal 
cancer cells by inhibiting macroautophagy via transforming growth factor-β/Smad4 pathway. World J Gastroenterol 2017; 
23: 1816-1827 [PMID: 28348487 DOI: 10.3748/wjg.v23.i10.1816]

68     

Sun W, Li J, Zhou L, Han J, Liu R, Zhang H, Ning T, Gao Z, Liu B, Chen X, Ba Y. The c-Myc/miR-27b-3p/ATG10 
regulatory axis regulates chemoresistance in colorectal cancer. Theranostics 2020; 10: 1981-1996 [PMID: 32104496 DOI: 
10.7150/thno.37621]

69     

Liu XY, Zhang FR, Shang JY, Liu YY, Lv XF, Yuan JN, Zhang TT, Li K, Lin XC, Liu X, Lei Q, Fu XD, Zhou JG, Liang 
SJ. Renal inhibition of miR-181a ameliorates 5-fluorouracil-induced mesangial cell apoptosis and nephrotoxicity. Cell 
Death Dis 2018; 9: 610 [PMID: 29795190 DOI: 10.1038/s41419-018-0677-8]

70     

Van Houdt WJ, Emmink BL, Pham TV, Piersma SR, Verheem A, Vries RG, Fratantoni SA, Pronk A, Clevers H, Borel 
Rinkes IH, Jimenez CR, Kranenburg O. Comparative proteomics of colon cancer stem cells and differentiated tumor cells 
identifies BIRC6 as a potential therapeutic target. Mol Cell Proteomics 2011; 10: M111.011353 [PMID: 21788403 DOI: 
10.1074/mcp.M111.011353]

71     

Chen LL. Linking Long Noncoding RNA Localization and Function. Trends Biochem Sci 2016; 41: 761-772 [PMID: 
27499234 DOI: 10.1016/j.tibs.2016.07.003]

72     

Connerty P, Lock RB, de Bock CE. Long Non-coding RNAs: Major Regulators of Cell Stress in Cancer. Front Oncol 
2020; 10: 285 [PMID: 32266130 DOI: 10.3389/fonc.2020.00285]

73     

Gao N, Li Y, Li J, Gao Z, Yang Z, Liu H, Fan T. Long Non-Coding RNAs: The Regulatory Mechanisms, Research 
Strategies, and Future Directions in Cancers. Front Oncol 2020; 10: 598817 [PMID: 33392092 DOI: 
10.3389/fonc.2020.598817]

74     

Rai MI, Alam M, Lightfoot DA, Gurha P, Afzal AJ. Classification and experimental identification of plant long non-
coding RNAs. Genomics 2019; 111: 997-1005 [PMID: 29679643 DOI: 10.1016/j.ygeno.2018.04.014]

75     

Sun Q, Hao Q, Prasanth KV. Nuclear Long Noncoding RNAs: Key Regulators of Gene Expression. Trends Genet 2018; 
34: 142-157 [PMID: 29249332 DOI: 10.1016/j.tig.2017.11.005]

76     

Postepska-Igielska A, Giwojna A, Gasri-Plotnitsky L, Schmitt N, Dold A, Ginsberg D, Grummt I. LncRNA Khps1 
Regulates Expression of the Proto-oncogene SPHK1 via Triplex-Mediated Changes in Chromatin Structure. Mol Cell 
2015; 60: 626-636 [PMID: 26590717 DOI: 10.1016/j.molcel.2015.10.001]

77     

Xu M, Chen X, Lin K, Zeng K, Liu X, Pan B, Xu X, Xu T, Hu X, Sun L, He B, Pan Y, Sun H, Wang S. The long 
noncoding RNA SNHG1 regulates colorectal cancer cell growth through interactions with EZH2 and miR-154-5p. Mol 
Cancer 2018; 17: 141 [PMID: 30266084 DOI: 10.1186/s12943-018-0894-x]

78     

Lan Z, Yao X, Sun K, Li A, Liu S, Wang X. The Interaction Between lncRNA SNHG6 and hnRNPA1 Contributes to the 
Growth of Colorectal Cancer by Enhancing Aerobic Glycolysis Through the Regulation of Alternative Splicing of PKM. 
Front Oncol 2020; 10: 363 [PMID: 32296635 DOI: 10.3389/fonc.2020.00363]

79     

Chen QN, Wei CC, Wang ZX, Sun M. Long non-coding RNAs in anti-cancer drug resistance. Oncotarget 2017; 8: 1925-
1936 [PMID: 27713133 DOI: 10.18632/oncotarget.12461]

80     

Hu Y, Zhu QN, Deng JL, Li ZX, Wang G, Zhu YS. Emerging role of long non-coding RNAs in cisplatin resistance. Onco 
Targets Ther 2018; 11: 3185-3194 [PMID: 29881292 DOI: 10.2147/OTT.S158104]

81     

Jiang X, Li Q, Zhang S, Song C, Zheng P. Long noncoding RNA GIHCG induces cancer progression and 
chemoresistance and indicates poor prognosis in colorectal cancer. Onco Targets Ther 2019; 12: 1059-1070 [PMID: 
30799935 DOI: 10.2147/OTT.S192290]

82     

Li T, Jin X, Dong J, Deng H. Long noncoding RNA ARSR is associated with a poor prognosis in patients with colorectal 
cancer. J Gene Med 2020; 22: e3241 [PMID: 32558022 DOI: 10.1002/jgm.3241]

83     

Yamamura S, Imai-Sumida M, Tanaka Y, Dahiya R. Interaction and cross-talk between non-coding RNAs. Cell Mol Life 
Sci 2018; 75: 467-484 [PMID: 28840253 DOI: 10.1007/s00018-017-2626-6]

84     

Weng X, Liu H, Ruan J, Du M, Wang L, Mao J, Cai Y, Lu X, Chen W, Huang Y, Zhi X, Shan J. HOTAIR/miR-1277-
5p/ZEB1 axis mediates hypoxia-induced oxaliplatin resistance via regulating epithelial-mesenchymal transition in 
colorectal cancer. Cell Death Discov 2022; 8: 310 [PMID: 35798695 DOI: 10.1038/s41420-022-01096-0]

85     

Li P, Zhang X, Wang H, Wang L, Liu T, Du L, Yang Y, Wang C. MALAT1 Is Associated with Poor Response to 
Oxaliplatin-Based Chemotherapy in Colorectal Cancer Patients and Promotes Chemoresistance through EZH2. Mol 
Cancer Ther 2017; 16: 739-751 [PMID: 28069878 DOI: 10.1158/1535-7163.MCT-16-0591]

86     

Thomson DW, Dinger ME. Endogenous microRNA sponges: evidence and controversy. Nat Rev Genet 2016; 17: 272-
283 [PMID: 27040487 DOI: 10.1038/nrg.2016.20]

87     

Fan C, Yuan Q, Liu G, Zhang Y, Yan M, Sun Q, Zhu C. Long non-coding RNA MALAT1 regulates oxaliplatin-
resistance via miR-324-3p/ADAM17 axis in colorectal cancer cells. Cancer Cell Int 2020; 20: 473 [PMID: 33005106 

88     

http://www.ncbi.nlm.nih.gov/pubmed/33429333
https://dx.doi.org/10.1016/j.intimp.2020.107355
http://www.ncbi.nlm.nih.gov/pubmed/30861353
https://dx.doi.org/10.1080/21691401.2019.1569530
http://www.ncbi.nlm.nih.gov/pubmed/32914380
https://dx.doi.org/10.1007/s10620-020-06579-7
http://www.ncbi.nlm.nih.gov/pubmed/31546954
https://dx.doi.org/10.3390/cells8091111
http://www.ncbi.nlm.nih.gov/pubmed/33901505
https://dx.doi.org/10.1016/j.pharmthera.2021.107868
http://www.ncbi.nlm.nih.gov/pubmed/28348487
https://dx.doi.org/10.3748/wjg.v23.i10.1816
http://www.ncbi.nlm.nih.gov/pubmed/32104496
https://dx.doi.org/10.7150/thno.37621
http://www.ncbi.nlm.nih.gov/pubmed/29795190
https://dx.doi.org/10.1038/s41419-018-0677-8
http://www.ncbi.nlm.nih.gov/pubmed/21788403
https://dx.doi.org/10.1074/mcp.M111.011353
http://www.ncbi.nlm.nih.gov/pubmed/27499234
https://dx.doi.org/10.1016/j.tibs.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/32266130
https://dx.doi.org/10.3389/fonc.2020.00285
http://www.ncbi.nlm.nih.gov/pubmed/33392092
https://dx.doi.org/10.3389/fonc.2020.598817
http://www.ncbi.nlm.nih.gov/pubmed/29679643
https://dx.doi.org/10.1016/j.ygeno.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29249332
https://dx.doi.org/10.1016/j.tig.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26590717
https://dx.doi.org/10.1016/j.molcel.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30266084
https://dx.doi.org/10.1186/s12943-018-0894-x
http://www.ncbi.nlm.nih.gov/pubmed/32296635
https://dx.doi.org/10.3389/fonc.2020.00363
http://www.ncbi.nlm.nih.gov/pubmed/27713133
https://dx.doi.org/10.18632/oncotarget.12461
http://www.ncbi.nlm.nih.gov/pubmed/29881292
https://dx.doi.org/10.2147/OTT.S158104
http://www.ncbi.nlm.nih.gov/pubmed/30799935
https://dx.doi.org/10.2147/OTT.S192290
http://www.ncbi.nlm.nih.gov/pubmed/32558022
https://dx.doi.org/10.1002/jgm.3241
http://www.ncbi.nlm.nih.gov/pubmed/28840253
https://dx.doi.org/10.1007/s00018-017-2626-6
http://www.ncbi.nlm.nih.gov/pubmed/35798695
https://dx.doi.org/10.1038/s41420-022-01096-0
http://www.ncbi.nlm.nih.gov/pubmed/28069878
https://dx.doi.org/10.1158/1535-7163.MCT-16-0591
http://www.ncbi.nlm.nih.gov/pubmed/27040487
https://dx.doi.org/10.1038/nrg.2016.20
http://www.ncbi.nlm.nih.gov/pubmed/33005106


Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 16 January 7, 2023 Volume 29 Issue 1

DOI: 10.1186/s12935-020-01549-5]
Liang J, Tian XF, Yang W. Effects of long non-coding RNA Opa-interacting protein 5 antisense RNA 1 on colon cancer 
cell resistance to oxaliplatin and its regulation of microRNA-137. World J Gastroenterol 2020; 26: 1474-1489 [PMID: 
32308348 DOI: 10.3748/wjg.v26.i13.1474]

89     

Yue B, Cai D, Liu C, Fang C, Yan D. Linc00152 Functions as a Competing Endogenous RNA to Confer Oxaliplatin 
Resistance and Holds Prognostic Values in Colon Cancer. Mol Ther 2016; 24: 2064-2077 [PMID: 27633443 DOI: 
10.1038/mt.2016.180]

90     

Zhou L, Li J, Liao M, Zhang Q, Yang M. LncRNA MIR155HG induces M2 macrophage polarization and drug resistance 
of colorectal cancer cells by regulating ANXA2. Cancer Immunol Immunother 2022; 71: 1075-1091 [PMID: 34562123 
DOI: 10.1007/s00262-021-03055-7]

91     

Gao R, Fang C, Xu J, Tan H, Li P, Ma L. LncRNA CACS15 contributes to oxaliplatin resistance in colorectal cancer by 
positively regulating ABCC1 through sponging miR-145. Arch Biochem Biophys 2019; 663: 183-191 [PMID: 30639170 
DOI: 10.1016/j.abb.2019.01.005]

92     

Xie L, Cui G, Li T. Long Noncoding RNA CBR3-AS1 Promotes Stem-like Properties and Oxaliplatin Resistance of 
Colorectal Cancer by Sponging miR-145-5p. J Oncol 2022; 2022: 2260211 [PMID: 35466320 DOI: 
10.1155/2022/2260211]

93     

Gao H, Song X, Kang T, Yan B, Feng L, Gao L, Ai L, Liu X, Yu J, Li H. Long noncoding RNA CRNDE functions as a 
competing endogenous RNA to promote metastasis and oxaliplatin resistance by sponging miR-136 in colorectal cancer. 
Onco Targets Ther 2017; 10: 205-216 [PMID: 28115855 DOI: 10.2147/OTT.S116178]

94     

Meng X, Sun W, Yu J, Zhou Y, Gu Y, Han J, Zhou L, Jiang X, Wang C. LINC00460-miR-149-5p/miR-150-5p-Mutant 
p53 Feedback Loop Promotes Oxaliplatin Resistance in Colorectal Cancer. Mol Ther Nucleic Acids 2020; 22: 1004-1015 
[PMID: 33251049 DOI: 10.1016/j.omtn.2020.10.018]

95     

Li Y, Li C, Li D, Yang L, Jin J, Zhang B. lncRNA KCNQ1OT1 enhances the chemoresistance of oxaliplatin in colon 
cancer by targeting the miR-34a/ATG4B pathway. Onco Targets Ther 2019; 12: 2649-2660 [PMID: 31040703 DOI: 
10.2147/OTT.S188054]

96     

Li Q, Sun H, Luo D, Gan L, Mo S, Dai W, Liang L, Yang Y, Xu M, Li J, Zheng P, Li X, Li Y, Wang Z. Lnc-RP11-536 
K7.3/SOX2/HIF-1α signaling axis regulates oxaliplatin resistance in patient-derived colorectal cancer organoids. J Exp 
Clin Cancer Res 2021; 40: 348 [PMID: 34740372 DOI: 10.1186/s13046-021-02143-x]

97     

Sun J, Zhou H, Bao X, Wu Y, Jia H, Zhao H, Liu G. lncRNA TUG1 Facilitates Colorectal Cancer Stem Cell 
Characteristics and Chemoresistance by Enhancing GATA6 Protein Stability. Stem Cells Int 2021; 2021: 1075481 [PMID: 
34858502 DOI: 10.1155/2021/1075481]

98     

Zhou Q, Hou Z, Zuo S, Zhou X, Feng Y, Sun Y, Yuan X. LUCAT1 promotes colorectal cancer tumorigenesis by 
targeting the ribosomal protein L40-MDM2-p53 pathway through binding with UBA52. Cancer Sci 2019; 110: 1194-1207 
[PMID: 30690837 DOI: 10.1111/cas.13951]

99     

Deng X, Kong F, Li S, Jiang H, Dong L, Xu X, Zhang X, Yuan H, Xu Y, Chu Y, Peng H, Guan M. A 
KLF4/PiHL/EZH2/HMGA2 regulatory axis and its function in promoting oxaliplatin-resistance of colorectal cancer. Cell 
Death Dis 2021; 12: 485 [PMID: 33986248 DOI: 10.1038/s41419-021-03753-1]

100     

Quinodoz S, Guttman M. Long noncoding RNAs: an emerging link between gene regulation and nuclear organization. 
Trends Cell Biol 2014; 24: 651-663 [PMID: 25441720 DOI: 10.1016/j.tcb.2014.08.009]

101     

Li Y, Gan Y, Liu J, Li J, Zhou Z, Tian R, Sun R, Xiao Q, Li Y, Lu P, Peng Y, Shu G, Yin G. Downregulation of MEIS1 
mediated by ELFN1-AS1/EZH2/DNMT3a axis promotes tumorigenesis and oxaliplatin resistance in colorectal cancer. 
Signal Transduct Target Ther 2022; 7: 87 [PMID: 35351858 DOI: 10.1038/s41392-022-00902-6]

102     

Damas ND, Marcatti M, Côme C, Christensen LL, Nielsen MM, Baumgartner R, Gylling HM, Maglieri G, Rundsten CF, 
Seemann SE, Rapin N, Thézenas S, Vang S, Ørntoft T, Andersen CL, Pedersen JS, Lund AH. SNHG5 promotes colorectal 
cancer cell survival by counteracting STAU1-mediated mRNA destabilization. Nat Commun 2016; 7: 13875 [PMID: 
28004750 DOI: 10.1038/ncomms13875]

103     

Chen B, Dragomir MP, Fabris L, Bayraktar R, Knutsen E, Liu X, Tang C, Li Y, Shimura T, Ivkovic TC, De Los Santos 
MC, Anfossi S, Shimizu M, Shah MY, Ling H, Shen P, Multani AS, Pardini B, Burks JK, Katayama H, Reineke LC, Huo 
L, Syed M, Song S, Ferracin M, Oki E, Fromm B, Ivan C, Bhuvaneshwar K, Gusev Y, Mimori K, Menter D, Sen S, 
Matsuyama T, Uetake H, Vasilescu C, Kopetz S, Parker-Thornburg J, Taguchi A, Hanash SM, Girnita L, Slaby O, Goel 
A, Varani G, Gagea M, Li C, Ajani JA, Calin GA. The Long Noncoding RNA CCAT2 Induces Chromosomal Instability 
Through BOP1-AURKB Signaling. Gastroenterology 2020; 159: 2146-2162.e33 [PMID: 32805281 DOI: 
10.1053/j.gastro.2020.08.018]

104     

Li C, Li X. Antitumor Activity of lncRNA NBAT-1 via Inhibition of miR-4504 to Target to WWC3 in Oxaliplatin-
Resistant Colorectal Carcinoma. J Healthc Eng 2022; 2022: 9121554 [PMID: 35494512 DOI: 10.1155/2022/9121554]

105     

Li L, Shang J, Zhang Y, Liu S, Peng Y, Zhou Z, Pan H, Wang X, Chen L, Zhao Q. MEG3 is a prognostic factor for CRC 
and promotes chemosensitivity by enhancing oxaliplatin-induced cell apoptosis. Oncol Rep 2017; 38: 1383-1392 [PMID: 
28731151 DOI: 10.3892/or.2017.5828]

106     

Wang H, Li H, Zhang L, Yang D. Overexpression of MEG3 sensitizes colorectal cancer cells to oxaliplatin through 
regulation of miR-141/PDCD4 axis. Biomed Pharmacother 2018; 106: 1607-1615 [PMID: 30119236 DOI: 
10.1016/j.biopha.2018.07.131]

107     

Wang X, Zhang H, Yin S, Yang Y, Yang H, Yang J, Zhou Z, Li S, Ying G, Ba Y. lncRNA-encoded pep-AP attenuates the 
pentose phosphate pathway and sensitizes colorectal cancer cells to Oxaliplatin. EMBO Rep 2022; 23: e53140 [PMID: 
34779552 DOI: 10.15252/embr.202153140]

108     

Wu S, Yang X, Tang W, Familiari G, Relucenti M, Aschner M, Li X, Chen R. Chemotherapeutic Risk lncRNA-PVT1 
SNP Sensitizes Metastatic Colorectal Cancer to FOLFOX Regimen. Front Oncol 2022; 12: 808889 [PMID: 35433465 
DOI: 10.3389/fonc.2022.808889]

109     

Sun F, Liang W, Qian J. The identification of CRNDE, H19, UCA1 and HOTAIR as the key lncRNAs involved in 
oxaliplatin or irinotecan resistance in the chemotherapy of colorectal cancer based on integrative bioinformatics analysis. 

110     

https://dx.doi.org/10.1186/s12935-020-01549-5
http://www.ncbi.nlm.nih.gov/pubmed/32308348
https://dx.doi.org/10.3748/wjg.v26.i13.1474
http://www.ncbi.nlm.nih.gov/pubmed/27633443
https://dx.doi.org/10.1038/mt.2016.180
http://www.ncbi.nlm.nih.gov/pubmed/34562123
https://dx.doi.org/10.1007/s00262-021-03055-7
http://www.ncbi.nlm.nih.gov/pubmed/30639170
https://dx.doi.org/10.1016/j.abb.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/35466320
https://dx.doi.org/10.1155/2022/2260211
http://www.ncbi.nlm.nih.gov/pubmed/28115855
https://dx.doi.org/10.2147/OTT.S116178
http://www.ncbi.nlm.nih.gov/pubmed/33251049
https://dx.doi.org/10.1016/j.omtn.2020.10.018
http://www.ncbi.nlm.nih.gov/pubmed/31040703
https://dx.doi.org/10.2147/OTT.S188054
http://www.ncbi.nlm.nih.gov/pubmed/34740372
https://dx.doi.org/10.1186/s13046-021-02143-x
http://www.ncbi.nlm.nih.gov/pubmed/34858502
https://dx.doi.org/10.1155/2021/1075481
http://www.ncbi.nlm.nih.gov/pubmed/30690837
https://dx.doi.org/10.1111/cas.13951
http://www.ncbi.nlm.nih.gov/pubmed/33986248
https://dx.doi.org/10.1038/s41419-021-03753-1
http://www.ncbi.nlm.nih.gov/pubmed/25441720
https://dx.doi.org/10.1016/j.tcb.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/35351858
https://dx.doi.org/10.1038/s41392-022-00902-6
http://www.ncbi.nlm.nih.gov/pubmed/28004750
https://dx.doi.org/10.1038/ncomms13875
http://www.ncbi.nlm.nih.gov/pubmed/32805281
https://dx.doi.org/10.1053/j.gastro.2020.08.018
http://www.ncbi.nlm.nih.gov/pubmed/35494512
https://dx.doi.org/10.1155/2022/9121554
http://www.ncbi.nlm.nih.gov/pubmed/28731151
https://dx.doi.org/10.3892/or.2017.5828
http://www.ncbi.nlm.nih.gov/pubmed/30119236
https://dx.doi.org/10.1016/j.biopha.2018.07.131
http://www.ncbi.nlm.nih.gov/pubmed/34779552
https://dx.doi.org/10.15252/embr.202153140
http://www.ncbi.nlm.nih.gov/pubmed/35433465
https://dx.doi.org/10.3389/fonc.2022.808889


Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 17 January 7, 2023 Volume 29 Issue 1

Mol Med Rep 2019; 20: 3583-3596 [PMID: 31432188 DOI: 10.3892/mmr.2019.10588]
Zhang F, Wang H, Yu J, Yao X, Yang S, Li W, Xu L, Zhao L. LncRNA CRNDE attenuates chemoresistance in gastric 
cancer via SRSF6-regulated alternative splicing of PICALM. Mol Cancer 2021; 20: 6 [PMID: 33397371 DOI: 
10.1186/s12943-020-01299-y]

111     

Liu J, Liu T, Wang X, He A. Circles reshaping the RNA world: from waste to treasure. Mol Cancer 2017; 16: 58 [PMID: 
28279183 DOI: 10.1186/s12943-017-0630-y]

112     

Huang A, Zheng H, Wu Z, Chen M, Huang Y. Circular RNA-protein interactions: functions, mechanisms, and 
identification. Theranostics 2020; 10: 3503-3517 [PMID: 32206104 DOI: 10.7150/thno.42174]

113     

Wang J, Zhang Y, Liu L, Yang T, Song J. Circular RNAs: new biomarkers of chemoresistance in cancer. Cancer Biol 
Med 2021 [PMID: 33738995 DOI: 10.20892/j.issn.2095-3941.2020.0312]

114     

Mao G, Zhou B, Xu W, Jiao N, Wu Z, Li J, Liu Y. Hsa_circ_0040809 regulates colorectal cancer development by 
upregulating methyltransferase DNMT1 via targeting miR-515-5p. J Gene Med 2021; 23: e3388 [PMID: 34438465 DOI: 
10.1002/jgm.3388]

115     

Li Z, Yao H, Wang S, Li G, Gu X. CircTADA2A suppresses the progression of colorectal cancer via miR-374a-
3p/KLF14 axis. J Exp Clin Cancer Res 2020; 39: 160 [PMID: 32799891 DOI: 10.1186/s13046-020-01642-7]

116     

Zhou J, Wang L, Sun Q, Chen R, Zhang C, Yang P, Tan Y, Peng C, Wang T, Jin C, Ji J, Jin K, Sun Y. Hsa_circ_0001666 
suppresses the progression of colorectal cancer through the miR-576-5p/PCDH10 axis. Clin Transl Med 2021; 11: e565 
[PMID: 34841662 DOI: 10.1002/ctm2.565]

117     

Zhang N, Zhang X, Xu W, Mu Z. CircRNA_103948 inhibits autophagy in colorectal cancer in a ceRNA manner. Ann N Y 
Acad Sci 2021; 1503: 88-101 [PMID: 34480353 DOI: 10.1111/nyas.14679]

118     

Feng J, Li Z, Li L, Xie H, Lu Q, He X. Hypoxiainduced circCCDC66 promotes the tumorigenesis of colorectal cancer via 
the miR3140/autophagy pathway. Int J Mol Med 2020; 46: 1973-1982 [PMID: 33125087 DOI: 10.3892/ijmm.2020.4747]

119     

Chen Z, Ren R, Wan D, Wang Y, Xue X, Jiang M, Shen J, Han Y, Liu F, Shi J, Kuang Y, Li W, Zhi Q. Hsa_circ_101555 
functions as a competing endogenous RNA of miR-597-5p to promote colorectal cancer progression. Oncogene 2019; 38: 
6017-6034 [PMID: 31300733 DOI: 10.1038/s41388-019-0857-8]

120     

Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, Kjems J. Natural RNA circles function as 
efficient microRNA sponges. Nature 2013; 495: 384-388 [PMID: 23446346 DOI: 10.1038/nature11993]

121     

Jiang Z, Hou Z, Liu W, Yu Z, Liang Z, Chen S. Circular RNA protein tyrosine kinase 2 (circPTK2) promotes colorectal 
cancer proliferation, migration, invasion and chemoresistance. Bioengineered 2022; 13: 810-823 [PMID: 34974791 DOI: 
10.1080/21655979.2021.2012952]

122     

Li S, Zheng S. Down-Regulation of Circ_0032833 Sensitizes Colorectal Cancer to 5-Fluorouracil and Oxaliplatin Partly 
Depending on the Regulation of miR-125-5p and MSI1. Cancer Manag Res 2020; 12: 11257-11269 [PMID: 33177876 
DOI: 10.2147/CMAR.S270123]

123     

Lai M, Liu G, Li R, Bai H, Zhao J, Xiao P, Mei J. Hsa_circ_0079662 induces the resistance mechanism of the 
chemotherapy drug oxaliplatin through the TNF-α pathway in human colon cancer. J Cell Mol Med 2020; 24: 5021-5027 
[PMID: 32243061 DOI: 10.1111/jcmm.15122]

124     

Zhang Y, Li C, Liu X, Wang Y, Zhao R, Yang Y, Zheng X, Zhang Y, Zhang X. circHIPK3 promotes oxaliplatin-
resistance in colorectal cancer through autophagy by sponging miR-637. EBioMedicine 2019; 48: 277-288 [PMID: 
31631038 DOI: 10.1016/j.ebiom.2019.09.051]

125     

Lin YC, Yu YS, Lin HH, Hsiao KY. Oxaliplatin-Induced DHX9 Phosphorylation Promotes Oncogenic Circular RNA 
CCDC66 Expression and Development of Chemoresistance. Cancers (Basel) 2020; 12 [PMID: 32187976 DOI: 
10.3390/cancers12030697]

126     

Abu N, Hon KW, Jeyaraman S, Yahaya A, Abdullah NM, Mustangin M, Sulaiman SA, Jamal R, Ab-Mutalib NS. 
Identification of differentially expressed circular RNAs in chemoresistant colorectal cancer. Epigenomics 2019; 11: 875-
884 [PMID: 31020847 DOI: 10.2217/epi-2019-0042]

127     

Hon KW, Ab-Mutalib NS, Abdullah NMA, Jamal R, Abu N. Extracellular Vesicle-derived circular RNAs confers 
chemoresistance in Colorectal cancer. Sci Rep 2019; 9: 16497 [PMID: 31712601 DOI: 10.1038/s41598-019-53063-y]

128     

Jin G, Liu Y, Zhang J, Bian Z, Yao S, Fei B, Zhou L, Yin Y, Huang Z. A panel of serum exosomal microRNAs as 
predictive markers for chemoresistance in advanced colorectal cancer. Cancer Chemother Pharmacol 2019; 84: 315-325 
[PMID: 31089750 DOI: 10.1007/s00280-019-03867-6]

129     

Jiang Z, Hou Z, Li L, Liu W, Yu Z, Chen S. Exosomal circEPB41L2 serves as a sponge for miR-21-5p and miR-942-5p 
to suppress colorectal cancer progression by regulating the PTEN/AKT signalling pathway. Eur J Clin Invest 2021; 51: 
e13581 [PMID: 34022068 DOI: 10.1111/eci.13581]

130     

Ding B, Yao M, Fan W, Lou W. Whole-transcriptome analysis reveals a potential hsa_circ_0001955/hsa_circ_0000977-
mediated miRNA-mRNA regulatory sub-network in colorectal cancer. Aging (Albany NY) 2020; 12: 5259-5279 [PMID: 
32221048 DOI: 10.18632/aging.102945]

131     

Van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol 
2018; 19: 213-228 [PMID: 29339798 DOI: 10.1038/nrm.2017.125]

132     

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol 2013; 200: 373-383 
[PMID: 23420871 DOI: 10.1083/jcb.201211138]

133     

Kalluri R. The biology and function of exosomes in cancer. J Clin Invest 2016; 126: 1208-1215 [PMID: 27035812 DOI: 
10.1172/JCI81135]

134     

Zhu L, Sun HT, Wang S, Huang SL, Zheng Y, Wang CQ, Hu BY, Qin W, Zou TT, Fu Y, Shen XT, Zhu WW, Geng Y, 
Lu L, Jia HL, Qin LX, Dong QZ. Isolation and characterization of exosomes for cancer research. J Hematol Oncol 2020; 
13: 152 [PMID: 33168028 DOI: 10.1186/s13045-020-00987-y]

135     

Yu D, Li Y, Wang M, Gu J, Xu W, Cai H, Fang X, Zhang X. Exosomes as a new frontier of cancer liquid biopsy. Mol 
Cancer 2022; 21: 56 [PMID: 35180868 DOI: 10.1186/s12943-022-01509-9]

136     

Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exosomes. Science 2020; 367 [PMID: 
32029601 DOI: 10.1126/science.aau6977]

137     

http://www.ncbi.nlm.nih.gov/pubmed/31432188
https://dx.doi.org/10.3892/mmr.2019.10588
http://www.ncbi.nlm.nih.gov/pubmed/33397371
https://dx.doi.org/10.1186/s12943-020-01299-y
http://www.ncbi.nlm.nih.gov/pubmed/28279183
https://dx.doi.org/10.1186/s12943-017-0630-y
http://www.ncbi.nlm.nih.gov/pubmed/32206104
https://dx.doi.org/10.7150/thno.42174
http://www.ncbi.nlm.nih.gov/pubmed/33738995
https://dx.doi.org/10.20892/j.issn.2095-3941.2020.0312
http://www.ncbi.nlm.nih.gov/pubmed/34438465
https://dx.doi.org/10.1002/jgm.3388
http://www.ncbi.nlm.nih.gov/pubmed/32799891
https://dx.doi.org/10.1186/s13046-020-01642-7
http://www.ncbi.nlm.nih.gov/pubmed/34841662
https://dx.doi.org/10.1002/ctm2.565
http://www.ncbi.nlm.nih.gov/pubmed/34480353
https://dx.doi.org/10.1111/nyas.14679
http://www.ncbi.nlm.nih.gov/pubmed/33125087
https://dx.doi.org/10.3892/ijmm.2020.4747
http://www.ncbi.nlm.nih.gov/pubmed/31300733
https://dx.doi.org/10.1038/s41388-019-0857-8
http://www.ncbi.nlm.nih.gov/pubmed/23446346
https://dx.doi.org/10.1038/nature11993
http://www.ncbi.nlm.nih.gov/pubmed/34974791
https://dx.doi.org/10.1080/21655979.2021.2012952
http://www.ncbi.nlm.nih.gov/pubmed/33177876
https://dx.doi.org/10.2147/CMAR.S270123
http://www.ncbi.nlm.nih.gov/pubmed/32243061
https://dx.doi.org/10.1111/jcmm.15122
http://www.ncbi.nlm.nih.gov/pubmed/31631038
https://dx.doi.org/10.1016/j.ebiom.2019.09.051
http://www.ncbi.nlm.nih.gov/pubmed/32187976
https://dx.doi.org/10.3390/cancers12030697
http://www.ncbi.nlm.nih.gov/pubmed/31020847
https://dx.doi.org/10.2217/epi-2019-0042
http://www.ncbi.nlm.nih.gov/pubmed/31712601
https://dx.doi.org/10.1038/s41598-019-53063-y
http://www.ncbi.nlm.nih.gov/pubmed/31089750
https://dx.doi.org/10.1007/s00280-019-03867-6
http://www.ncbi.nlm.nih.gov/pubmed/34022068
https://dx.doi.org/10.1111/eci.13581
http://www.ncbi.nlm.nih.gov/pubmed/32221048
https://dx.doi.org/10.18632/aging.102945
http://www.ncbi.nlm.nih.gov/pubmed/29339798
https://dx.doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/23420871
https://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/27035812
https://dx.doi.org/10.1172/JCI81135
http://www.ncbi.nlm.nih.gov/pubmed/33168028
https://dx.doi.org/10.1186/s13045-020-00987-y
http://www.ncbi.nlm.nih.gov/pubmed/35180868
https://dx.doi.org/10.1186/s12943-022-01509-9
http://www.ncbi.nlm.nih.gov/pubmed/32029601
https://dx.doi.org/10.1126/science.aau6977


Luo ZD et al. Roles of ncRNAs in oxaliplatin resistance

WJG https://www.wjgnet.com 18 January 7, 2023 Volume 29 Issue 1

Yokoi A, Ochiya T. Exosomes and extracellular vesicles: Rethinking the essential values in cancer biology. Semin Cancer 
Biol 2021; 74: 79-91 [PMID: 33798721 DOI: 10.1016/j.semcancer.2021.03.032]

138     

He C, Zheng S, Luo Y, Wang B. Exosome Theranostics: Biology and Translational Medicine. Theranostics 2018; 8: 237-
255 [PMID: 29290805 DOI: 10.7150/thno.21945]

139     

Baassiri A, Nassar F, Mukherji D, Shamseddine A, Nasr R, Temraz S. Exosomal Non Coding RNA in LIQUID Biopsies 
as a Promising Biomarker for Colorectal Cancer. Int J Mol Sci 2020; 21 [PMID: 32092975 DOI: 10.3390/ijms21041398]

140     

Ren J, Ding L, Zhang D, Shi G, Xu Q, Shen S, Wang Y, Wang T, Hou Y. Carcinoma-associated fibroblasts promote the 
stemness and chemoresistance of colorectal cancer by transferring exosomal lncRNA H19. Theranostics 2018; 8: 3932-
3948 [PMID: 30083271 DOI: 10.7150/thno.25541]

141     

Deng X, Ruan H, Zhang X, Xu X, Zhu Y, Peng H, Kong F, Guan M. Long noncoding RNA CCAL transferred from 
fibroblasts by exosomes promotes chemoresistance of colorectal cancer cells. Int J Cancer 2020; 146: 1700-1716 [PMID: 
31381140 DOI: 10.1002/ijc.32608]

142     

Qu Z, Yang KD, Luo BH, Zhang F. CAFs-secreted exosomal cricN4BP2L2 promoted colorectal cancer stemness and 
chemoresistance by interacting with EIF4A3. Exp Cell Res 2022; 418: 113266 [PMID: 35752345 DOI: 
10.1016/j.yexcr.2022.113266]

143     

Li C, Li X. Exosome-Derived Circ_0094343 Promotes Chemosensitivity of Colorectal Cancer Cells by Regulating 
Glycolysis via the miR-766-5p/TRIM67 Axis. Contrast Media Mol Imaging 2022; 2022: 2878557 [PMID: 35854778 
DOI: 10.1155/2022/2878557]

144     

Ning T, Li J, He Y, Zhang H, Wang X, Deng T, Liu R, Li H, Bai M, Fan Q, Zhu K, Ying G, Ba Y. Exosomal miR-208b 
related with oxaliplatin resistance promotes Treg expansion in colorectal cancer. Mol Ther 2021; 29: 2723-2736 [PMID: 
33905821 DOI: 10.1016/j.ymthe.2021.04.028]

145     

Xu Y, Zhu M. Novel exosomal miR-46146 transfer oxaliplatin chemoresistance in colorectal cancer. Clin Transl Oncol 
2020; 22: 1105-1116 [PMID: 31728833 DOI: 10.1007/s12094-019-02237-1]

146     

Xiao Z, Liu Y, Li Q, Liu Q, Luo Y, Wei S. EVs delivery of miR-1915-3p improves the chemotherapeutic efficacy of 
oxaliplatin in colorectal cancer. Cancer Chemother Pharmacol 2021; 88: 1021-1031 [PMID: 34599680 DOI: 
10.1007/s00280-021-04348-5]

147     

Wang X, Zhang H, Yang H, Bai M, Ning T, Deng T, Liu R, Fan Q, Zhu K, Li J, Zhan Y, Ying G, Ba Y. Exosome-
delivered circRNA promotes glycolysis to induce chemoresistance through the miR-122-PKM2 axis in colorectal cancer. 
Mol Oncol 2020; 14: 539-555 [PMID: 31901148 DOI: 10.1002/1878-0261.12629]

148     

Ohzawa H, Kimura Y, Saito A, Yamaguchi H, Miyato H, Sakuma Y, Horie H, Hosoya Y, Lefor AK, Sata N, Kitayama J. 
Ratios of miRNAs in Peritoneal Exosomes are Useful Biomarkers to Predict Tumor Response to Intraperitoneal 
Chemotherapy in Patients with Peritoneal Metastases from Gastric Cancer. Ann Surg Oncol 2020; 27: 5057-5064 [PMID: 
32804324 DOI: 10.1245/s10434-020-09007-2]

149     

Yagi T, Iinuma H, Hayama T, Matsuda K, Nozawa K, Tsukamoto M, Shimada R, Akahane T, Tsuchiya T, Ozawa T, 
Hashiguchi Y. Plasma exosomal microRNA-125b as a monitoring biomarker of resistance to mFOLFOX6-based 
chemotherapy in advanced and recurrent colorectal cancer patients. Mol Clin Oncol 2019; 11: 416-424 [PMID: 31497299 
DOI: 10.3892/mco.2019.1911]

150     

Sur D, Balacescu L, Cainap SS, Visan S, Pop L, Burz C, Havasi A, Buiga R, Cainap C, Irimie A, Balacescu O. Predictive 
Efficacy of MiR-125b-5p, MiR-17-5p, and MiR-185-5p in Liver Metastasis and Chemotherapy Response Among 
Advanced Stage Colorectal Cancer Patients. Front Oncol 2021; 11: 651380 [PMID: 34084747 DOI: 
10.3389/fonc.2021.651380]

151     

Kim H, Kim EH, Kwak G, Chi SG, Kim SH, Yang Y. Exosomes: Cell-Derived Nanoplatforms for the Delivery of Cancer 
Therapeutics. Int J Mol Sci 2020; 22 [PMID: 33374978 DOI: 10.3390/ijms22010014]

152     

Zhang Y, Liu Q, Zhang X, Huang H, Tang S, Chai Y, Xu Z, Li M, Chen X, Liu J, Yang C. Recent advances in exosome-
mediated nucleic acid delivery for cancer therapy. J Nanobiotechnology 2022; 20: 279 [PMID: 35701788 DOI: 
10.1186/s12951-022-01472-z]

153     

Hui B, Lu C, Wang J, Xu Y, Yang Y, Ji H, Li X, Xu L, Tang W, Wang K, Gu Y. Engineered exosomes for co-delivery of 
PGM5-AS1 and oxaliplatin to reverse drug resistance in colon cancer. J Cell Physiol 2022; 237: 911-933 [PMID: 
34463962 DOI: 10.1002/jcp.30566]

154     

Pi F, Binzel DW, Lee TJ, Li Z, Sun M, Rychahou P, Li H, Haque F, Wang S, Croce CM, Guo B, Evers BM, Guo P. 
Nanoparticle orientation to control RNA loading and ligand display on extracellular vesicles for cancer regression. Nat 
Nanotechnol 2018; 13: 82-89 [PMID: 29230043 DOI: 10.1038/s41565-017-0012-z]

155     

Liang G, Zhu Y, Ali DJ, Tian T, Xu H, Si K, Sun B, Chen B, Xiao Z. Engineered exosomes for targeted co-delivery of 
miR-21 inhibitor and chemotherapeutics to reverse drug resistance in colon cancer. J Nanobiotechnology 2020; 18: 10 
[PMID: 31918721 DOI: 10.1186/s12951-019-0563-2]

156     

http://www.ncbi.nlm.nih.gov/pubmed/33798721
https://dx.doi.org/10.1016/j.semcancer.2021.03.032
http://www.ncbi.nlm.nih.gov/pubmed/29290805
https://dx.doi.org/10.7150/thno.21945
http://www.ncbi.nlm.nih.gov/pubmed/32092975
https://dx.doi.org/10.3390/ijms21041398
http://www.ncbi.nlm.nih.gov/pubmed/30083271
https://dx.doi.org/10.7150/thno.25541
http://www.ncbi.nlm.nih.gov/pubmed/31381140
https://dx.doi.org/10.1002/ijc.32608
http://www.ncbi.nlm.nih.gov/pubmed/35752345
https://dx.doi.org/10.1016/j.yexcr.2022.113266
http://www.ncbi.nlm.nih.gov/pubmed/35854778
https://dx.doi.org/10.1155/2022/2878557
http://www.ncbi.nlm.nih.gov/pubmed/33905821
https://dx.doi.org/10.1016/j.ymthe.2021.04.028
http://www.ncbi.nlm.nih.gov/pubmed/31728833
https://dx.doi.org/10.1007/s12094-019-02237-1
http://www.ncbi.nlm.nih.gov/pubmed/34599680
https://dx.doi.org/10.1007/s00280-021-04348-5
http://www.ncbi.nlm.nih.gov/pubmed/31901148
https://dx.doi.org/10.1002/1878-0261.12629
http://www.ncbi.nlm.nih.gov/pubmed/32804324
https://dx.doi.org/10.1245/s10434-020-09007-2
http://www.ncbi.nlm.nih.gov/pubmed/31497299
https://dx.doi.org/10.3892/mco.2019.1911
http://www.ncbi.nlm.nih.gov/pubmed/34084747
https://dx.doi.org/10.3389/fonc.2021.651380
http://www.ncbi.nlm.nih.gov/pubmed/33374978
https://dx.doi.org/10.3390/ijms22010014
http://www.ncbi.nlm.nih.gov/pubmed/35701788
https://dx.doi.org/10.1186/s12951-022-01472-z
http://www.ncbi.nlm.nih.gov/pubmed/34463962
https://dx.doi.org/10.1002/jcp.30566
http://www.ncbi.nlm.nih.gov/pubmed/29230043
https://dx.doi.org/10.1038/s41565-017-0012-z
http://www.ncbi.nlm.nih.gov/pubmed/31918721
https://dx.doi.org/10.1186/s12951-019-0563-2


WJG https://www.wjgnet.com 19 January 7, 2023 Volume 29 Issue 1

World Journal of 

GastroenterologyW J G
Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol 2023 January 7; 29(1): 19-42

DOI: 10.3748/wjg.v29.i1.19 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

REVIEW

Microbiota of the gastrointestinal tract: Friend or foe?

Marina A Senchukova

Specialty type: Gastroenterology 
and hepatology

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

Peer-review model: Single blind

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

P-Reviewer: Fu M, China; 
Łoniewski I, Poland; Luo ZW, 
China; Wan XH, China; Zhang F, 
China

Received: September 21, 2022 
Peer-review started: September 21, 
2022 
First decision: October 18, 2022 
Revised: November 5, 2022 
Accepted: December 16, 2022 
Article in press: December 16, 2022 
Published online: January 7, 2023

Marina A Senchukova, Department of Oncology, Orenburg State Medical University, Orenburg 
460000, Russia

Corresponding author: Marina A Senchukova, MD, PhD, Professor, Department of Oncology, 
Orenburg State Medical University, Sovetskaya Street, Orenburg 460000, Russia.  
masenchukova@yandex.com

Abstract
The gut microbiota is currently considered an external organ of the human body 
that provides important mechanisms of metabolic regulation and protection. The 
gut microbiota encodes over 3 million genes, which is approximately 150 times 
more than the total number of genes present in the human genome. Changes in 
the qualitative and quantitative composition of the microbiome lead to disruption 
in the synthesis of key bacterial metabolites, changes in intestinal barrier function, 
and inflammation and can cause the development of a wide variety of diseases, 
such as diabetes, obesity, gastrointestinal disorders, cardiovascular issues, 
neurological disorders and oncological concerns. In this review, I consider issues 
related to the role of the microbiome in the regulation of intestinal barrier 
function, its influence on physiological and pathological processes occurring in 
the body, and potential new therapeutic strategies aimed at restoring the gut 
microbiome. Herewith, it is important to understand that the gut microbiota and 
human body should be considered as a single biological system, where change of 
one element will inevitably affect its other components. Thus, the study of the 
impact of the intestinal microbiota on health should be considered only taking 
into account numerous factors, the role of which has not yet been fully elucidated.

Key Words: Gut microbiota; Bacterial metabolites; Intestinal barrier; Dysbiosis; Fecal 
microbiota transplantation; Probiotics
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Core Tip: The gut microbiota affects the development and functioning of all body systems, providing 
metabolic, physiological, regulatory and protective functions. Violations in the qualitative and quantitative 
composition of the microbiome lead to the development of a wide variety of diseases, such as diabetes, 
obesity, cardiovascular issues, neurological disorders and oncological concerns. Considering that intestinal 
dysbiosis plays a key role in the development of a number of diseases, aim to normalize the microbiome 
seems to be a greatly perspective direction in their prevention and treatment.

Citation: Senchukova MA. Microbiota of the gastrointestinal tract: Friend or foe? World J Gastroenterol 2023; 
29(1): 19-42
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/19.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.19

INTRODUCTION
Trillions of microorganisms, known as microbiota, colonize the human body. The human 
gastrointestinal tract harbours more than 1000 species of bacteria belonging to a relatively few known 
bacterial phyla[1]. Features of their mutual coexistence determine the nature of various physiological 
and pathological processes occurring in the human body. To discuss these issues, a search was made in 
the PubMed database (https://pubmed.ncbi.nlm.nih.gov/) and Reference Citation Analysis (
https://www.referencecitationanalysis.com/) for studies published up to July 1, 2022 using a 
combination of text keywords "gut microbiota", "bacterial metabolites", "intestinal barrier", "dysbiosis", 
"fecal microbiota transplantation", and "probiotics". A total of 846 unique results were identified, which 
were screened individually by title and abstract and were included based on the role of the microbiome 
in the regulation of intestinal barrier function, its influence on physiological and pathological processes 
occurring in the body, and new therapeutic strategies aimed at restoring the gut microbiome.

It is believed that bacteria begin to colonize the human intestine immediately after birth and, possibly, 
even in utero[2,3]. Breast milk plays a crucial role in the composition of the microbial community within 
newborns through transfer of the milk microbiota to the infant's gut[4]. In the first 6 mo of a child's life, 
there is a steady increase in the number of Enterobacteriaceae, Bifidobacteriaceae and Clostridiaceae. 
However, the microbiome of children differs depending on diet, gender, race and ethnicity[5,6]. In 
addition, the mode of delivery may affect the composition of the gut microbiota of early infants[3,7]. In 
particular, in children born by cesarean section, there is a high abundance of Bifidobacterium, and 
Clostridium genera and the family Enterobacteriaceae, along with a low abundance of Streptococcus and 
Ruminococcus genera[8]. Moreover, in children born by cesarean section, the Bacteroides genus is not 
detected in the feces until 6-18 mo after birth[9].

Microorganisms living in the gut of adults include bacteria, fungi, protozoa, archaea, and some 
viruses[10]. The total number of bacteria in a 70 kg "reference man" is estimated at 3.8 × 1013 cells, which 
is comparable to the number of human host cells (3.0 × 1013)[11]. The specific microbiota at the genus 
and species levels varies depending on geography, environment, diet, age, genotype, presence of 
diseases and lifestyle[12,13]. For instance, if the prevalence of proteins and animal fats in the diet exists, 
Bacteroides will predominate in the microbiota, and if there is a high level of carbohydrates, then 
Prevotella will ascendant. The gut microbiota encodes over 3 million genes, which is around 150 times 
more than the number of genes in the host genome[14]. Approximately 90% of the composition of the 
gut microbiome is represented by Firmicutes (79.4%), Bacteroidetes (16.9%), Actinobacteria (2.5%) and 
Proteobacteria (1%)[5,15]. The number of microorganisms increases from the proximal to the distal 
gastrointestinal tract and from the epithelial layer to the lumen. This difference can be explained by the 
presence of a more aggressive environment in the upper intestines due to the incoming gastric acid, 
action of digestive enzymes, rapid movement of chyme and the decrease in partial pressure of oxygen in 
the distal gastrointestinal tract. For this reason, aerobic bacteria predominate in the small intestine, 
while facultative and obligate anaerobes predominate in the lower gastrointestinal tract. Furthermore, 
the distribution and organization of the gut microbiota is determined by intestinal mucins, which 
protect intestinal epithelial cells (IECs) from bacterial colonization. At the same time, the presence of the 
gut microbiota is a necessary condition for normal functioning of the mucosal barrier[16]. For example, 
mice treated with antibiotics had a thinner layer of mucus[17,18].

GUT MICROBIOTA AND INTESTINAL BARRIER
Partition of the body’s internal environment from the intestinal microbiota is carried out by three types 
of barriers: physical, chemical and immunological. The physical barrier consists of epithelial cells, 
glycocalyx and a layer of mucus covering the surface of the gastrointestinal wall[19].

https://www.wjgnet.com/1007-9327/full/v29/i1/19.htm
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Physical barrier
The intestinal epithelium is the most rapidly self-renewing tissue in adult mammals. To maintain 
epithelial layer integrity, IECs are continuously replaced by proliferating progenitor cells derived from 
multipotent intestinal stem cells (ISCs) localized in the base of the crypts of Lieberkühn and the colon
[20]. IECs differ in their proliferation ability, renewal rate and age. Aged IECs undergo apoptosis and 
are later ejected into the intestinal lumen, whereas Paneth cells leave the crypt bottom by cellular 
fragmentation and phagocytosis by macrophages infiltrating the lamina propria mucosae[21]. Under 
homeostatic conditions, the entire ileal crypt is replaced every 4-5 d[22].

It is customary to distinguish the following populations of the intestinal epithelium[22-24].

Columnar cells: Columnar cells (colonocytes) are the most numerous population of enterocytes. They 
participate in digestion due to the secretion of digestive enzymes, the absorption of digested products 
and transcellular transfer of dissociated monomers into the blood and lymph and take part in the 
exchange of bile acids and humoral immune response. Absorbent enterocytes produce polymeric 
immunoglobulin (Ig) receptor, which mediates transcytosis of dimeric IgA and polymeric IgM from the 
lamina propria through the epithelial barrier to the mucosal surface, ensuring the binding of bacteria 
and viruses on their surface and thereby preventing the penetration of pathogens into the internal 
environment of the body. In addition, during transcytosis of IgA through the epithelium, it can 
neutralize viruses that have entered cells, as well as bind and excrete proteins and other immune 
complexes on the surface of mucous[20,25].

Goblet cells: Goblet cells are a source of mucus. In addition, they can deliver small soluble antigens to 
dendritic cells (DCs) localized in the lamina propria and thus participate in the formation of immune 
tolerance to food antigens and the gut microbiome[20,26].

Enteroendocrine cells: Enteroendocrine cells secrete peptides and hormones (cholecystokinin, 
serotonin) to stimulate intestinal motility.

Tuft cells: Tuft cells participate in the clearance of parasites from the intestinal lumen due to the 
synthesis of interleukin (IL)-25, which is the key activator of type 2 innate lymphoid cells.

Paneth cells: Paneth cells in the small intestine or deep crypt secretory cells in the large intestine are the 
main regulators of microbial density in the intestines. When interacting with gram-negative bacteria, 
gram-positive bacteria or their products (lipopolysaccharides, lipoteichoic acids, lipid A, muramyl 
peptide), they secrete antimicrobial peptides (AMPs)[20,27,28]. Moreover, Paneth cells secrete important 
factors, such as epidermal growth factor, transforming growth factor-α, and Wnt ligands involved in 
stem cell maintenance[29].

Microfold cells: Microfold cells (M) are located in the follicle-associated epithelium overlying Peyer's 
patches and stimulate an immune response by binding luminal antigens for their further transport to 
subepithelial regions, where they are captured by DCs migrating to the mesenteric lymph nodes and 
stimulating the immune response[20]. The interaction of DCs with T cells stimulates an antigen-specific 
immune response directed against the pathogen or, conversely, leads to the induction of tolerance. 
Activation of B cells leads to the secretion of IgA, which plays an important role in the regulation of the 
gut microbiome. Immunoglobulin A, on the one hand, is involved in the binding and elimination of 
pathogenic bacteria, and on the other hand, it facilitates the translocation of commensals into Peyer's 
patches, activating the mechanisms of immunological tolerance and thereby stimulating the growth of 
intestinal symbionts[30,31].

It is worth noting that at the level of IECs, a structure composed of three junctions is formed: tight 
junctions (TJs), adherens junctions and desmosomes[20,32-34]. They provide mechanical strength 
between cells, intercellular adhesion and polarization and are also involved in cell signaling pathways
[19]. The strength of the mechanical barrier also depends on the regeneration rate of the intestinal 
epithelium. It was established that the presence of intestinal microorganisms affects the number of 
Paneth cells and hence the integrity of the epithelial barrier, as Paneth cells regulate stem cell 
homeostasis[35]. Bacteria can directly damage TJ proteins or interfere with their synthesis via type 3 or 
type 4 secretion systems. The disruption of cell contacts can also be mediated by some bacterial enzymes 
and toxins, such as hemagglutinin/protease and ZO toxin, as well as bacterial metabolites, such as 
ethanol and acetaldehyde[13,36]. Apart from that, the gut microbiota can alter the mitochondrial 
metabolism of epithelial and immune cells, thereby activating inflammation and disrupting epithelial 
barrier function[37]. Integrity violation of the intestinal epithelium, the mucus barrier and cell contacts 
leads to the translocation of bacteria[38].

Recognition of the bacterial microbiota is carried out by TLR and NOD receptors, which are 
expressed by most IECs, including stem cells, enterocytes, goblet cells, enteroendocrine cells, Paneth 
cells, and M cells[19]. Most TLRs (TLR2, TLR3, TLR4, TLR5, and TLR9) are present on the basolateral 
membrane, while TLR2, TLR3, and TLR9 are also expressed on the apical surface. TLR5 expression is 
limited to Paneth cells in the epithelium of the small intestine and proximal colon[39,40]. Activation of 
innate immune system receptors, including TLR and NOD receptors, as well as inflammasomes, leads to 
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a signaling cascade that triggers the secretion of cytokines and chemokines, including IL-1β, IL-6, IL-12, 
IL-18, tumor necrosis factor alpha (TNF-α), CXCL8 and CCL20, which activate immunocompetent cells 
localized in the lamina propria[41-43]. Mitochondrial reactive oxygen species (mtROS), produced by 
immune cells, play a key role in the eradication of invading pathogens through direct bactericidal action 
or indirect impact on the activation of the NLRP3 inflammasome and the production of proinflam-
matory cytokines. Invading bacteria, as well as gut microbiome fermentation products such as short-
chain fatty acids (SCFAs), induce mtROS production in immune cells through increased mitochondrial 
respiration and increased oxidative phosphorylation[44]. Hypoxia inducible factor-1α is believed to be 
the main regulator of mitochondrial responses during bacterial infection[37]. At the same time, damage 
to the intestinal epithelium mitochondria by toxins of pathogenic bacteria leads to the accumulation of 
mtROS and disruption of the barrier function of the epithelium[45,46].

Intestinal mucus (mucins)
Intestinal mucus is the first barrier for microorganisms in the gastrointestinal tract. It regulates nutrient 
and drug delivery, regulates symbiosis with the gut microbiota and protects the epithelium from dietary 
antigens and food toxins[20,47,48]. The thickness of the mucus layer in the small and large intestine is 
not the same. The main function of the small intestine is food digestion and absorption of nutrients, so 
the small intestine has a loose, discontinuous layer of mucus that can be easily removed. In the large 
intestine, where the density of microorganisms is much higher than in the small intestine, the number of 
mucus-producing goblet cells is significantly larger[20]. In the large intestine, the mucus layer is 
organized into two layers: an inner, dense, microbiota-free mucus layer and an outer layer, which is 
friable and permeable for microorganisms[13,17,31,49,50].

More than 20 mucin subtypes have been identified in humans. The best known and most studied one, 
found in the small and large intestines, is MUC2[17,49]. MUC2 is a highly O-glycosylated gelling mucin 
that forms polymeric networks via C-terminal dimerization and N-terminal trimerization. MUC2 
monomers are glycosylated in proline, threonine, and serine-rich domains[51,52].

Mucus is secreted by goblet cells, grows rapidly and forms a stratified, dense layer that adheres to the 
epithelium[53]. On the one hand, mucus is necessary for the normal functioning of the gut microbiome, 
but on the other hand, the presence of the microbiome is a necessary condition for the normal 
functioning of the mucus barrier[54]. As noted above, mice treated with antibiotics have a thinner layer 
of mucus[17,18].

The barrier function of the mucus is confirmed by the fact that mice genetically deficient in Muc2 
(Muc2 -/-) have bacteria invading the normally sterile distal colon crypts, which results in the 
development of spontaneous colitis[55], adenomas arising in the small intestine and an invasive cancer
[56]. However, intestinal bacteria can directly influence the production and quality of intestinal mucus 
and hence the intestinal barrier permeability[57]. Bacteria and their metabolites that enter crypts are 
endocytosed by specialized goblet cells known as ‘sentinel’ goblet cells. This leads to the activation of 
TLR2/1, TLR4, and TLR5 Ligands with activated ROS synthesis, triggering the formation of the NLRP6 
inflammasome and Ca2+-dependent compound exocytosis of MUC2-containing granules[58,59]. 
Importantly, increased regulatory secretion leads to the secretion of large amounts of MUC2 and the 
physical removal of bacteria from the crypt opening, thereby protecting the inferior crypt and 
multipotent ISCs, located at the bottom of the crypts, from bacterial invasion[20,60].

Chemical barrier
An important function of the chemical barrier is to maintain the abundance and composition of the gut 
microbiome. The chemical barrier includes AMPs, gastric acid, digestive enzymes, mucopolysac-
charides, glycoproteins, glycolipids, and other compounds[19,61,62]. In addition, the composition of the 
microbiota can be influenced by various factors, such as hygiene, diet (especially the "Western diet" low 
in fiber and high in sugar and fat), oxygen concentration, microbial adhesion, host stress and other 
factors[17,49,63,64]. It is believed that microbiome regulation in the small intestine is mainly carried out 
by antibacterial peptides, while in the large intestine, this regulation is carried out through pattern 
recognition receptors[5]. The microbiome population is maintained, either by preventing colonization or 
through direct killing mechanisms.

The production of antimicrobials that lyse target cells is one of the main mechanisms for regulating 
the homeostasis of the gut microbiome. The contact of bacteria with Toll (TLR2, TLR4, TLR7 and TLR9), 
NOD1 and NOD2 receptors activates adapter proteins (for example, MyD88) and genes responsible for 
the synthesis of cytokines and chemokines in IECs[65-68]. In turn, the synthesis of cytokines by immune 
cells activates the genes responsible for the synthesis of AMPs[69]. Thus, mice deficient in MyD88 
exhibit a 100-fold higher bacterial load in the gut than wild-type mice, and this increase is correlated 
with a decrease in the antibacterial peptide RegIIIgγ[70]. Paneth cells expressing TLR5 are major 
producers of antimicrobials, many of which are cationic AMPs that interact with negatively charged 
bacterial membranes and destroy them[12]. Interestingly, TLR5 expression occurs predominantly in 
intestinal crypts and is genetically determined, as TLR5 expression does not require bacterial or immune 
signals. It is believed that their main function may be related to the protection of Paneth cells and stem 
cells[31,71].
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Other AMPs are also involved in the regulation of the gut microbiome population. For example, 
protein 8 (Lypd8) is highly expressed by colonocytes and facilitates segregation of microorganisms in 
the colon via flagella binding[61]. The lectin-like protein ZG16 specifically binds the peptidoglycan of 
gram-positive bacteria and thereby inhibits their penetration into the inner layer of the colon[62]. 
Lectins RegIIIγ from IECs and beta-defensins from neutrophils have a bactericidal effect against a 
number of bacteria. However, Firmicutes and Bacteroidetes living in the small intestine are resistant to 
these antibacterial agents[72]. It is also worth noting that some bacteria can synthesize bacteriocins (for 
example, colicin and microcins), which inhibit the growth of competitors[73,74].

Immunological barrier
The gut immune barrier is represented by single lymphoid follicles and Peyer's patches — peripheral 
accumulations of lymphoid cells located in the lamina propria of the small intestine mucosa[20]. Within 
the follicles, there are various immune elements, including B and T lymphocytes, DCs, and neutrophils, 
that secrete cytokines and antibodies in response to antigen entry. Goblet cells are involved in the 
presentation of luminal antigens to the CD103+ DC complex of the intestinal mucosa lamina propria, 
forming antigenic complexes (goblet cell-associated antigen passages)[75]. Secretory IgA (SIgA), another 
component of the intestinal barrier, is produced by plasma cells (50 mg/kg SIgA daily in an adult) and 
localized predominantly in the lamina propria of the intestinal mucosa[31]. It is believed that SIgA is 
able to interact with commensal intestinal bacteria, mediating the formation of a bacterial biofilm. SIgA 
is resistant to the action of intestinal proteases, which provide protection for bacteria. SIgA can 
penetrate through the epithelial lining into the intestinal lumen, bind antigens and deliver them to the 
immune cells of the lymphoid tissue[76].

Elements of immune protection can also include an increase in "tolerance" to a microbe (or toxin of 
microbial origin)[52] and the death of infected cells. In particular, flagellins of pathogenic bacteria that 
have overcome the epithelial barrier are able to activate NAIP/NLRC4 in macrophages, which causes 
the death of infected epithelial cells and their expulsion into the intestinal lumen[77].

It is important to note that the intestine is the most important immune organ, which not only protects 
against external pathogens but also participates in the formation of immune tolerance to food substrates 
and the normal gut microbiome. The main cytokines involved in the formation of immunological 
tolerance are IL-10 and TGF-beta, which are produced by CD4+ T cells, some populations of 
macrophages and other cells and have an anti-inflammatory effect, limiting the expansion of effector 
cells and inducing the proliferation of regulatory T cells[78].

FUNCTIONS OF THE GUT MICROBIOTA AS AN EXTERNAL ORGAN OF THE HUMAN 
BODY
The microbiota are currently considered an external organ of the human body, which provides 
important mechanisms of metabolic regulation and protection, alongside the development and 
functioning of all organ systems[79]. It performs the following functions, the list of which is incomplete.

Digestion of plant polysaccharides. Approximately 17 carbohydrate-active enzymes are formed in the 
human body, while the microbiota provides around 89[80]. The gut microbiota actively digests dietary 
fiber, which the human body is unable to digest. These processes take place in the large intestine via the 
most actively involved enzymatic anaerobes, which decompose polysaccharides, particularly represent-
atives of the Bacteroidaceae and Clostridiaceae families[12,81]. As a result of their digestion, compounds 
are produced that have a positive effect on the intestinal mucosa. In addition, the mucus layer is an 
alternative source of glycans for bacteria[12,51,81,82].

Participation in the metabolism of proteins, lipids and fatty acids[83-87]. In particular, gram-negative 
(Bacteroides thetaiotamicron) and gram-positive (Lactobacillus rhamnosus gg) bacteria are involved in the 
regulation of lipid absorption by activating cholecystokinin and secretin receptors expressed by 
epithelial endocrine cells of the proximal small intestine[88].

Energy supply of IECs[15,81,89] and regulation of their proliferative activity[90,91].
Modulation of goblet cell functions and mucin secretion[16].
The presence of intestinal microorganisms affects the number of Paneth cells and hence the integrity 

of the epithelial barrier, as Paneth cells regulate ISC homeostasis[35].
Stimulation of local and systemic immunity due to activation of the synthesis of IgA, interferons, and 

activation of immune cells (macrophages, lymphocytes, and DCs), influence on the development of the 
intestinal lymphoid apparatus in newborns[92-94].

Synthesis of group B, K vitamins, a number of coenzymes, for example, tocopherols[95-97].
Participation in the regulation of intestinal peristalsis[98-100].
Influence on bone metabolism and pathogenesis of osteoporosis[14,101,102]. The bacterial synthesis 

of SCFA leads to a decrease in pH in the intestinal lumen and an increase in calcium solubility, an 
increase in its absorption, and a decrease in bone resorption. Bifidobacterium and Lactobacillus are mainly 
involved in these processes. In addition, Fusobacterium nucleatum can enhance osteoclast differentiation 
through increased expression of IL-17A, TNF-alpha, and trimethylamine N-oxide (TMAO), while 
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Bacteroides, Lactobacillus, and Bifidobacterium can promote the development of Treg cells and thereby 
increase osteoblast activity[14,101,103,104].

Influence on the processes associated with the synthesis of neurotransmitters, myelination of neurons 
in the prefrontal cortex, with the development of the amygdala and hippocampus[105,106]. In dysbac-
teriosis, the response to antidepressant therapy may be impaired[107]. Germ-free mice show 
hyperactivity, memory and learning deficits and impaired expression of the serotonin 5-HT1A and 
NMDA receptors in the hippocampus[108,109].

Inhibition of the growth of pathogenic microorganisms is due to the activation of phagocytosis, the 
synthesis of antibacterial peptides or the synthesis of bacteriocins that inhibit the growth of competitors
[69,73,74,81,100,110].

Influence the effectiveness of several drugs, in particular antibiotics, proton pump inhibitors, 
metformin, vitamin D and laxatives. It has been shown that the use of these drugs disrupts both the 
composition of the microbiota and its functional activity[89,111,112].

PRODUCTS OF BACTERIAL METABOLISM AND THEIR ROLE IN HEALTH AND DISEASE
As already noted, health and disease conditions are largely dependent on the functioning microbiome. 
Products of bacterial metabolism can be crucial for maintaining both the health of an organism and the 
development of various diseases[113].

SCFAs
The most important products of bacterial fermentation are SCFAs: butyrate, acetate and propionate. The 
main producers of SCFAs are Firmicutes and Actinobacteria.

Butyrate: Butyrate is the primary metabolite of Firmicutes. It can be synthesized through condensation of 
2 molecules of acetyl-CoA, which are reduced to butyryl-CoA and then converted to butyric acid by 
phosphotransferase and butyrate kinase[114]. It can also be synthesized from butyryl-CoA, lactate and 
acetate using the acetyl-CoA transferase pathway[115] and from proteins using lysine[116]. It has anti-
inflammatory, antitumour, antiproliferative and immunomodulatory properties and is involved in 
genetic/epigenetic regulation[117,118]. In particular: (1) Regulates antigen-specific adaptive immunity 
mediated by T- and B-cells: induce T-cells to produce IL-10; regulate the transcription of some cytokine 
genes, such as IFN-γ and TNF-α, and the activity of the nuclear factor kappa B (NF-κB) signaling 
pathway; reduce the production of proinflammatory mediators (TNF-α, IL-6, IFN-γ and NO); increase 
the production of antibodies by B-cells and promote the differentiation of B-cells into plasma B-cells
[119-121]; (2) Participates in fat metabolism, reduces insulin resistance, hyperglycaemia, 
hyperinsulinaemia, and lipid concentrations in the liver and pancreas, thereby reducing the risk of 
obesity[122]; (3) Affects fatty acid receptors in epithelial, enteroendocrine, neuronal and glial cells, 
which leads to the production of serotonin by enterochromaffin cells. This may affect the peripheral and 
central nervous systems of experimental model organisms[50,123]; (4) Helps improve memory[124]; (5) 
Involved in maintaining the mechanical integrity of the intestinal barrier by inducing the expression of 
occludin, ZO-1 mRNA and claudin-1 mRNA, thereby reducing intestinal permeability and increasing 
intestinal villus growth[13,122,125,126]; and (6) Inhibits the rate of cancer cell migration and invasion by 
increasing the expression of antimetastatic genes (e.g., metalloproteinases) and inhibiting the activation 
of prometastatic genes (e.g., matrix metalloproteinases)[85,127].

Acetate: Acetate is a fermentation product of various bacteria and is produced from pyruvate using 
acetyl coenzyme A[128]. It performs the following functions: (1) Participates in the regulation of 
cholesterol synthesis and activation of local immunity[129]; (2) Helps increasing physical endurance
[130]; (3) Influences cognitive functions by activating synaptophysin synthesis[131]; (4) Promotes 
appetite reduction, fat oxidation, increased levels of proinflammatory cytokines through activated 
secretion of intestinal hormones such as glucagon-like peptide-1 and peptide YY and increased insulin 
sensitivity[86]. Nonobese patients show higher production of acetate by gut microbiota than obese 
patients[132]; (5) Regulates the gut microbiome by increasing the production of IgA and its selective 
binding to certain microorganisms[86].

Propionate: Propionate is the primary metabolite of Bacteroidetes fermentation and is formed from the 
conversion of succinate to methylmalonyl-CoA by the succinate pathway or from acrylate by the 
acrylate pathway using lactate as a precursor[133]. Additionally, fucose and rhamnose can be used as 
substrates for the synthesis of propionic acid via the propanediol pathway[134]. Propionate performs the 
following functions: (1) Participates in maintaining the mechanical integrity of the intestinal barrier by 
increasing the expression of gut TJ proteins ZO-1, occludin and cadherin[135,136], as well as the 
synthesis of the antimicrobial protein Regenerating islet-derived protein type 3 (Reg3)[137]; (2) Reduces 
the risk of developing atherosclerosis and the development of cardiovascular disease by increasing 
insulin sensitivity and reducing the levels of proinflammatory IL-8[138] and IL-17[139], as well as by 
reducing the absorption of cholesterol in the intestine by an immune-mediated mechanism through an 
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increase in the number of regulatory T cells and the level of IL-10, which suppress the expression of C1-
like 1 Niemann-Pick (Npc1 L1), the main cholesterol transporter in the intestine[140]; (3) Influences 
physical endurance[141] and motor functions[136]; (4) Promotes regeneration and functional recovery of 
sensory axons through an immune-mediated mechanism[142]; and (5) Involved in the regulation of the 
gut microbiome, possibly through direct suppression of the growth of pathogenic microorganisms[143].

Tryptophan derivatives
A number of other intestinal metabolites can also affect the health of individuals. Among these 
metabolites, a special place is occupied by tryptophan derivatives: serotonin, tryptamine, kynurenine, 
and indoles. They perform the following functions.

Act on the central nervous system through the brain-gut axis[144]. The influence is implemented due 
to the impact on the glutamatergic receptor N-methyl-d-aspartate (NMDA). It has been established that 
kynurenine, a breakdown product of tryptophan, easily penetrates the blood-brain barrier, where it is 
metabolized to form neuroactive glutamatergic compounds, kynurenic acid or quinoline acid, acting in 
the opposite way. Kynurenic acid acts as an NMDA receptor antagonist and has a neuroprotective 
effect, while quinolinic acid acts as an NMDA receptor agonist and exhibits a neurotoxic effect[145]. In 
major depressive disorder and bipolar disorder, a decrease in tryptophan and kynurenine was noted. In 
these mental disorders, there is a shift in tryptophan metabolism from the serotonin pathway to the 
kynurenine pathway[146]. Tryptophan metabolites are involved in the pathogenesis of various neurode-
generative disorders (Alzheimer's disease, amyotrophic lateral sclerosis, Huntington's disease, 
Parkinson's disease) as well as other diseases such as AIDS, cancer, cardiovascular disease, inflam-
mation and irritable bowel syndrome[147,148].

Participate in the regulation of activation, proliferation and migration of immune surveillance cells 
(T- and B-lymphocytes, macrophages and natural killer cells) and the production of inflammatory 
signaling molecules, cytokines, nitric oxides and superoxides[149,150].

Influence the motility of the gastrointestinal tract. In particular, as a result of tryptamine action on the 
serotonin receptor 5-HT4R[151].

Indoles may contribute to the development of cardiovascular, metabolic and psychiatric diseases
[152].

Secondary bile acids
It is worth noting that secondary bile acids play a special role in the development of inflammation and 
colorectal cancer (CRC). It is known that between 5% and 10% of nonreabsorbed bile acids can undergo 
biotransformation into secondary bile acids as a result of bacterial metabolism involving bacterial bile 
acid hydrolases (BSHs). Most BSH bacteria are gram-positive enteric bacteria, including Clostridium, 
Enterococcus, Bifidobacterium, and Lactobacilli. The only gram-negative bacteria with BSH activity are 
members of the genus Bacteroides[85,153]. Interestingly, secondary bile acids at high concentrations 
associated with Western diets can induce oxidative/nitrosative stress, ROS production, DNA damage, 
apoptosis and mutations[85,154,155] and induce proinflammatory macrophage M1 polarization[154] by 
binding secondary bile acids with Takeda G protein-coupled receptor 5 (TGR5)[156], thereby initiating 
inflammation[157]. Several studies have noted that through the activation of the epidermal growth 
factor receptor (EGFR), secondary bile acids can induce COX-2 expression, stimulate EGFR-MARK 
signaling[155,158], activate cellular β-catenin signaling and the NF-κB pathway[155,159], and provide 
transfer of extracellular signal-regulated kinase 1 and 2 via activator protein 1 and c-Myc, thereby 
stimulating the proliferation and invasiveness of colon cancer cells[85,160,161]. At the same time, at low 
and physiological concentrations, secondary bile acids can have an anti-inflammatory and antitumour 
effect through a reduction in proinflammatory cytokine levels[162,163]. In particular, an antitumour 
effect has been noted for lithocholic and ursodeoxycholic acid (UDCA), which are secondary bile acids 
produced by Clostridium species. Lithocholic acid (LCA) at concentrations corresponding to its tissue 
reference concentrations (< 1 μmol/L) has an antitumour effect on breast cancer cells by inhibiting the 
epithelial-mesenchymal transition, reducing the production of vascular endothelial growth factor, and 
activating antitumour immunity[164]. UDCA may prevent the development of CRC by regulating 
oxidative stress in colon cancer cells[165]. However, the preventive effect of UDCA on CRC is not 
universally accepted[166].

TMAO
TMAO is a molecule resulting from the oxidation in the liver of a microbial metabolism product, 
trimethylamine (TMA). TMA is formed in the colon from choline, betaine, and carnitine. The main food 
precursors of TMA are red meat, fish, poultry, and eggs. TMA from the colon is absorbed into the 
bloodstream, where it is oxidized by the hepatic enzyme flavin-containing monooxygenase-3 to TMAO, 
most of which is then excreted unchanged in the urine. Plasma TMAO levels are determined by several 
factors, including diet, age, gut microbiota, drug intake, and liver flavin monooxygenase activity. The 
main TMA producers are Clostridia, Shigella, Proteus, Aerobacter, and Eubacterium sp.[167,168]. Some 
bacterial enzymes are able to oxidize TMA to TMAO in the colon[169]. At the same time, TMAO can be 
metabolized into dimethylamine, formaldehyde, ammonia and methane by some methanogenic 
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bacteria, which leads to its depletion in the colon[170]. It cannot be excluded that the production of 
formaldehyde under oxidative stress conditions caused by TMAO metabolism may be one of the factors 
contributing to the induction of CRC. In the experiment, intragastric administration of a suspension of 
CaCO3 in a mixture with formaldehyde and hydrogen peroxide induced tumors of the stomach and 
cecum in rats[171].

It has now been established that elevated plasma levels of TMAO correlate with the risk of 
developing atherosclerosis[172-175], obesity[175,176], cardiovascular diseases[174,177,178], type 2 
diabetes[175], chronic kidney disease[179,180] and CRC[181,182]. Elevated TMAO levels have been 
associated with endothelial dysfunction and inflammatory damage to the vascular endothelium[183,
184], an increase in the level of proinflammatory cytokines, and a decrease in the level of anti-inflam-
matory cytokines[185,186] with the activation of the MAPK and NF-κB transcriptional pathways[185], 
oxidative stress[177], cell proliferation and angiogenesis[187]. Xu et al[188] provided evidence that these 
risks may be genetically determined. Moreover, it is worth noting that the effects of TMAO may differ 
between healthy and diseased conditions. In healthy individuals, TMAO can demonstrate protective, 
antioxidant or anti-inflammatory effects, while in patients, especially under conditions of oxidative 
stress, it can have a negative impact on human health[189]. Further research is needed to elucidate the 
effects of TMAO on human health.

Hydrogen sulfide
Hydrogen sulfide is a metabolite of sulfate-reducing bacteria that metabolize dietary sulfates and other 
sulfur-containing compounds, including taurine[155]. It is produced by a wide range of Enterobacteria, 
primarily of the genus γ-Proteobacteria. The hydrogen sulfide concentration in the large intestine is more 
than that 5 times higher than in the small intestine[190]. Hydrogen sulfide, similarly to secondary bile 
acids and TMAO, can multidirectional affect inflammation, oxidative stress, and carcinogenesis[155,
191]. Various authors have demonstrated both its inflammatory[192] and anti-inflammatory effects[193,
194], as well as its carcinogenic[195,196] and anticancer properties[197,198]. For example, some 
researchers have demonstrated that hydrogen sulfide may be associated with the breakdown of 
disulfide bonds in the mucus double layer in the colon wall, leading to inflammation and translocation 
of bacteria and toxins[199]. At the same time, other researchers suggest that hydrogen sulfide can 
protect the mucus layer and repair this already destroyed, thereby preventing inflammation[190]. It is 
believed that the physiological and pathological effects of hydrogen sulfide are associated with its 
concentration[200]. Given that intracellular hydrogen sulfide has a significant impact on many cellular 
functions, such as TJs, autophagy, apoptosis, vesicle trafficking, cell signaling, epigenetics and inflam-
masomes[201], and can be used as a therapeutic agent, its further study may open new opportunities in 
understanding the mechanisms of the development of pathological conditions and their treatment.

Polyamines
Polyamines are versatile polyfunctional molecules involved in cell proliferation and differentiation, 
apoptosis, angiogenesis, immune response, signaling, and gene expression[202,203]. They can be 
supplied with food and can form as a result of endogenous synthesis, as well as a result of bacterial 
metabolism, such as putrescine, spermidine and cadaverine[204,205]. In particular, cadaverine is formed 
from lysine by decarboxylation with the participation of lysine decarboxylase (LDC). Putrescine is 
formed by decarboxylation of ornithine catalyzed by ornithine decarboxylase. Spermidine synthase is 
involved in the formation of spermidine from putrescine. These enzymes are produced by most gram-
negative bacteria[205,206]. Polyamines synthesized by the intestinal microbiota are then transported 
into the bloodstream through the colonic mucosa[207].

It has been established that polyamines produced by intestinal bacteria suppress chronic inflam-
mation and strengthen the intestinal barrier in the colon, contribute to a significant improvement in the 
host's cognitive functions and increase life expectancy in experimental animals and have a cardiopro-
tective effect[203,208,209]. In a number of studies, the antitumour effect of cadaverine was noted. In an 
experiment, cadaverine caused a decrease in the proliferative activity and invasiveness of breast cancer 
cells and contributed to the induction of mesenchymal-epithelial transition, a decrease in the stemness 
of cancer cells and their ability to metastasize[210]. In breast cancer, a decrease in the intestinal biosyn-
thesis of cadaverine was noted, especially in patients with carcinoma in situ and stage I of the disease. 
With a high expression of bacterial LDC in the gut contents, a significantly longer survival was noted 
than with a low expression[210].

At the same time, a number of studies have noted that high levels of polyamines may be associated 
with tumor transformation and cancer progression[211]. Thus, in CRC, an increase in the levels of 
bacterial cadaverine and putrescine in the feces was noted[212,213]. Huang et al[214] reported that 
increased spermine intake is associated with an increased risk of CRC, while a higher intake of total 
polyamine, putrescine and spermidine is significantly associated with a reduced risk of CRC. It is 
believed that the procarcinogenic effect of polyamines is associated with the activation of the PTEN-
PI3K-mTOR (TORC1), WNT, and RAS pathways[211].



Senchukova MA. Microbiota of the gastrointestinal tract

WJG https://www.wjgnet.com 27 January 7, 2023 Volume 29 Issue 1

Microbiome and biotransformation of xenobiotics
The gut microbiome can influence the biotransformation of a number of xenobiotics with known 
carcinogenic properties, such as heterocyclic amines (HCAs). HCAs are formed during thermal 
processing (frying, baking, grilling, etc.) of various food products, including oils, grains and vegetables, 
but especially processed meat[215]. HCAs have pronounced genotoxic and mutagenic properties, 
contributing to the development of malignant neoplasms of the intestine, liver, lungs, breast and other 
tumors. The carcinogenicity of HCAs is associated with mutations in proto-oncogenes and tumor 
suppressor genes, including K-ras, Haras, Apc, β-catenin and TP53[216]. The intestinal microbiota can 
metabolize HCAs into molecules with increased mutagenic activity[217]. At the same time, the intestinal 
microbiota can bind or metabolize food-derived HCAs, facilitating their excretion with feces or 
conversion into less toxic compounds[215,218]. These processes involve bacterial beta-glucuronidase (B-
GUS) and glycerol/diol dehydratase (GDH) produced by some lactic acid bacteria and probiotics. A 
decrease in the number of taxa with B-GUS and GDH activity was noted in patients with CRC[219].

DYSBIOSIS AND HUMAN DISEASES
According to the results of numerous studies, in many diseases, including inflammatory bowel diseases
[113,220-224], chronic liver diseases[225-227], obesity[228,229], diabetes mellitus[230,231], osteoporosis
[41,232], cardiovascular[233,234] and oncological diseases[212,213,235], a decrease in the microbiota 
diversity and an overgrowth of pathogenic and conditionally pathogenic flora are observed[50,236,237]. 
Interestingly, in CRC, Fusobacterium nucleatum was found not only in the primary tumor but also in 
metastatic lesions in the liver[238] and lung[239]. In addition, it has been noted that dysbiosis to a 
certain extent can influence the development of depression, bipolar depression and schizophrenia[240], 
as well as autism[241] and Parkinson's disease[242,243]. Figure 1 demonstrates the association of gut 
dysbiosis with various human diseases.

It should be emphasized that the diseases associated with dysbacteriosis are multifactorial in nature
[50,236,237,244] and are associated with bacterial invasion through the physical and chemical barriers of 
the gastrointestinal tract[50]. It is hypothesized that diet and other environmental influences may 
change the microbiome and thus provoke an unstable basis of genetic predisposition, which may lead to 
disease development, at least in some patients. Dysbiosis may be related to heredity, use of antibiotics, 
proton pump inhibitors, certain types of chemotherapy, advanced age, diet, and other factors[245,246]. 
At the same time, it should be noted that numerous studies have not revealed typical changes in the 
microbiome for a particular pathology[247]. A detailed analysis of host metabolism (metabolic index) 
and habitual diet (including the consumption of plant and animal foods, and fermented milk probiotics, 
such as yogurt) allowed Asnicar et al[248] to establish consistent gut microbiome signatures, segregating 
favourable and unfavourable taxa with multiple measures of both dietary intake and cardiometabolic 
health. However, we believe the issue cannot be considered definitively resolved, since it is not 
completely clear what is primary: A violation of the microbiome that then contributes to the 
development of diseases or disorder can cause changes in the microbiome. These questions require 
further research.

MODERN APPROACHES TO THE REGULATION OF THE GUT MICROBIOME
Considering that intestinal dysbiosis plays an important role in the development of a number of 
diseases, normalizing the microbiome seems to be a promising direction for their treatment. There are 
several approaches to solve this problem.

"Mediterranean diet"
It is well known that a Mediterranean diet is rich in vegetables, fruits, whole grains and fish and thus 
creates favourable conditions for beneficial bacteria such as Firmicutes, which are involved in the 
production of butyrate necessary to maintain a healthy barrier between the colon and blood flow, 
preventing inflammation in the gut[64]. Unlike the Mediterranean diet, a “Western” high-fat, low-fiber 
diet contributes to colon inflammation and cancer[249,250].

Prebiotics
Prebiotics are substrates that are selectively utilized by host microorganisms to provide health benefits
[251]. The use of prebiotics, such as dietary fiber, reduces obesity and has anti-inflammatory and 
anticancer effects[85,250,252,253]. Dietary fiber intake is associated with a lower incidence of colon 
cancer, since fiber reduces the concentration of intestinal carcinogens due to increased stool mass, 
intestinal motility and production of butyrate, which maintain colonocyte health, increase apoptosis and 
inhibit cancer cell proliferation. A long-term fiber-rich diet increases the density of Firmicutes, which 
have the ability to mediate an immunomodulatory and anti-inflammatory immune response[64]. 
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Figure 1 Association of gut dysbiosis with various human diseases. CNS: Central nervous system; IBS: Irritable bowel syndrome.

Moreover, dietary fiber physically interferes with fatty acid reabsorption and cholesterol absorption, 
thereby reducing the risk of obesity, diabetes, and atherosclerosis[254,255].

Transplantation of fecal microbiota
The mechanism of transplantation of fecal microbiota (FMT) is to restore the fermentation activity, pH 
and redox potential of the microbiome habitat in the respective niches and restore normal gas 
production and synthesis of SCFA[245,256]. FMT has been used in the treatment of nosocomial diarrhea 
caused by Clostridioides difficile[245] and other intestinal diseases[257-259]. Scibelli et al[260] 
demonstrated the effectiveness of using FMT in the treatment of rectal fistula in a patient with a 
colostomy who received intensive antibiotic therapy for a long time due to trauma. Impressive results 
have also been obtained in the treatment of Crohn's disease by FMT: nearly 60% of patients achieved a 
clinical response to treatment, and more than 20% of patients experienced sustained clinical remission, 
including 2 of 6 patients with perianal fistula[261]. The use of FMT has been shown to be beneficial in 
hepatic encephalitis, metabolic diseases, neuropsychiatric disorders, autoimmune diseases, allergic 
disorders, tumors, Parkinson's disease, multiple sclerosis, myoclonus dystonia, chronic fatigue 
syndrome, and idiopathic thrombocytopenic purpura[257,262-264].

The disadvantages of FMT are frequent side effects such as constipation, diarrhea, bloating and 
possible transmission of potential pathogens[245,265]. Given the enormous promise of microbiota 
transplantation, the search for new methods and ways to use it continues[266]. Attempts have been 
made to replenish only bacteria that had certain characteristics and whose number was reduced[245,267,
268], but reproducibility and standardization of preparations used for transplantation have been proven 
to be a problem[267]. Zhang et al[269] first revealed that washed microbiota transplantation is safer, 
more precise and more quality-controllable than crude FMT by manual. Currently, there are a series of 
clinical trials conducted for SER-109, which is a consortium from several species of Firmicutes isolated 
from the stool of healthy human donors and encapsulated. The use of the medication reduced the risk of 
recurrence of nosocomial diarrhea caused by Clostridioides difficile from 41.3% in the placebo group to 
11.1% in the treatment group[270].
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Probiotics
Probiotics are live strains of carefully selected microorganisms that, when administered in adequate 
amounts, confer a health benefit on the host[271]. Probiotics can be easily and economically prepared 
and given to patients daily in the form of yogurt, drinks, cheese or capsules[272]. They contribute to the 
maintenance of intestinal barrier function, have immunomodulatory, metabolic and antiproliferative 
effects[273,274], and regulate DC maturation by producing tolerogenic DCs, which can reduce inflam-
mation[275] and synthesize antimicrobial substances[276]. The ability of Bifidobacterium dentium and its 
secreted factors to suppress endoplasmic reticulum stress genes and promote MUC2 secretion, as well 
as to secrete the antioxidant γ-glutamylcysteine, which reduces the formation of ROS and suppresses 
NF-kB activation and IL-8 secretion, has been established[277].

Currently, Lactobacillus, Bifidobacterium and Saccharomyces are used to treat hospital-acquired diarrhea 
caused by Clostridioides difficile[278]. Oral use of Lactobacillus reuteri 6475 reduced the loss of total bone 
mineral density (BMD) in women aged 75 years to 80 years with low BMD[279]. Dietary supple-
mentation with soluble corn fiber at doses of 10-20 g/d has also been associated with an increase in 
calcium absorption and a larger number of Clostridium and unclassified Clostridiaceae in feces[280]. These 
data suggest that both probiotics (live bacteria) and dietary supplements needed to feed the bacteria can 
be used as therapeutic agents to combat osteoporosis. It is possible that the use of their combination will 
be even more effective.

For therapeutic purposes, commensals (bacterial strains that are resistant to certain types of 
pathogenic bacteria), bacteriophages and fungi can be used. For example, CBM588 is a probiotic 
composed of the commensal Clostridium butyricum, which produces large amounts of butyrate and 
activates neutrophils and Th1 and Th17 cells[281]. Bacteriophages are viruses that can infect and 
multiply in pathogenic bacteria and eventually lyse them[245,282]. Yeasts such as Saccharomyces boulardii 
and Candida albicans, as well as fungal wall components such as β-glucans, can inhibit the growth of 
some enteric pathogens. Saccharomyces boulardii produces proteases or phosphatases that inactivate 
disease-causing toxins produced by gut bacteria and modulate multiple signaling pathways to suppress 
toxin-induced inflammation[245,283,284]. Because of the risk of fungemia, they should be used 
cautiously in debilitated patients[285].

CONCLUSION
The study of the influence of the gut microbiome on health and disease is one of the most relevant and 
interesting areas in modern science. The number of microorganisms inhabiting the human body is 
enormous, and their composition can vary significantly between individuals[248,286]. Dysbiosis has 
been found to play an important role in the development of a number of diseases, however, numerous 
studies have not revealed typical changes in the microbiome characteristic for a particular pathology
[247]. It is likely that the impact of the microbiome and its metabolites on human health cannot be 
considered only in terms of health benefits or harms. Metabolites that perform important functions in 
the human body under certain conditions can have a negative impact on human health, while 
metabolites that are considered potentially dangerous can be beneficial[287].

As already noted, changes in the quantitative and qualitative microbiota composition can lead to an 
increase in the production of potentially toxic metabolites, such as secondary bile acids, TMAO and 
hydrogen sulfide, and an increase in the risk of developing intestinal, cardiovascular, neurological, 
oncological and other diseases. These changes may be related to diet, lifestyle, age, medications, and 
other factors. Thus, taking antibacterial drugs can increase sensitivity to viral infections[288], increase 
the risk of developing malignant neoplasms[289], and contribute to the development of resistance to 
chemotherapy drugs and immune checkpoint inhibitors in cancer patients[290]. Interestingly, some 
authors attribute an increase in the risk of malignant neoplasms with the use of antibiotics to a decrease 
in the synthesis of intestinal metabolites with antitumour activity, for example, LCA and cadaverine
[289]. However, in some malignant neoplasms, the antitumour effect of antibacterial drugs was 
demonstrated. For example, in CRC, antibiotic therapy had a cytostatic effect due to the destruction of 
bacterial biofilms, the formation of which was associated with polyamines[291]. In an experiment, 
adding broad-spectrum antibiotics to drinking water for 3-4 wk reduced age-related oxidative stress 
and arterial dysfunction in mice[292]. It is believed that microbiota modulation using antibiotics, 
probiotics, fecal microbiota transplantation or nanotechnology can be effective in a variety of diseases, 
including enhancing the antitumour effect of chemotherapy drugs or immune checkpoint inhibitors
[290].

It should be noted that despite the huge amount of research on the role of the microbiome in health 
and disease development, there are a number of issues that deserve further study. In particular, it is 
known that the microbiota affects the mood and behavior of a person, his physical activity, resistance to 
stress and diseases. At the same time, whether mental and physical health influence the human 
microbiome is not well understood. Many questions remain regarding the role of the gut microbiome in 
drug metabolism, the development of drug resistance and chemoresistance, and the role of the 
microbiome in cancer progression. Answers to these and other questions are still waiting for their 
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researchers.
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Abstract
Given the frequent co-existence of an aggressive tumor and underlying chronic 
liver disease, the management of hepatocellular carcinoma (HCC) patients 
requires experienced multidisciplinary team discussion. Moreover, imaging plays 
a key role in the diagnosis, staging, restaging, and surveillance of HCC. Currently, 
imaging assessment of HCC entails the assessment of qualitative characteristics 
which are prone to inter-reader variability. Radiomics is an emerging field that 
extracts high-dimensional mineable quantitative features that cannot be assessed 
visually with the naked eye from medical imaging. The main potential applic-
ations of radiomic models in HCC are to predict histology, response to treatment, 
genetic signature, recurrence, and survival. Despite the encouraging results to 
date, there are challenges and limitations that need to be overcome before 
radiomics implementation in clinical practice. The purpose of this article is to 
review the main concepts and challenges pertaining to radiomics, and to review 
recent studies and potential applications of radiomics in HCC.
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Core Tip: Radiomics is an emerging field that extracts high-dimensional mineable quantitative features that 
cannot be assessed visually with the naked eye from medical imaging. The main potential applications of 
radiomic models in hepatocellular carcinoma (HCC) are to predict histology, predict response to 
treatment, predict genetic signature, predict recurrence, and predict survival. The purpose of this article is 
to review the main concepts and challenges pertaining to radiomics, and to review recent studies and 
potential applications of radiomics in HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the third most common cause of cancer-related deaths worldwide
[1]. Liver cancer is especially common in Asia, where 72.5% of all new liver cancer cases worldwide are 
diagnosed[2]. HCC accounts for over 90% of all primary liver cancer cases[3]. The main risk factors for 
HCC in the West is viral hepatitis (hepatitis C virus in the West and hepatitis B virus in Asia and in 
developing countries) and alcohol intake. In addition, non-alcoholic steatohepatitis is becoming a 
common risk factor, particularly in the West[3,4]. HCC patient prognosis depends on the stage of HCC 
at the time of diagnosis[5]; and advanced-staged patients at the time of diagnosis have a poor prognosis
[5-7].

The treatment of HCC is based on tumor burden, clinical performance of the patient, and liver 
function[8]. Given the frequent co-existence of an aggressive tumor and underlying chronic liver 
disease, the management of HCC requires experienced multidisciplinary team discussion[9]. Moreover, 
radiology plays a key role in the screening, diagnosis, staging, restaging, and surveillance of HCC. 
Currently, imaging assessment is based on qualitative characteristics, such as size and enhancement 
pattern, which are prone to inter-reader variability. Reliable tools that can potentially address this 
variability as well as deal with the vast amount of imaging data are warranted[10]. Over the last decade, 
radiomics has become a popular quantitative tool that can potentially address these challenges and 
provide information not previously available for precision decision-making[11].

Radiomics is an emerging field that extracts high-dimensional mineable quantitative features that 
cannot be assessed visually with the naked eye from medical imaging[12]. The main potential applic-
ations of radiomic models in HCC are to predict histology, response to treatment, genetic signature, 
recurrence, and survival[13]. Despite the encouraging results to date, there are several challenges and 
limitations that need to be overcome before the implementation of radiomics in clinical practice. The 
purpose of this study is to review the main concepts, challenges pertaining to radiomics and recent 
studies and potential applications of radiomics in HCC.

RADIOMICS
Main concepts
In the new era of precision medicine, artificial intelligence (AI) and in its various branches, such as 
machine learning (ML) and deep learning (DL), have provided new imaging biomarkers that can 
potentially provide new data that are useful for clinical decision-making. ML is related to a set of 
computational systems that improve with experience. DL is a subset of ML based on series of layers 
(trainable nonlinear operations), each of which transforms input data into a representation that 
facilitates pattern recognition[14].

Radiomics has recently emerged as a translational research field that proposes to discover new associ-
ations between clinical data and quantitative data extracted from medical images using conventional 
biostatistics or AI methods[12] and become popular, particularly in oncologic imaging. Radiomics 
involves mineable high-dimensional data extraction, characterizing intensity, shape, size, and/or 
texture from images to create big-data datasets that are then used to identify distinct sub-visual imaging 
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patterns[15]. Radiomics models usually use magnetic resonance imaging (MRI), computed tomography 
(CT) and positron emission tomography (PET) images data. Fundamentally, radiomics is motivated by 
the observation that these imaging characteristics reflect phenotype and genotype of underlying tissue 
and thus can help in clinical decision making[16].

Radiomic can be subdivided into texture, size and shape, and transformed based features. The most 
common radiomic features is texture. It can be subdivided into first-order, second-order and higher-
order statistical features. First-order features reflect the distribution of values of individual voxels 
without concern for spatial relationships; they are generally histogram-based, such as mean (average 
intensity), entropy (quantify randomness of intensity), kurtosis (flatness) and skewness (asymmetry). 
Second-order features reflect the statistical interrelationships between voxels with similar (or dissimilar) 
contrast values[12] and some of the commonly used 2nd order features are: Grey level co-occurrence 
matrix, grey level run length matrix, and grey level size zone matrix features. Taking into account the 
repetitive patterns in radiological images, higher-order statistical methods use sophisticated filter grids 
on the images - such as Minkowski functionals (to evaluate voxels whose intensity is above a 
determined threshold), Wavelet and Laplacian transforms (to identify coarse texture patterns) and 
fractal analysis (to assess the irregularity of a surface)[12]. In practice, standard libraries with predefined 
feature configurations and validated reference values (such as PyRadiomics) are frequently used to 
increase the reproducibility of radiomic models.

Workflow
Radiomic analysis is a multistep process involving the processing of medical images to generate 
different features from segmented images. The typical radiomics workflow can be summarized in the 
following steps (Figure 1):

Image acquisition and preprocessing: Standardized imaging protocols should be used to avoid 
reproducibility issues related to noise and confounding. However, standardized imaging protocols also 
decrease the generalizability of the results. Once a patient dataset has been identified, images should be 
anonymized as well as exported as Digital Imaging and Communication in Medicine files[17]. De-
noising and motion correction steps may be needed.

Segmentation: Segmentation involves the delineation of region of interests (ROIs) on the tumor or 
peritumoral zones. ROIs can be delineated manually, semiautomatically, or automatically (using ML 
tools) in either two-dimensional (2D) or three-dimensional (3D) views (Figure 2). Whenever possible, 
segmentations should be checked by a radiologist to ensure accuracy.

Feature extraction, feature selection and model building: A wide range of statistical models are 
commonly used to choose a subset of optimal features that correlate with the predenid outcome[15]. 
Many of the extracted features are in fact redundant and supervised or unsupervised approaches can be 
applied to achieve dimension reduction. ML and DL techniques are emerging as useful tools to achieve 
more accurate feature selection[18,19]. The features should be selected only based on the training data to 
avoid bias.

Of note, the number of extracted features is commonly larger than the study sample, which can 
contribute to overfitting of the model and to overoptimistic results. Some strategies can be done, for 
example, select the features in such a way to maintain the ratio or regularization methods are used to 
minimize the complexity of the respective models[20]. Once the optimal features are identified, a 
statistical model can be proposed to predict a specific clinical question using different classifiers such as 
generalized linear models, random forests, support vector machines, or neural networks[20,21].

Validation: Validation is essential to estimate model performance and can be done using subsets of the 
original training dataset (i.e., cross-validation) or using a separate hold-out dataset containing either 
internal or external data[17].

Main challenges
To date, radiomic models reproducibility is often poor, due to insufficient reporting or limited open-
source code and data, which undermines external validation and increases the subsequent risk of false-
positive results[22]. Further, researchers often face great difficulty in acquiring unbiased and 
homogeneous datasets across multiple institutions, thus hampering multi-institutional collaborations 
involving large multi-institutional datasets for the training and validation of radiomic models[14]. For 
successful multi-institutional cooperation for building large multi-institutional datasets for radiomic 
models training and validation, radiomics workflow standardization, clear reporting of study 
methodology, and data sharing across different institutions are needed[17]. Additionally, an effective 
means to interpret the vast and varied data derived from radiomics analysis is another key obstacle to 
the clinical implementation of radiomic models. Therefore, a balanced interpretation of results and an 
increased focus on interpretable models are essential to their successful integration into clinical practice
[23]. Finally, manual segmentation is a time-consuming process and one of the most common limitations 
that should be managed with automatic or semiautomatic strategies before widespread use of radiomics 
tools.
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Figure 1  Illustration summarizing radiomics workflow.

Figure 2 Illustration of hepatocellular carcinoma segmentation. 72-year-old man with cirrhosis had a new liver lesion on computed tomography, 
indeterminate. Gadoxetic acid-enhanced T1-weighted images show a 1.3 cm (arrows) lesion. A: With arterial phase hyperenhancement; B: Questionable washout 
appearance on portal venous; C: Delayed phases; D: Hypointensity on during hepatobiliary phase (20 min); E and F: A tumor bed segmentation was exemplified, the 
portal venous phase (E) was used to manually segment the volume of interest (F); G and H: Note the gross findings after surgery. Histology confirmed hepatocellular 
carcinoma.

APPLICATIONS OF RADIOMICS IN HCC
Prediction of HCC histology
Table 1 summarizes the studies in the literature to date that have evaluated the use of radiomics to 
preoperatively predict HCC histology.

Distinguishing between HCC and other malignant or benign lesions: The distinction between HCC 
and other primary hepatobiliary malignancies can be challenging on imaging, because of the overlap of 
some features, especially for combined tumors[24]. In light of this, many studies have investigated 
radiomics performance in differentiating HCC from other malignant and benign hepatic lesions. For 
instance, Liu et al[24] studied the use of MRI- and CT-based radiomics to differentiate between HCC, 
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Table 1 Summary of the studies that evaluated radiomics to preoperatively predict hepatocellular cholangiocarcinoma histology

Ref. Country n Imaging 
modality Endpoint Segmentation ROI/VOI No. of 

readers Main results Validation

Wang et al
[92], 2022

China 196 MRI cHCC-CC vs 
HCC

Manual, intrat-
umoral

ROI 1 AUC (delayed phase 
MRI): 0.91

None

Liu et al
[24], 2021

Canada 85 MRI and CT cHCC-CC vs 
HCC vs CC

Manual, intrat-
umoral

ROI 2 AUC (MRI): 0.77-0.81. 
AUC (CT): 0.71-0.81

Cross-
validation

Lewis et al
[25], 2019

United 
States

63 MRI cHCC-CC vs 
HCC vs CC

Manual, intrat-
umoral

VOI 2 AUC (LI-RADS and 
male gender): 0.90

None

Nie et al
[27], 2020

China 156 CT HCC vs FNH Manual, intrat-
umoral

ROI 2 AUC (radiomics): 0.96 
training, 0.87 
validation. AUC 
(radiomics + clinical 
factors): 0.98 training, 
0.92 validation

None

Wu et al
[28], 2019

China 369 MRI HCC vs 
hemangioma

Manual, intrat-
umoral

ROI 2 AUC: 0.86 training, 0.89 
testing

None

Mokrane 
et al[29], 
2020

United 
States

178 CT HCC 
diagnosis

Manual, intrat-
umoral

VOI 2 AUC: 0.70 training, 0.66 
validation

External

Brancato 
et al[34], 
2022

Italy 38 MRI Tumor grade Manual, intrat-
umoral

VOI 1 AUC: 0.89 None

Gao et al
[93], 2018

China Training: 
125. 
Validation: 
45

MRI Tumor grade Manual, intrat-
umoral

N/A N/A AUC: 0.83 training, 0.74 
validation

None

Wu et al
[30], 2019

China Training: 
125. 
Validation: 
45

MRI Tumor grade Manual, intrat-
umoral

ROI 1 AUC: 0.83 training, 0.74 
validation

Internal

Zhou et al
[94], 2017

China 46 MRI Tumor grade Manual, intrat-
umoral

ROI 1 AUC: 0.83-0.92 None

Mao et al
[31], 2022

China Training: 85. 
Validation: 
37

MRI Tumor grade Manual, intrat-
umoral

ROI 2 AUC: 0.97 training, 0.94 
validation

Internal

Chen et al
[33], 2021

China Training: 
112. 
Validation: 
49

CT Tumor grade Manual, intrat-
umoral

VOI 2 AUC: 0.90 training, 0.94 
validation

Internal

Yang et al
[95], 2019

China Training: 
146. 
Validation: 
62

Gadoxetic 
acid-
enhanced 
MRI

MVI Manual, intrat-
umoral

ROI 2 
(consensus)

AUC: 0.94 training, 0.86 
validation

Internal

Xu et al
[39], 2019

China 495 CT MVI Semi-automatic, 
intratumoral and 
peritumoral

VOI 3 AUC: 0.91 training, 0.89 
validation

Internal

Feng et al
[40], 2019

China 160 Gadoxetic 
acid-
enhanced 
MRI

MVI Manual, intrat-
umoral and 
peritumoral

VOI 3 AUC: 0.85 training, 0.83 
validation

Internal

Zheng et 
al[41], 
2017

United 
States

120 CT MVI Semi-automatic ROI 1 AUC: 0.80 None

Bakr et al
[96], 2017

United 
States

28 CT MVI Manual, intrat-
umoral

ROI 4 AUC: 0.76 None

Ma et al
[97], 2019

China 157 CT MVI Manual, intrat-
umoral

VOI 1 AUC (portal venous 
phase CT): 0.79

Cross-
validation

AUC: Area under the curve; cHCC-CC: Combined hepatocellular cholangiocarcinoma; CT: Computed tomography; FNH: Focal nodular hyperplasia; HCC: 
Hepatocellular carcinoma; MRI: Magnetic resonance imaging; MVI: Microvascular invasion; ROI: Region of interest; VOI: Volume of interest.
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cholangiocarcinoma, and combined HCC-cholangiocarcinoma. Using MRI, radiomic features derived 
from contrast-enhanced phases demonstrated excellent performance to differentiate HCC from non-
HCC [area under the curve (AUC) ≥ 0.79], with the highest AUC obtained from the arterial phase (AUC 
of 0.81); meanwhile, using CT, radiomic features derived from the pre-contrast and portal venous phase 
yielded AUC values of 0.81 and 0.71, respectively. In another study, Lewis et al[25] found that the 
combination of the apparent diffusion coefficient 5th percentile radiomic feature with Liver Imaging 
Reporting and Data System classification and male gender achieved an accuracy of 80%-81.5% in distin-
guishing HCC from intrahepatic cholangiocarcinoma (ICC) and combined HCC-ICC, and outperformed 
either measure alone. Other studies showed that radiomics is helpful to distinguish between HCC and 
benign tumors in non-cirrhotic livers, e.g., from hepatocellular adenoma (AUC of 0.96 in the training set 
and 0.94 in the test set)[26], from focal nodular hyperplasia (AUC of 0.979 in the training set and 0.917 in 
the test set)[27], and from hemangioma (AUC: 0.86 in the training set and 0.89 in the test set)[28]. 
Mokrane et al[29] validated a radiomics signature to diagnose HCC in patients with cirrhosis and 
increased radiologists’ confidence.

Prediction of histologic grade: Histologic grade is an important prognostic factor in patients with HCC 
and is only available preoperatively in patients who undergo biopsy. Therefore, studies have aimed to 
identify non-invasive imaging features such as radiomic features that could potentially predict the 
tumor grade. Wu et al[30] found that MRI-based radiomics can successfully categorize low-grade and 
high-grade HCC, with the radiomic model outperforming the clinical model (AUC 0.742 for the 
combined T1-weighted and T2-weighted MRI-based radiomic model vs AUC 0.6 for the clinical one) 
and the combined radiomic and clinical model (AUC 0.8) outperforming both models alone. Mao et al
[31] also investigated MRI-based radiomic features, with Gd-EOB-DTPA contrast administered for the 
MRI exams, finding that the artificial neural network combining radiomic features from the contrast-
enhanced arterial phase and hepatobiliary phase yielded the highest AUC of 0.944. Moreover, they 
found that the artificial neural network models were superior to the logistic regression models. In other 
studies, CT-based radiomics has been found to have high performance in distinguishing between low- 
and high-grade tumors[32-34]; for instance, Chen et al[33] found an AUC of 0.937 for a ML-based 
radiomics model based on the CT portal phase.

Prediction of microvascular invasion: Microvascular invasion (MVI) is found in about 15%-57% of 
patients with HCC who undergo surgery[35,36] and is associated with higher rates of recurrence and 
shorter survival after surgery[37]. Although imaging can be used to diagnose macrovascular invasion 
(or tumor in vein), preoperative imaging identification of MVI is difficult. Studies have evaluated the 
performance of radiomics as a tool to predict MVI, with most predictive models combining radiomics 
and clinical biomarkers[38]. For instance, Xu et al[39] proposed a model combining CT-based radiomic 
features with radiologic and clinical parameters; the model was not only an independent predictor of 
histologic MVI (AUC of 0.909 in the training/validation set and 0.889 in the test set) but was also an 
independent predictor of worse prognosis (disease-specific recurrence and disease-specific mortality). 
Of note, the radiomics-only model did not add significant value to radiologist scores alone. Since MVI 
occurs primarily at the tumor periphery (approximately 85% of MVI is located within one centimeter 
from the tumor margin), studies have investigated radiomic features derived from the peritumoral 
tissue. For instance, Feng et al[40] demonstrated that a model combining intratumoral and peritumoral 
radiomic features was superior in predicting MVI using Gd-EOB-DTPA-enhanced MRI compared to the 
model containing only intratumoral radiomics features. Additionally, Zheng et al[41] demonstrated that 
peritumoral textural features had an AUC of 0.80 and a multivariate model combining alfa-fetoprotein, 
tumor size, hepatitis status and quantitative features achieved an AUC of 0.88.

Prediction of HCC genetic expression
Compared to the prediction of histology, fewer researches in the literature have evaluated the use of 
radiomics to predict genetic expression in patients with HCC (Table 2). Overall, studies on the use of 
radiomics to predict genetic expression have focused on using radiomics to predict Ki67 expression as 
well as cytokeratin 19 (CK19), P53, and phosphatidylinositol-3 kinase (PI3K) status. Of note, in 2007, 
Segal et al[42] investigated for the first time the correlation between HCC genetic expression and CT 
imaging traits, finding 32 CT imaging traits that were correlated with the expression levels of 116 
genetic markers.

Ki67 expression: High Ki-67 expression in HCC patients is associated with fast progression and poor 
prognosis[43]. To determine if radiomics can be useful to predict Ki67 expression, Wu et al[44] 
developed and validated a radiomic nomogram based on the combination of CT-based radiomic 
features and clinical factors. Using Gd-EOB-DTPA-enhanced MRI, Li et al[45] found that texture analysis 
of the hepatobiliary phase, arterial phase, and portal vein phase were helpful for predicting Ki67 
expression. In their study, a single slice with the largest proportion of the lesion was delineated, and the 
predictive performance of models were compared by misclassification rate. In another study by Fan et al
[46] using Gd-EOB-DTPA-enhanced MRI, the authors delineated the whole lesion, and the predictive 
performance of different models were compared using the receiver operating curve, calibration curve, 



Miranda J et al. Radiomics in HCC

WJG https://www.wjgnet.com 49 January 7, 2023 Volume 29 Issue 1

Table 2 Summary of the studies that evaluated radiomics models to predict genetic profile in patients with hepatocellular 
cholangiocarcinoma

Ref. Country n Imaging 
modality Endpoint Segmentation ROI/VOI No. of 

readers Main results Validation

Xia et al
[98], 
2018

China 38 CT Association with 
gene expression 
profile

Manual, intrat-
umoral

ROI 1 Individual textural 
features predicted 
gene modules

No

Wu et 
al[44], 
2022

China Training: 
120. 
Validation: 
52

CT Ki-67 expression Manual, intrat-
umoral

VOI 2 AUC: 0.85 (training), 
0.74 (validation)

Internal

Li et al
[45], 
2019

China 83 MRI Ki-67 expression Manual, intrat-
umoral

ROI 2 Some features were 
associated, no model

No

Ye et al
[47], 
2019

China 89 MRI Ki-67 expression Manual, intrat-
umoral

VOI 2 C-index: 0.878 No

Fan et 
al[46], 
2021

China Training: 
103. 
Validation: 
48

MRI Ki-67 expression Manual, intrat-
umoral

VOI 2 AUC: 0.88 (training), 
0.80 (validation)

Internal

Hu et al
[48], 
2022

China Training: 87. 
Validation: 
21

MRI Ki-67 expression Manual, intrat-
umoral

ROI 1 AUC: 0.90 (training), 
0.83 (validation)

Internal

Wang 
et al
[50], 
2019

China 78 MRI CK19 positivity Manual, intra- and 
peritumoral

ROI 1 AUC: 0.76 No

Chen et 
al[51], 
2021

China Training: 
102. 
Validation: 
19

MRI CK19 positivity Manual, intrat-
umoral

ROI 2 AUC: 0.82 (training), 
0.78 (external 
validation)

Internal and 
external

Yang et 
al[52], 
2021

China 
(multi-
center)

Training: 
143. 
Validation: 
75

MRI CK19 positivity Manual, intrat-
umoral

ROI 2 AUC: 0.85 (training), 
0.79 (external 
validation)

Internal and 
external

Wu et 
al[55], 
2019

China 63 CT P53 mutation status Manual, intrat-
umoral

ROI 2 AUC: 0.62-0.79 No

Li et al
[99], 
2022

China 92 MRI Gene signatures 
associated with 
disease recurrence

Manual, intrat-
umoral

ROI 2 MRI radiomics 
features could help 
quantify GOLM1, 
SETD7, and RND1 
expression levels

Internal

Liao et 
al[56], 
2022

China Training: 86. 
Validation: 
46

CT Somatic mutations of 
the PI3K signaling 
pathway

Manual, intrat-
umoral and 
peritumoral

VOI 2 AUC: 0.74 (training), 
0.73 (external 
validation)

Internal and 
external

Che et 
al[60], 
2022

China Training: 69. 
Validation: 
30

CT β-arrestin1 
phosphorylation

Manual, intrat-
umoral

ROI 1 AUC: 0.89 (training), 
0.74 (validation)

Internal

AUC: Area under the curve; CT: Computed tomography; MRI: Magnetic resonance imaging; ROI: Region of interest; VOI: Volume of interest; CK19: 
Cytokeratin 19; PI3K: P53, and phosphatidylinositol-3 kinase.

and decision cure analysis. The optimal model combining the arterial phase radiomic score and serum 
alpha-fetoprotein (AFP) levels showed high AUCs (AUC of 0.922 and 0.863 in the training and 
validation cohorts, respectively) for the preoperative Ki-67 expression prediction. In yet another study 
using Gd-EOB-DTPA-enhanced MRI, Ye et al[47] showed that the nomogram combining the texture 
signature (using the segmentation of the whole lesion) and clinical factors demonstrated a high discrim-
ination ability (C-index of 0.936) for predicting Ki-67 group (high vs low). Finally, Hu et al[48] explored 
the added value of viscoelasticity measured by magnetic resonance elastography to predict Ki-67 
expression, showing that shear wave speed and phase angle significantly improved the performance of 
the radiomic model.
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CK19 expression: CK19 expression is associated with aggressive tumor behavior, resistance to therapy, 
and poor outcomes including worse overall survival and recurrence[49]. To date, three studies have 
focused on developing radiomic models to predict CK19 expression[50-52], all using MRI. Wang et al[50] 
showed that their texture model independently predicted CK19-positive HCC cases and improved the 
diagnostic performance of AFP level ≥ 400 ng/mL and arterial rim enhancement. The two remaining 
studies developed a radiomics model based on Gd-EOB-DTPA-enhanced MRI, with external validation 
AUC varying from 0.78-0.79; of note, one of the studies was a multicenter study with over 250 patients
[51,52].

P53, PI3K, and other genetic expression: P53 can be used as a tumor biomarker, since it plays an 
important role in the pathogenesis of HCC[53]. P53 mutation has also been suggested as a feasible target 
for antitumor therapy[54]. Wu et al[55] demonstrated a direct relationship between P53 mutations in 
patients with HCC and the gray-level co-occurrence matrix on CT. PI3K signaling is a key pathway 
regulating HCC aggressiveness and is associated with response to sorafenib. Liao et al[56] developed a 
CT-based radiomics model that yielded an AUC of 0.73 in the external validation set for prediction of 
PI3K status.

The phosphorylation status of β-arrestin1 is associated with sorafenib resistance[57-59]. Che et al[60] 
developed a model combining a CT-based radiomics score with clinico-radiological risk factors which 
yielded an AUC of 0.898 in predicting β-arrestin1 phosphorylation, and the predicted β-arrestin1 
phosphorylation was in turn significantly associated with overall survival in both the training and 
validation cohorts (P < 0.05).

Prediction of recurrence, treatment response, and liver failure
Tumor recurrence, liver failure and treatment response rates are major concerns during HCC treatment. 
Radiomics has emerged as a promising tool to predict recurrence and treatment response beyond the 
current predictive criteria[61,62]. Table 3 summarizes the studies to date that have evaluated the use of 
radiomic models to predict recurrence and treatment response. Most of these studies were single-center 
studies performed in China, with only a few studies incorporating external validation[63,64]. 
Segmentation strategies were predominantly manual strategies, including manual segmentation of the 
tumor region or area of interest, with only a few studies involving the segmentation of the peritumoral 
liver parenchyma[63,65-67]. Overall, the radiomic models yielded an AUC between 0.59 and 0.94 (see 
Table 3).

Of the studies evaluating the use of radiomics to predict recurrence, most involved the prediction of 
recurrence after surgical resection on CT or MRI, demonstrating a validation AUC between 0.59 and 
0.84 (Table 3). Zhou et al[68] demonstrated that combining the radiomic signature with conventional 
preoperative variables significantly improved clinical model accuracy in early recurrence prediction 
(AUC of 0.84). Ji et al[64] developed and externally validated a radiomic model with better prognostic 
ability (C index ≥ 0.77, AUC of 0.78), lower prediction error (Brier score ≤ 0.14), and better clinical use 
compared with other staging systems and models. A few other studies evaluating the use of radiomics 
to predict recurrence involved the prediction of recurrence after liver transplant[69], transarterial 
chemoembolization (TACE)[67,70], and radiofrequency ablation (RFA)[71], demonstrating a validation 
AUC between 0.71 and 0.82.

Of the studies evaluating the use of radiomics to predict treatment response, a few involved the 
prediction of treatment response post-TACE[63,72,73]. In Canada, Ivanics et al[73] developed a CT-
based radiomic model and achieved an AUC of 0.87 on the internal validation set. A large multi-center 
Chinese study by Chen et al[63] evaluating treatment response after TACE performed semi-automatic 
segmentation of the tumor and of the peritumoral region on contrast-enhanced CT in 585 patients, and 
the validation AUC was 0.90. One small study by Horvat et al[74] assessed treatment response after RFA 
using tumor 3D volumes of interest on MRI, yielding an AUC of 0.76 for the radiomics model, although 
the model lacked validation. Finally, two studies from China evaluated the use of radiomics to predict 
liver failure after surgical resection[75,76].

Prediction of survival
Table 4 summarizes the studies to date that have evaluated the use of radiomics to predict survival in 
patients with HCC. Four studies evaluated the use of CT-based radiomics to predict survival after 
hepatic resection, demonstrating an AUC between 0.71 and 0.81, with two of the four studies 
performing internal validation[39,77-79]. A few other studies evaluated the use of radiomics to predict 
survival after TACE[80], TARE[81], and RFA[82], all without validation.

Of the studies that involved the prediction of survival after hepatic resection, Xu et al[39] had the 
largest sample size. In their study, a risk model integrating clinico-radiological factors and a high CT-
based radiomic score was independently associated with long-term mortality and disease-specific 
recurrence. Kim et al[80] evaluated the use of CT-based radiomics in survival prediction in patients after 
TACE. They demonstrated a combined model integrating radiomic features and clinical data (HCC size, 
Child-Pugh score and AFP) outperformed the clinical sore model or the radiomic score model. 
Petukhova-Greenstein et al[82] found that a higher MRI-based radiomic signature based on nodular and 
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Table 3 Summary of the studies that assessed radiomics to predict recurrence and treatment response in patient with hepatocellular 
cholangiocarcinoma who underwent surgery, liver transplantation or locoregional treatment

Ref. Country n Imaging 
modality Endpoint Treatment 

type Segmentation ROI/VOI No. of 
readers Main results Validation

Hui et al
[100], 
2018

Singapore 50 MRI Recurrence Hepatic 
resection

Manual, intrat-
umoral

ROI 3 AUC: 0.78-
0.84

None

Kim et al
[65], 
2019

South 
Korea

Training: 128. 
Validation: 39

MRI Recurrence Hepatic 
resection

Semiautomatic, 
intra- and 
peritumoral

VOI 2 C-index: 0.716 Internal

Zhao et 
al[101], 
2021

China Training: 78. 
Validation: 35

MRI Recurrence Hepatic 
resection

Manual, intrat-
umoral

VOI 2 AUC: 0.83 
(training), 0.77 
(validation)

Internal

Zhou et 
al[68], 
2017

China 215 CT Recurrence Hepatic 
resection

Manual, intrat-
umoral

ROI 2 AUC: 0.84 
(combined 
model)

None

Ji et al
[64], 
2020

China Internal: 177. 
External: 118

CT Recurrence Hepatic 
resection

Manual, intrat-
umoral

VOI 1 AUC: 0.77 
(internal), 0.78 
(external)

External

Guo et al
[69], 
2019

China Training: 93. 
Validation: 40

CT Recurrence Liver 
transplant

Semiautomatic, 
intratumoral

ROI 1 AUC: 0.79 
(training), 0.79 
(validation)

Internal

Shan et 
al[66], 
2019

China Training: 109. 
Validation: 47

CT Recurrence Hepatic 
resection or 
ablation

Manual, intra- 
and peritumoral

ROI 2 AUC: 0.80 
(training), 0.79 
(validation)

Internal

Zheng et 
al[79], 
2018

China Training: 212. 
Validation: 
107

CT Recurrence 
and survival

Hepatic 
resection

Manual, intrat-
umoral

ROI 2 AUC: 0.64 
(training), 0.59 
(validation)

Internal

Song et 
al[67], 
2020

China Training: 110. 
Validation: 74

MRI Recurrence TACE Semiautomatic, 
intra- and 
peritumoral

VOI 2 C-index: 0.82 Internal

Lv et al
[71], 
2021

China Training: 40. 
Validation: 18

MRI Recurrence RFA Semiautomatic, 
intratumoral

VOI 2 AUC: 0.94 
(training), 0.82 
(validation)

Internal

Sun et al
[70], 
2020

China Training: 67. 
Validation: 17

MRI Recurrence TACE Manual (intrat-
umoral)

VOI 2 AUC: 0.71-
0.79

Internal

Cai et al
[75], 
2019

China Training: 80. 
Validation: 32

CT Liver failure Hepatic 
resection

Semiautomatic, 
intratumoral

ROI 2 AUC: 0.82 
(training), 0.76 
(validation)

Internal

Zhu et al
[76], 
2020

China 101 MRI Liver failure Hepatic 
resection

Manual, entire 
liver

ROI 2 AUC: 0.81-
0.89

None

Ivanics 
et al[73], 
2021

Canada 88 CT Treatment 
response

TACE Manual, intrat-
umoral

VOI 1 AUC: 0.70-
0.87

None

Kong et 
al[72], 
2021

China Training: 69. 
Validation: 30

MRI Treatment 
response

TACE Manual, intrat-
umoral

VOI 2 AUC: 0.81 
(training), 0.87 
(validation)

Internal

Chen et 
al[63], 
2021

China Training: 355. 
Internal: 118. 
External: 122

CT Treatment 
response

TACE Semiautomatic, 
intra- and 
peritumoral

ROI 2 AUC: 0.94 
(internal), 0.90 
(external)

Internal and 
external

Horvat 
et al[74], 
2021

Brazil 34 MRI Treatment 
response

RFA Manual, intrat-
umoral

VOI 1 AUC: 0.76 None

AUC: Area under the curve; CT: Computed tomography; MRI: Magnetic resonance imaging; RFA: Radiofrequency ablation; ROI: Region of interest; TACE: 
Transarterial chemoembolization; VOI: Volume of interest.

perinodular radiomic features predicted poorer survival after RFA. A study evaluated the survival 
prediction after TARE, using 18-fuoro-deoxyglucose PET-based radiomics[81]. They observed that 
whole-liver radiomics textural features were an independent negative predictor of survival. 
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Table 4 Summary of the studies that evaluated radiomics to predict survival in patients with hepatocellular cholangiocarcinoma

Ref. Country n Imaging 
modality Endpoint Treatment 

type Segmentation ROI/VOI No. of 
readers Main results Validation

Kiryu et al
[77], 2017

Japan 122 CT Survival Hepatic 
resection

Manual, intra- 
and peritumoral

ROI 1 OS and DFS 
were 
significantly 
different 
between 2 rad 
score groups

None

Xu et al[39], 
2019

China Training: 
350. 
Validation: 
145

CT Survival Hepatic 
resection

Semiautomatic, 
intratumoral

VOI 3 AUC: 0.91 
(training), 0.81 
(validation)

Internal

Akai et al
[78], 2018

Japan 127 CT Survival Hepatic 
resection

Manual, intrat-
umoral

ROI 1 OS and DFS 
were 
significantly 
different 
between 2 rad 
score groups

None

Kim et al
[80], 2018

South Korea 88 CT Survival TACE Manual, intrat-
umoral

ROI 1 Combined 
clinical and 
radiomics score 
was a better 
predictor of 
survival

None

Blanc-
Durand et al
[81], 2018

Switzerland 47 18F-FDG 
PET-CT

Survival TARE Semiautomatic, 
whole liver

VOI N/A PFS-Rad Score 
and OS-Rad 
Score were 
independent 
negative 
predictors

None

Petukhova-
Greenstein et 
al[82], 2022

United 
States

65 MRI Survival RFA Semiautomatic, 
intra- and 
peritumoral

VOI 2 OS was 
significantly 
different 
between 2 rad 
score groups

None

Zheng et al
[79], 2018

China Training: 
212. 
Validation: 
107

CT Survival Hepatic 
resection

Manual, intrat-
umoral

ROI 2 AUC: 0.71 
(training and 
validation)

Internal

AUC: Area under the curve; CT: Computed tomography; DFS: Disease-fee survival; MRI: Magnetic resonance imaging; OS: Overall survival; PFS: 
Progression-free survival; RFA: Radiofrequency ablation; ROI: Region of interest; TACE: Transarterial chemoembolization; TARE: Transarterial 
radioembolization; VOI: Volume of interest; PET: Positron emission tomography.

Furthermore, radiomic scoring system did not differ after stratification by tumor size and Barcelona 
Clinic Liver Cancer staging.

Other applications of radiomics in HCC
Immunotherapy represents a paradigm shift in the management of patients with advanced HCC. 
Preoperatively assessing the immune status can assist the multidisciplinary team to identify which 
patients are suitable for immunotherapy, potentially improving treatment efficiency and overall 
survival rate. A few studies have evaluated the use of radiomics to predict programmed cell death 
ligand 1 (PD-L1) expression[83], CD8+ T cell infiltration[84], immunoscore[85,86], and anti-PD-1 
treatment efficacy[87] in patients with HCC, with none of them performing external validation. Tian et 
al[83] were the first group to explore the efficacy of MRI-based radiomics to predict PD-L1 status. They 
proposed a model integrating radiomic and DL features for the quick and accurate assessment of PD-L1 
expression levels in HCC patients before immune checkpoint inhibitor therapy which yielded an AUC 
of 0.897. Chen et al[85] demonstrated in 207 patients that radiomic features including those from the 
peritumoural region were associated with a validated “immunoscore”. This score characterizes the 
tumor infiltrating lymphocyte population and theoretically reflects the immune phenotype of the tumor 
microenvironment.
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RADIOMICS REPRODUCIBILITY IN HCC
Reproducibility refers to variations of the same patient across different imaging scenarios (e.g., scanner 
or imaging parameters), while repeatability refers to variations of the same patient using the same 
imaging protocol. Table 5 summarizes the 13 studies to date that have studied the reproducibility of 
radiomics in HCC patients. Most of these studies were conducted in China (8/13; 62%). Seven were 
performed using CT (54%), 5 using MRI (38%), and 1 using both CT scan and MRI (8%). Different 
software programs were used for segmentation and feature extraction. Most studies adopted manual 
segmentation (11/13; 85%), and most evaluated first- and second-order features, with a few including 
shape and higher-order features. In addition to intra and inter-reader reproducibility, some also 
assessed the repeatability of radiomic features obtained through two separate exams from the same 
scanner, different scanners from different vendors and centers, 3D vs 2D segmentation, different 
contrast imaging phases, injection rates and pixel resolutions on contrast-enhanced CT, and different b-
values on diffusion-weighted imaging on MRI.

Of note, one study showed that intra-reader tumoral and peritumoral reproducibility were greatest in 
MRI[88]. Another study showed that for test-retest (same MRI system, 2 different MRI exams), the 
intraclass correlation coefficient varied from 0.53-0.99 and the inter-platform reproducibility (MRI 
systems from 2 different vendors) varied from 0.58-0.99[89]. Regarding different contrast phases, 
Ibrahim et al[90] showed that 25% of extracted features had a concordance correlation coefficient (CCC) 
> 0.9 across arterial and portal venous phases. Perrin et al[91] demonstrated that the number of 
reproducible features decreased with variations in contrast injection rate, pixel resolution, and scanner 
model.

FUTURE DIRECTIONS OF RADIOMICS IN HCC
Despite the increasing and encouraging results in the literature concerning radiomics in patients with 
HCC, there are challenges and limitations to be overcome before its clinical implementation, particularly 
related to reproducibility and repeatability, lesion segmentation, model overfitting, multidisciplinary 
acceptance, and multi-modal data integration[23].

Patient selection, imaging data, segmentation strategy, image processing, feature selection, and 
computational processing are some factors that may affect the reproducibility and repeatability. 
Transparent patient accrual, data normalization, standard image manipulation, and feature extraction 
data are some strategies that may improve these challenges. Additionally, multi-center studies are 
recommended to increase reproducibility of the results.

Overfitting occurs when the model performs better in the training set with limited generalization of 
the results. The main factors contributing to overfitting are the number of included features being 
higher than the number of events and overoptimistic feature selection. Multiple strategies can be 
implemented to decrease overfitting, such as increasing the number of patients and events, using 
regularization methods, and including external validation cohorts. Multidisciplinary acceptance may 
improve with clear methods and a close relationship between radiologists, surgeons, oncologists, 
statistician, and data scientists to improve the interpretability of the results and to make way for clinical 
translation.

Multi-omics data integration is an additional step to improve the clinical acceptance of radiomics. 
Radiomics requires a multistep workflow process using different software and expertise; technological 
investments to create integrated and user-friendly tools are necessary to facilitate its widespread use in 
clinical practice. Finally, segmentation is a time-consuming process, susceptible to intra and inter-
observer variability. Automatic and semi-automatic segmentations are required, particularly using DL 
strategies to facilitate this crucial step.

Additionally, some heterogeneity related to patients with HCC should be take into consideration. 
Since pathological confirmation is not always performed, the definition of clear and reproducible 
endpoints, like the LI-RADS criteria, are relevant strategies. Combined data integrating imaging and 
clinical variables are important to address the issue that patients with HCC are also dealing with 
systemic consequences related to cirrhosis.

CONCLUSION
Radiomics is an evolving computer-assisted tool with the potential to improve the multidisciplinary 
management of patients with HCC and to provide personalized treatment optimizing the available 
resources. Multiple studies have evaluated the use of radiomics in HCC with promising applications, 
including the prediction of pre-surgical histology, genetic signature, recurrence, and treatment 
response, as well as survival rates. Although promising, several challenges need to be overcome before 
radiomics can achieve clinical translation, including workflow optimization, model validation in multi-
center studies, and the development of integrated models to facilitate clinical use and acceptance.
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Table 5 Summary of the studies that assessed reproducibility of hepatocellular cholangiocarcinoma textural features

Ref. Country n Imaging 
modality Segmentation Segmentation 

software ROI/VOI No. of readers Intra-reader reproducibility Inter-reader 
reproducibility Other reproducibility

Duan et al
[88], 2022

China 19 CT, MRI Manual, intra- and 
peritumoral

3D-Slicer ROI 2 (1 radiologist and 
1 radiation 
oncologist)

Features with ICC ≥ 0.75 in both 
tumoral and peritumoral tissue 
greatest in MR

Features with ICC ≥ 0.75 in 
both tumoral and 
peritumoral tissue greatest 
in MR

N/A

Zhang et al
[102], 2022

China 90 (31 
HCC)

MRI Manual, intrat-
umoral

ITK-SNAP ROI and 
VOI

2 radiologists N/A ICC > 0.8 used N/A

Carbonell 
et al[89], 
2022

United 
States

55 (16 
HCC)

MRI Manual, intrat-
umoral and liver 
parenchyma

Olea sphere 3.0, 
Olea Medical

ROI for 
normal 
liver, VOI 
for HCC

2 radiologists N/A CCC: 0.80-0.99 For test-retest (same MRI system, 2 
different MRI exams): ICC: 0.53-0.99; 
and in liver parenchyma: ICC: 0.53-
0.73. For inter-platform reproducibility 
(MRI systems from 2 different 
vendors): CCC: 0.58-0.99

Park et al
[103], 2022

South 
Korea

249 CT Manual followed by 
automatic 
segmentation, 
intratumoral

MEDIP PRO ROI and 
VOI

1 radiologist For VOI: Manual: ICC 0.594-0.998 for 
FO, 0.764-0.997 for shape, and 0.190-
0.926 for SO; DL-AS: ICC > 0.75 for all. 
For ROI: Manual: 0.698-0.997 for FO, 
0.556-0.997 for shape, and 0.341-0.935 
for SO; DL-AS ICC > 0.75 for all

N/A

Haniff et al
[104], 2021

Malaysia 30 MRI Manual and semi-
automatic, intrat-
umoral

3D-Slicer VOI Manual: 4 readers. 
Semi-automatic: 2 
readers

N/A Manual segmentation: ICC 
0.897. Semi-automatic 
segmentation: ICC 0.952

NA

Ibrahim et 
al[90], 2021

Germany 61 
patients, 
104 
lesions

CT Manual, intrat-
umoral

MIM software ROI 1 nonradiologist 
revised by 
radiologist

N/A N/A Across different contrast imaging 
phases: 25% of extracted features had 
CCC > 0.9 across arterial and portal 
venous phases 

Hu et al
[105], 2021

China 30 CT Manual, intrat-
umoral

MaZda software ROI 2 radiologists ICC > 0.7 ICC > 0.7 N/A

Mao et al
[32], 2020

China 30 CT Manual, intrat-
umoral

ITK-SNAP ROI 2 radiologists N/A ICC ≥ 0.8 N/A

Hu et al
[106], 2020

China 50 CT Semi-automatic, 
peritumoral

Not mentioned ROI 2 radiologists N/A ICC > 0.6 N/A

Qiu et al
[107], 2019

China 26 CT Manual and semi-
automatic, intrat-
umoral

GrowCut and 
GraphCut

ROI Manual: 5 radiation 
oncologists. Semi-
automatic: 2 
radiation oncologists

N/A ICC ≥ 0.75 in 69% of 
features extracted from 
manual segmentation, 73% 
from GraphCut, and 79% 
from GrowCut

Across different centers: Poor reprodu-
cibility of CT-based peritumoral-
radiomics model

Across different b-values: radiomic 
features extracted from b = 0, 20, 50, 

Zhang et al
[108], 2019

China 46 (34 
HCC)

MRI Manual, intrat-
umoral

MIM software VOI 1 radiologist N/A N/A
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100, 200 s/mm2 and b = 1000 s/mm2 
and nearby b-values DWIs showed a 
high reproducibility (ICC ≥ 0.8)

Feng et al
[40], 2019

China 160 (110) MRI Manual, intra- and 
peritumoral

ITK-SNAP VOI 3 radiologists 85% ICC ≥ 0.8 82% ICC ≥ 0.8 N/A

Perrin et al
[91], 2018

United 
States

38 (6 
HCC)

CT Semi-automatic, 
intratumoral and 
liver parenchyma

Scout Liver VOI 1 research fellow 
under supervision of 
radiologist

N/A N/A Across different contrast injection 
rates, pixel resolutions, and scanner 
models: Number of reproducible 
radiomic features (CCC > 0.9) 
decreased with variations in contrast 
injection rate, pixel resolution, and 
scanner model

CT: Computed tomography; MRI: Magnetic resonance imaging; ROI: Region of interest; VOI: Volume of interest; TACE: Transarterial chemoembolization; ICC: Intraclass correlation coefficient; DWI: Diffusion-weighted imaging; CCC: 
Concordance correlation coefficient; HCC: Hepatocellular carcinoma; N/A: Not applicable; FO: First order; SO: Second order; DL-AS: Deep learning-based auto-segmentation.

ACKNOWLEDGEMENTS
The authors would like to express their deepest gratitude to Joanne Chin, MFA, ELS, for her editorial 
support on this manuscript.

FOOTNOTES
Author contributions: Miranda J, Horvat N, and Herman P contributed to the data curation, investigation, project 
administration; Horvat N and Herman P involved in the conceptualization and methodology of this manuscript; and 
all authors participated the original draft writing, the review and editing of the manuscript.

Supported by the NIH/NCI Cancer Center Support Grant, P30 CA008748.

Conflict-of-interest statement: All the authors report no relevant conflicts of interest for this article.

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

Country/Territory of origin: Brazil

ORCID number: Joao Miranda 0000-0003-1273-3108; Gilton Marques Fonseca 0000-0002-7260-0799; Paulo Herman 0000-
0003-2859-5846.

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0003-1273-3108
http://orcid.org/0000-0003-1273-3108
http://orcid.org/0000-0002-7260-0799
http://orcid.org/0000-0002-7260-0799
http://orcid.org/0000-0003-2859-5846
http://orcid.org/0000-0003-2859-5846
http://orcid.org/0000-0003-2859-5846


Miranda J et al. Radiomics in HCC

WJG https://www.wjgnet.com 56 January 7, 2023 Volume 29 Issue 1

S-Editor: Wang JJ 
L-Editor: A 
P-Editor: Wang JJ

REFERENCES
Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN estimates 
of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin 2018; 68: 394-424 [PMID: 
30207593 DOI: 10.3322/caac.21492]

1     

World Health Organization.   Cancer fact sheets. [cited 10 August 2022]. Available from: https://gco.iarc.fr/today/fact-
sheets-cancers

2     

Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, Roayaie S, Lencioni R, Koike K, Zucman-Rossi J, Finn RS. 
Hepatocellular carcinoma. Nat Rev Dis Primers 2021; 7: 6 [PMID: 33479224 DOI: 10.1038/s41572-020-00240-3]

3     

Lopes Fde L, Coelho FF, Kruger JA, Fonseca GM, Araujo RL, Jeismann VB, Herman P. Influence of hepatocellular 
carcinoma etiology in the survival after resection. Arq Bras Cir Dig 2016; 29: 105-108 [PMID: 27438037 DOI: 
10.1590/0102-6720201600020010]

4     

Llovet JM, Bustamante J, Castells A, Vilana R, Ayuso Mdel C, Sala M, Brú C, Rodés J, Bruix J. Natural history of 
untreated nonsurgical hepatocellular carcinoma: rationale for the design and evaluation of therapeutic trials. Hepatology 
1999; 29: 62-67 [PMID: 9862851 DOI: 10.1002/hep.510290145]

5     

Mittal S, El-Serag HB. Epidemiology of hepatocellular carcinoma: consider the population. J Clin Gastroenterol 2013; 47 
Suppl: S2-S6 [PMID: 23632345 DOI: 10.1097/MCG.0b013e3182872f29]

6     

Venook AP, Papandreou C, Furuse J, de Guevara LL. The incidence and epidemiology of hepatocellular carcinoma: a 
global and regional perspective. Oncologist 2010; 15 Suppl 4: 5-13 [PMID: 21115576 DOI: 
10.1634/theoncologist.2010-S4-05]

7     

Forner A, Llovet JM, Bruix J. Hepatocellular carcinoma. Lancet 2012; 379: 1245-1255 [PMID: 22353262 DOI: 
10.1016/S0140-6736(11)61347-0]

8     

Herman P, Fonseca GM, Coelho FF, Kruger JAP, Makdissi FF, Jeismann VB, Carrilho FJ, D'Albuquerque LAC, Nahas 
SC. Two decades of liver resection with a multidisciplinary approach in a single institution: What has changed? Clinics 
(Sao Paulo) 2022; 77: 100088 [PMID: 35901605 DOI: 10.1016/j.clinsp.2022.100088]

9     

Jiménez Pérez M, Grande RG. Application of artificial intelligence in the diagnosis and treatment of hepatocellular 
carcinoma: A review. World J Gastroenterol 2020; 26: 5617-5628 [PMID: 33088156 DOI: 10.3748/wjg.v26.i37.5617]

10     

Liu X, Elbanan MG, Luna A, Haider MA, Smith AD, Sabottke CF, Spieler BM, Turkbey B, Fuentes D, Moawad A, 
Kamel S, Horvat N, Elsayes KM. Radiomics in Abdominopelvic Solid-Organ Oncologic Imaging: Current Status. AJR Am 
J Roentgenol 2022; 219: 985-995 [PMID: 35766531 DOI: 10.2214/AJR.22.27695]

11     

Gillies RJ, Kinahan PE, Hricak H. Radiomics: Images Are More than Pictures, They Are Data. Radiology 2016; 278: 563-
577 [PMID: 26579733 DOI: 10.1148/radiol.2015151169]

12     

Miranda Magalhaes Santos JM, Clemente Oliveira B, Araujo-Filho JAB, Assuncao-Jr AN, de M Machado FA, Carlos 
Tavares Rocha C, Horvat JV, Menezes MR, Horvat N. State-of-the-art in radiomics of hepatocellular carcinoma: a review 
of basic principles, applications, and limitations. Abdom Radiol (NY) 2020; 45: 342-353 [PMID: 31707435 DOI: 
10.1007/s00261-019-02299-3]

13     

Bera K, Braman N, Gupta A, Velcheti V, Madabhushi A. Predicting cancer outcomes with radiomics and artificial 
intelligence in radiology. Nat Rev Clin Oncol 2022; 19: 132-146 [PMID: 34663898 DOI: 10.1038/s41571-021-00560-7]

14     

Rizzo S, Botta F, Raimondi S, Origgi D, Fanciullo C, Morganti AG, Bellomi M. Radiomics: the facts and the challenges 
of image analysis. Eur Radiol Exp 2018; 2: 36 [PMID: 30426318 DOI: 10.1186/s41747-018-0068-z]

15     

Wagner MW, Namdar K, Biswas A, Monah S, Khalvati F, Ertl-Wagner BB. Radiomics, machine learning, and artificial 
intelligence-what the neuroradiologist needs to know. Neuroradiology 2021; 63: 1957-1967 [PMID: 34537858 DOI: 
10.1007/s00234-021-02813-9]

16     

Shur JD, Doran SJ, Kumar S, Ap Dafydd D, Downey K, O'Connor JPB, Papanikolaou N, Messiou C, Koh DM, Orton 
MR. Radiomics in Oncology: A Practical Guide. Radiographics 2021; 41: 1717-1732 [PMID: 34597235 DOI: 
10.1148/rg.2021210037]

17     

Giger ML. Machine Learning in Medical Imaging. J Am Coll Radiol 2018; 15: 512-520 [PMID: 29398494 DOI: 
10.1016/j.jacr.2017.12.028]

18     

Suzuki K. Overview of deep learning in medical imaging. Radiol Phys Technol 2017; 10: 257-273 [PMID: 28689314 
DOI: 10.1007/s12194-017-0406-5]

19     

Larue RT, Defraene G, De Ruysscher D, Lambin P, van Elmpt W. Quantitative radiomics studies for tissue 
characterization: a review of technology and methodological procedures. Br J Radiol 2017; 90: 20160665 [PMID: 
27936886 DOI: 10.1259/bjr.20160665]

20     

Thawani R, McLane M, Beig N, Ghose S, Prasanna P, Velcheti V, Madabhushi A. Radiomics and radiogenomics in lung 
cancer: A review for the clinician. Lung Cancer 2018; 115: 34-41 [PMID: 29290259 DOI: 
10.1016/j.lungcan.2017.10.015]

21     

van Timmeren JE, Cester D, Tanadini-Lang S, Alkadhi H, Baessler B. Radiomics in medical imaging-"how-to" guide 
and critical reflection. Insights Imaging 2020; 11: 91 [PMID: 32785796 DOI: 10.1186/s13244-020-00887-2]

22     

Horvat N, Miranda J, El Homsi M, Peoples JJ, Long NM, Simpson AL, Do RKG. A primer on texture analysis in 
abdominal radiology. Abdom Radiol (NY) 2022; 47: 2972-2985 [PMID: 34825946 DOI: 10.1007/s00261-021-03359-3]

23     

Liu X, Khalvati F, Namdar K, Fischer S, Lewis S, Taouli B, Haider MA, Jhaveri KS. Can machine learning radiomics 
provide pre-operative differentiation of combined hepatocellular cholangiocarcinoma from hepatocellular carcinoma and 

24     

http://www.ncbi.nlm.nih.gov/pubmed/30207593
https://dx.doi.org/10.3322/caac.21492
https://gco.iarc.fr/today/fact-sheets-cancers
https://gco.iarc.fr/today/fact-sheets-cancers
http://www.ncbi.nlm.nih.gov/pubmed/33479224
https://dx.doi.org/10.1038/s41572-020-00240-3
http://www.ncbi.nlm.nih.gov/pubmed/27438037
https://dx.doi.org/10.1590/0102-6720201600020010
http://www.ncbi.nlm.nih.gov/pubmed/9862851
https://dx.doi.org/10.1002/hep.510290145
http://www.ncbi.nlm.nih.gov/pubmed/23632345
https://dx.doi.org/10.1097/MCG.0b013e3182872f29
http://www.ncbi.nlm.nih.gov/pubmed/21115576
https://dx.doi.org/10.1634/theoncologist.2010-S4-05
http://www.ncbi.nlm.nih.gov/pubmed/22353262
https://dx.doi.org/10.1016/S0140-6736(11)61347-0
http://www.ncbi.nlm.nih.gov/pubmed/35901605
https://dx.doi.org/10.1016/j.clinsp.2022.100088
http://www.ncbi.nlm.nih.gov/pubmed/33088156
https://dx.doi.org/10.3748/wjg.v26.i37.5617
http://www.ncbi.nlm.nih.gov/pubmed/35766531
https://dx.doi.org/10.2214/AJR.22.27695
http://www.ncbi.nlm.nih.gov/pubmed/26579733
https://dx.doi.org/10.1148/radiol.2015151169
http://www.ncbi.nlm.nih.gov/pubmed/31707435
https://dx.doi.org/10.1007/s00261-019-02299-3
http://www.ncbi.nlm.nih.gov/pubmed/34663898
https://dx.doi.org/10.1038/s41571-021-00560-7
http://www.ncbi.nlm.nih.gov/pubmed/30426318
https://dx.doi.org/10.1186/s41747-018-0068-z
http://www.ncbi.nlm.nih.gov/pubmed/34537858
https://dx.doi.org/10.1007/s00234-021-02813-9
http://www.ncbi.nlm.nih.gov/pubmed/34597235
https://dx.doi.org/10.1148/rg.2021210037
http://www.ncbi.nlm.nih.gov/pubmed/29398494
https://dx.doi.org/10.1016/j.jacr.2017.12.028
http://www.ncbi.nlm.nih.gov/pubmed/28689314
https://dx.doi.org/10.1007/s12194-017-0406-5
http://www.ncbi.nlm.nih.gov/pubmed/27936886
https://dx.doi.org/10.1259/bjr.20160665
http://www.ncbi.nlm.nih.gov/pubmed/29290259
https://dx.doi.org/10.1016/j.lungcan.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/32785796
https://dx.doi.org/10.1186/s13244-020-00887-2
http://www.ncbi.nlm.nih.gov/pubmed/34825946
https://dx.doi.org/10.1007/s00261-021-03359-3


Miranda J et al. Radiomics in HCC

WJG https://www.wjgnet.com 57 January 7, 2023 Volume 29 Issue 1

cholangiocarcinoma to inform optimal treatment planning? Eur Radiol 2021; 31: 244-255 [PMID: 32749585 DOI: 
10.1007/s00330-020-07119-7]
Lewis S, Peti S, Hectors SJ, King M, Rosen A, Kamath A, Putra J, Thung S, Taouli B. Volumetric quantitative histogram 
analysis using diffusion-weighted magnetic resonance imaging to differentiate HCC from other primary liver cancers. 
Abdom Radiol (NY) 2019; 44: 912-922 [PMID: 30712136 DOI: 10.1007/s00261-019-01906-7]

25     

Nie P, Wang N, Pang J, Yang G, Duan S, Chen J, Xu W. CT-Based Radiomics Nomogram: A Potential Tool for 
Differentiating Hepatocellular Adenoma From Hepatocellular Carcinoma in the Noncirrhotic Liver. Acad Radiol 2021; 28: 
799-807 [PMID: 32386828 DOI: 10.1016/j.acra.2020.04.027]

26     

Nie P, Yang G, Guo J, Chen J, Li X, Ji Q, Wu J, Cui J, Xu W. A CT-based radiomics nomogram for differentiation of 
focal nodular hyperplasia from hepatocellular carcinoma in the non-cirrhotic liver. Cancer Imaging 2020; 20: 20 [PMID: 
32093786 DOI: 10.1186/s40644-020-00297-z]

27     

Wu J, Liu A, Cui J, Chen A, Song Q, Xie L. Radiomics-based classification of hepatocellular carcinoma and hepatic 
haemangioma on precontrast magnetic resonance images. BMC Med Imaging 2019; 19: 23 [PMID: 30866850 DOI: 
10.1186/s12880-019-0321-9]

28     

Mokrane FZ, Lu L, Vavasseur A, Otal P, Peron JM, Luk L, Yang H, Ammari S, Saenger Y, Rousseau H, Zhao B, 
Schwartz LH, Dercle L. Radiomics machine-learning signature for diagnosis of hepatocellular carcinoma in cirrhotic 
patients with indeterminate liver nodules. Eur Radiol 2020; 30: 558-570 [PMID: 31444598 DOI: 
10.1007/s00330-019-06347-w]

29     

Wu M, Tan H, Gao F, Hai J, Ning P, Chen J, Zhu S, Wang M, Dou S, Shi D. Predicting the grade of hepatocellular 
carcinoma based on non-contrast-enhanced MRI radiomics signature. Eur Radiol 2019; 29: 2802-2811 [PMID: 30406313 
DOI: 10.1007/s00330-018-5787-2]

30     

Mao Y, Wang J, Zhu Y, Chen J, Mao L, Kong W, Qiu Y, Wu X, Guan Y, He J. Gd-EOB-DTPA-enhanced MRI radiomic 
features for predicting histological grade of hepatocellular carcinoma. Hepatobiliary Surg Nutr 2022; 11: 13-24 [PMID: 
35284527 DOI: 10.21037/hbsn-19-870]

31     

Mao B, Zhang L, Ning P, Ding F, Wu F, Lu G, Geng Y, Ma J. Preoperative prediction for pathological grade of 
hepatocellular carcinoma via machine learning-based radiomics. Eur Radiol 2020; 30: 6924-6932 [PMID: 32696256 DOI: 
10.1007/s00330-020-07056-5]

32     

Chen W, Zhang T, Xu L, Zhao L, Liu H, Gu LR, Wang DZ, Zhang M. Radiomics Analysis of Contrast-Enhanced CT for 
Hepatocellular Carcinoma Grading. Front Oncol 2021; 11: 660509 [PMID: 34150628 DOI: 10.3389/fonc.2021.660509]

33     

Brancato V, Garbino N, Salvatore M, Cavaliere C. MRI-Based Radiomic Features Help Identify Lesions and Predict 
Histopathological Grade of Hepatocellular Carcinoma. Diagnostics (Basel) 2022; 12 [PMID: 35626241 DOI: 
10.3390/diagnostics12051085]

34     

Du M, Chen L, Zhao J, Tian F, Zeng H, Tan Y, Sun H, Zhou J, Ji Y. Microvascular invasion (MVI) is a poorer prognostic 
predictor for small hepatocellular carcinoma. BMC Cancer 2014; 14: 38 [PMID: 24460749 DOI: 
10.1186/1471-2407-14-38]

35     

Ueda K, Tokugawa K. Rubella vaccination and congenital rubella syndrome in Japan. Acta Paediatr Jpn 1988; 30: 163-
166 [PMID: 3149850 DOI: 10.1111/j.1442-200X.1988.tb02514.x]

36     

Lauwers GY, Terris B, Balis UJ, Batts KP, Regimbeau JM, Chang Y, Graeme-Cook F, Yamabe H, Ikai I, Cleary KR, 
Fujita S, Flejou JF, Zukerberg LR, Nagorney DM, Belghiti J, Yamaoka Y, Vauthey JN; International Cooperative Study 
Group on Hepatocellular Carcinoma. Prognostic histologic indicators of curatively resected hepatocellular carcinomas: a 
multi-institutional analysis of 425 patients with definition of a histologic prognostic index. Am J Surg Pathol 2002; 26: 25-
34 [PMID: 11756766 DOI: 10.1097/00000478-200201000-00003]

37     

Zhong X, Long H, Su L, Zheng R, Wang W, Duan Y, Hu H, Lin M, Xie X. Radiomics models for preoperative prediction 
of microvascular invasion in hepatocellular carcinoma: a systematic review and meta-analysis. Abdom Radiol (NY) 2022; 
47: 2071-2088 [PMID: 35364684 DOI: 10.1007/s00261-022-03496-3]

38     

Xu X, Zhang HL, Liu QP, Sun SW, Zhang J, Zhu FP, Yang G, Yan X, Zhang YD, Liu XS. Radiomic analysis of contrast-
enhanced CT predicts microvascular invasion and outcome in hepatocellular carcinoma. J Hepatol 2019; 70: 1133-1144 
[PMID: 30876945 DOI: 10.1016/j.jhep.2019.02.023]

39     

Feng ST, Jia Y, Liao B, Huang B, Zhou Q, Li X, Wei K, Chen L, Li B, Wang W, Chen S, He X, Wang H, Peng S, Chen 
ZB, Tang M, Chen Z, Hou Y, Peng Z, Kuang M. Preoperative prediction of microvascular invasion in hepatocellular 
cancer: a radiomics model using Gd-EOB-DTPA-enhanced MRI. Eur Radiol 2019; 29: 4648-4659 [PMID: 30689032 
DOI: 10.1007/s00330-018-5935-8]

40     

Zheng J, Chakraborty J, Chapman WC, Gerst S, Gonen M, Pak LM, Jarnagin WR, DeMatteo RP, Do RKG, Simpson AL; 
Hepatopancreatobiliary Service in the Department of Surgery of the Memorial Sloan Kettering Cancer Center;  Research 
Staff in the Department of Surgery at Washington University School of Medicine. Preoperative Prediction of 
Microvascular Invasion in Hepatocellular Carcinoma Using Quantitative Image Analysis. J Am Coll Surg 2017; 225: 778-
788.e1 [PMID: 28941728 DOI: 10.1016/j.jamcollsurg.2017.09.003]

41     

Segal E, Sirlin CB, Ooi C, Adler AS, Gollub J, Chen X, Chan BK, Matcuk GR, Barry CT, Chang HY, Kuo MD. 
Decoding global gene expression programs in liver cancer by noninvasive imaging. Nat Biotechnol 2007; 25: 675-680 
[PMID: 17515910 DOI: 10.1038/nbt1306]

42     

Luo Y, Ren F, Liu Y, Shi Z, Tan Z, Xiong H, Dang Y, Chen G. Clinicopathological and prognostic significance of high 
Ki-67 labeling index in hepatocellular carcinoma patients: a meta-analysis. Int J Clin Exp Med 2015; 8: 10235-10247 
[PMID: 26379815]

43     

Wu C, Chen J, Fan Y, Zhao M, He X, Wei Y, Ge W, Liu Y. Nomogram Based on CT Radiomics Features Combined 
With Clinical Factors to Predict Ki-67 Expression in Hepatocellular Carcinoma. Front Oncol 2022; 12: 943942 [PMID: 
35875154 DOI: 10.3389/fonc.2022.943942]

44     

Li Y, Yan C, Weng S, Shi Z, Sun H, Chen J, Xu X, Ye R, Hong J. Texture analysis of multi-phase MRI images to detect 
expression of Ki67 in hepatocellular carcinoma. Clin Radiol 2019; 74: 813.e19-813.e27 [PMID: 31362887 DOI: 
10.1016/j.crad.2019.06.024]

45     

http://www.ncbi.nlm.nih.gov/pubmed/32749585
https://dx.doi.org/10.1007/s00330-020-07119-7
http://www.ncbi.nlm.nih.gov/pubmed/30712136
https://dx.doi.org/10.1007/s00261-019-01906-7
http://www.ncbi.nlm.nih.gov/pubmed/32386828
https://dx.doi.org/10.1016/j.acra.2020.04.027
http://www.ncbi.nlm.nih.gov/pubmed/32093786
https://dx.doi.org/10.1186/s40644-020-00297-z
http://www.ncbi.nlm.nih.gov/pubmed/30866850
https://dx.doi.org/10.1186/s12880-019-0321-9
http://www.ncbi.nlm.nih.gov/pubmed/31444598
https://dx.doi.org/10.1007/s00330-019-06347-w
http://www.ncbi.nlm.nih.gov/pubmed/30406313
https://dx.doi.org/10.1007/s00330-018-5787-2
http://www.ncbi.nlm.nih.gov/pubmed/35284527
https://dx.doi.org/10.21037/hbsn-19-870
http://www.ncbi.nlm.nih.gov/pubmed/32696256
https://dx.doi.org/10.1007/s00330-020-07056-5
http://www.ncbi.nlm.nih.gov/pubmed/34150628
https://dx.doi.org/10.3389/fonc.2021.660509
http://www.ncbi.nlm.nih.gov/pubmed/35626241
https://dx.doi.org/10.3390/diagnostics12051085
http://www.ncbi.nlm.nih.gov/pubmed/24460749
https://dx.doi.org/10.1186/1471-2407-14-38
http://www.ncbi.nlm.nih.gov/pubmed/3149850
https://dx.doi.org/10.1111/j.1442-200X.1988.tb02514.x
http://www.ncbi.nlm.nih.gov/pubmed/11756766
https://dx.doi.org/10.1097/00000478-200201000-00003
http://www.ncbi.nlm.nih.gov/pubmed/35364684
https://dx.doi.org/10.1007/s00261-022-03496-3
http://www.ncbi.nlm.nih.gov/pubmed/30876945
https://dx.doi.org/10.1016/j.jhep.2019.02.023
http://www.ncbi.nlm.nih.gov/pubmed/30689032
https://dx.doi.org/10.1007/s00330-018-5935-8
http://www.ncbi.nlm.nih.gov/pubmed/28941728
https://dx.doi.org/10.1016/j.jamcollsurg.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17515910
https://dx.doi.org/10.1038/nbt1306
http://www.ncbi.nlm.nih.gov/pubmed/26379815
http://www.ncbi.nlm.nih.gov/pubmed/35875154
https://dx.doi.org/10.3389/fonc.2022.943942
http://www.ncbi.nlm.nih.gov/pubmed/31362887
https://dx.doi.org/10.1016/j.crad.2019.06.024


Miranda J et al. Radiomics in HCC

WJG https://www.wjgnet.com 58 January 7, 2023 Volume 29 Issue 1

Fan Y, Yu Y, Wang X, Hu M, Hu C. Radiomic analysis of Gd-EOB-DTPA-enhanced MRI predicts Ki-67 expression in 
hepatocellular carcinoma. BMC Med Imaging 2021; 21: 100 [PMID: 34130644 DOI: 10.1186/s12880-021-00633-0]

46     

Ye Z, Jiang H, Chen J, Liu X, Wei Y, Xia C, Duan T, Cao L, Zhang Z, Song B. Texture analysis on gadoxetic acid 
enhanced-MRI for predicting Ki-67 status in hepatocellular carcinoma: A prospective study. Chin J Cancer Res 2019; 31: 
806-817 [PMID: 31814684 DOI: 10.21147/j.issn.1000-9604.2019.05.10]

47     

Hu X, Zhou J, Li Y, Wang Y, Guo J, Sack I, Chen W, Yan F, Li R, Wang C. Added Value of Viscoelasticity for MRI-
Based Prediction of Ki-67 Expression of Hepatocellular Carcinoma Using a Deep Learning Combined Radiomics (DLCR) 
Model. Cancers (Basel) 2022; 14 [PMID: 35681558 DOI: 10.3390/cancers14112575]

48     

Zhuo JY, Lu D, Tan WY, Zheng SS, Shen YQ, Xu X. CK19-positive Hepatocellular Carcinoma is a Characteristic 
Subtype. J Cancer 2020; 11: 5069-5077 [PMID: 32742454 DOI: 10.7150/jca.44697]

49     

Wang HQ, Yang C, Zeng MS, Rao SX, Ji Y, Weng X, Wang JY, Sheng RF. Magnetic resonance texture analysis for the 
identification of cytokeratin 19-positive hepatocellular carcinoma. Eur J Radiol 2019; 117: 164-170 [PMID: 31307643 
DOI: 10.1016/j.ejrad.2019.06.016]

50     

Chen Y, Chen J, Zhang Y, Lin Z, Wang M, Huang L, Huang M, Tang M, Zhou X, Peng Z, Huang B, Feng ST. 
Preoperative Prediction of Cytokeratin 19 Expression for Hepatocellular Carcinoma with Deep Learning Radiomics Based 
on Gadoxetic Acid-Enhanced Magnetic Resonance Imaging. J Hepatocell Carcinoma 2021; 8: 795-808 [PMID: 34327180 
DOI: 10.2147/JHC.S313879]

51     

Yang F, Wan Y, Xu L, Wu Y, Shen X, Wang J, Lu D, Shao C, Zheng S, Niu T, Xu X. MRI-Radiomics Prediction for 
Cytokeratin 19-Positive Hepatocellular Carcinoma: A Multicenter Study. Front Oncol 2021; 11: 672126 [PMID: 
34476208 DOI: 10.3389/fonc.2021.672126]

52     

He X, Liu F, Yan J, Zhang Y, Shang H, Dou Q, Zhao Q, Song Y. Trans-splicing repair of mutant p53 suppresses the 
growth of hepatocellular carcinoma cells in vitro and in vivo. Sci Rep 2015; 5: 8705 [PMID: 25732051 DOI: 
10.1038/srep08705]

53     

Mantovani F, Walerych D, Sal GD. Targeting mutant p53 in cancer: a long road to precision therapy. FEBS J 2017; 284: 
837-850 [PMID: 27808469 DOI: 10.1111/febs.13948]

54     

Wu H, Chen X, Chen J, Luo Y, Jiang X, Wei X, Tang W, Liu Y, Liang Y, Liu W, Guo Y. Correlations between P53 
Mutation Status and Texture Features of CT Images for Hepatocellular Carcinoma. Methods Inf Med 2019; 58: 42-49 
[PMID: 31163452 DOI: 10.1055/s-0039-1688758]

55     

Liao H, Jiang H, Chen Y, Duan T, Yang T, Han M, Xue Z, Shi F, Yuan K, Bashir MR, Shen D, Song B, Zeng Y. 
Predicting Genomic Alterations of Phosphatidylinositol-3 Kinase Signaling in Hepatocellular Carcinoma: A 
Radiogenomics Study Based on Next-Generation Sequencing and Contrast-Enhanced CT. Ann Surg Oncol 2022 [PMID: 
35286532 DOI: 10.1245/s10434-022-11505-4]

56     

Ezzoukhry Z, Louandre C, Trécherel E, Godin C, Chauffert B, Dupont S, Diouf M, Barbare JC, Mazière JC, Galmiche A. 
EGFR activation is a potential determinant of primary resistance of hepatocellular carcinoma cells to sorafenib. Int J 
Cancer 2012; 131: 2961-2969 [PMID: 22514082 DOI: 10.1002/ijc.27604]

57     

Ma Y, Xu R, Liu X, Zhang Y, Song L, Cai S, Zhou S, Xie Y, Li A, Cao W, Tang X. LY3214996 relieves acquired 
resistance to sorafenib in hepatocellular carcinoma cells. Int J Med Sci 2021; 18: 1456-1464 [PMID: 33628103 DOI: 
10.7150/ijms.51256]

58     

Negri FV, Dal Bello B, Porta C, Campanini N, Rossi S, Tinelli C, Poggi G, Missale G, Fanello S, Salvagni S, Ardizzoni 
A, Maria SE. Expression of pERK and VEGFR-2 in advanced hepatocellular carcinoma and resistance to sorafenib 
treatment. Liver Int 2015; 35: 2001-2008 [PMID: 25559745 DOI: 10.1111/liv.12778]

59     

Che F, Xu Q, Li Q, Huang ZX, Yang CW, Wang LY, Wei Y, Shi YJ, Song B. Radiomics signature: A potential 
biomarker for β-arrestin1 phosphorylation prediction in hepatocellular carcinoma. World J Gastroenterol 2022; 28: 1479-
1493 [PMID: 35582676 DOI: 10.3748/wjg.v28.i14.1479]

60     

Villanueva A. Hepatocellular Carcinoma. N Engl J Med 2019; 380: 1450-1462 [PMID: 30970190 DOI: 
10.1056/NEJMra1713263]

61     

Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet 2018; 391: 1301-1314 [PMID: 29307467 DOI: 
10.1016/S0140-6736(18)30010-2]

62     

Chen M, Cao J, Hu J, Topatana W, Li S, Juengpanich S, Lin J, Tong C, Shen J, Zhang B, Wu J, Pocha C, Kudo M, 
Amedei A, Trevisani F, Sung PS, Zaydfudim VM, Kanda T, Cai X. Clinical-Radiomic Analysis for Pretreatment 
Prediction of Objective Response to First Transarterial Chemoembolization in Hepatocellular Carcinoma. Liver Cancer 
2021; 10: 38-51 [PMID: 33708638 DOI: 10.1159/000512028]

63     

Ji GW, Zhu FP, Xu Q, Wang K, Wu MY, Tang WW, Li XC, Wang XH. Radiomic Features at Contrast-enhanced CT 
Predict Recurrence in Early Stage Hepatocellular Carcinoma: A Multi-Institutional Study. Radiology 2020; 294: 568-579 
[PMID: 31934830 DOI: 10.1148/radiol.2020191470]

64     

Kim S, Shin J, Kim DY, Choi GH, Kim MJ, Choi JY. Radiomics on Gadoxetic Acid-Enhanced Magnetic Resonance 
Imaging for Prediction of Postoperative Early and Late Recurrence of Single Hepatocellular Carcinoma. Clin Cancer Res 
2019; 25: 3847-3855 [PMID: 30808773 DOI: 10.1158/1078-0432.CCR-18-2861]

65     

Shan QY, Hu HT, Feng ST, Peng ZP, Chen SL, Zhou Q, Li X, Xie XY, Lu MD, Wang W, Kuang M. CT-based 
peritumoral radiomics signatures to predict early recurrence in hepatocellular carcinoma after curative tumor resection or 
ablation. Cancer Imaging 2019; 19: 11 [PMID: 30813956 DOI: 10.1186/s40644-019-0197-5]

66     

Song W, Yu X, Guo D, Liu H, Tang Z, Liu X, Zhou J, Zhang H, Liu Y. MRI-Based Radiomics: Associations With the 
Recurrence-Free Survival of Patients With Hepatocellular Carcinoma Treated With Conventional Transcatheter Arterial 
Chemoembolization. J Magn Reson Imaging 2020; 52: 461-473 [PMID: 31675174 DOI: 10.1002/jmri.26977]

67     

Zhou Y, He L, Huang Y, Chen S, Wu P, Ye W, Liu Z, Liang C. CT-based radiomics signature: a potential biomarker for 
preoperative prediction of early recurrence in hepatocellular carcinoma. Abdom Radiol (NY) 2017; 42: 1695-1704 [PMID: 
28180924 DOI: 10.1007/s00261-017-1072-0]

68     

Guo D, Gu D, Wang H, Wei J, Wang Z, Hao X, Ji Q, Cao S, Song Z, Jiang J, Shen Z, Tian J, Zheng H. Radiomics 
analysis enables recurrence prediction for hepatocellular carcinoma after liver transplantation. Eur J Radiol 2019; 117: 33-

69     

http://www.ncbi.nlm.nih.gov/pubmed/34130644
https://dx.doi.org/10.1186/s12880-021-00633-0
http://www.ncbi.nlm.nih.gov/pubmed/31814684
https://dx.doi.org/10.21147/j.issn.1000-9604.2019.05.10
http://www.ncbi.nlm.nih.gov/pubmed/35681558
https://dx.doi.org/10.3390/cancers14112575
http://www.ncbi.nlm.nih.gov/pubmed/32742454
https://dx.doi.org/10.7150/jca.44697
http://www.ncbi.nlm.nih.gov/pubmed/31307643
https://dx.doi.org/10.1016/j.ejrad.2019.06.016
http://www.ncbi.nlm.nih.gov/pubmed/34327180
https://dx.doi.org/10.2147/JHC.S313879
http://www.ncbi.nlm.nih.gov/pubmed/34476208
https://dx.doi.org/10.3389/fonc.2021.672126
http://www.ncbi.nlm.nih.gov/pubmed/25732051
https://dx.doi.org/10.1038/srep08705
http://www.ncbi.nlm.nih.gov/pubmed/27808469
https://dx.doi.org/10.1111/febs.13948
http://www.ncbi.nlm.nih.gov/pubmed/31163452
https://dx.doi.org/10.1055/s-0039-1688758
http://www.ncbi.nlm.nih.gov/pubmed/35286532
https://dx.doi.org/10.1245/s10434-022-11505-4
http://www.ncbi.nlm.nih.gov/pubmed/22514082
https://dx.doi.org/10.1002/ijc.27604
http://www.ncbi.nlm.nih.gov/pubmed/33628103
https://dx.doi.org/10.7150/ijms.51256
http://www.ncbi.nlm.nih.gov/pubmed/25559745
https://dx.doi.org/10.1111/liv.12778
http://www.ncbi.nlm.nih.gov/pubmed/35582676
https://dx.doi.org/10.3748/wjg.v28.i14.1479
http://www.ncbi.nlm.nih.gov/pubmed/30970190
https://dx.doi.org/10.1056/NEJMra1713263
http://www.ncbi.nlm.nih.gov/pubmed/29307467
https://dx.doi.org/10.1016/S0140-6736(18)30010-2
http://www.ncbi.nlm.nih.gov/pubmed/33708638
https://dx.doi.org/10.1159/000512028
http://www.ncbi.nlm.nih.gov/pubmed/31934830
https://dx.doi.org/10.1148/radiol.2020191470
http://www.ncbi.nlm.nih.gov/pubmed/30808773
https://dx.doi.org/10.1158/1078-0432.CCR-18-2861
http://www.ncbi.nlm.nih.gov/pubmed/30813956
https://dx.doi.org/10.1186/s40644-019-0197-5
http://www.ncbi.nlm.nih.gov/pubmed/31675174
https://dx.doi.org/10.1002/jmri.26977
http://www.ncbi.nlm.nih.gov/pubmed/28180924
https://dx.doi.org/10.1007/s00261-017-1072-0


Miranda J et al. Radiomics in HCC

WJG https://www.wjgnet.com 59 January 7, 2023 Volume 29 Issue 1

40 [PMID: 31307650 DOI: 10.1016/j.ejrad.2019.05.010]
Sun Y, Bai H, Xia W, Wang D, Zhou B, Zhao X, Yang G, Xu L, Zhang W, Liu P, Xu J, Meng S, Liu R, Gao X. 
Predicting the Outcome of Transcatheter Arterial Embolization Therapy for Unresectable Hepatocellular Carcinoma Based 
on Radiomics of Preoperative Multiparameter MRI. J Magn Reson Imaging 2020; 52: 1083-1090 [PMID: 32233054 DOI: 
10.1002/jmri.27143]

70     

Lv X, Chen M, Kong C, Shu G, Meng M, Ye W, Cheng S, Zheng L, Fang S, Chen C, Wu F, Weng Q, Tu J, Zhao Z, Ji J. 
Construction of a novel radiomics nomogram for the prediction of aggressive intrasegmental recurrence of HCC after 
radiofrequency ablation. Eur J Radiol 2021; 144: 109955 [PMID: 34600237 DOI: 10.1016/j.ejrad.2021.109955]

71     

Kong C, Zhao Z, Chen W, Lv X, Shu G, Ye M, Song J, Ying X, Weng Q, Weng W, Fang S, Chen M, Tu J, Ji J. 
Prediction of tumor response via a pretreatment MRI radiomics-based nomogram in HCC treated with TACE. Eur Radiol 
2021; 31: 7500-7511 [PMID: 33860832 DOI: 10.1007/s00330-021-07910-0]

72     

Ivanics T, Salinas-Miranda E, Abreu P, Khalvati F, Namdar K, Dong X, Deniffel D, Gorgen A, Erdman L, Jhaveri K, 
Haider M, Veit-Haibach P, Sapisochin G. A Pre-TACE Radiomics Model to Predict HCC Progression and Recurrence in 
Liver Transplantation: A Pilot Study on a Novel Biomarker. Transplantation 2021; 105: 2435-2444 [PMID: 33982917 
DOI: 10.1097/TP.0000000000003605]

73     

Horvat N, Araujo-Filho JAB, Assuncao-Jr AN, Machado FAM, Sims JA, Rocha CCT, Oliveira BC, Horvat JV, Maccali 
C, Puga ALBL, Chagas AL, Menezes MR, Cerri GG. Radiomic analysis of MRI to Predict Sustained Complete Response 
after Radiofrequency Ablation in Patients with Hepatocellular Carcinoma - A Pilot Study. Clinics (Sao Paulo) 2021; 76: 
e2888 [PMID: 34287480 DOI: 10.6061/clinics/2021/e2888]

74     

Cai W, He B, Hu M, Zhang W, Xiao D, Yu H, Song Q, Xiang N, Yang J, He S, Huang Y, Huang W, Jia F, Fang C. A 
radiomics-based nomogram for the preoperative prediction of posthepatectomy liver failure in patients with hepatocellular 
carcinoma. Surg Oncol 2019; 28: 78-85 [PMID: 30851917 DOI: 10.1016/j.suronc.2018.11.013]

75     

Zhu WS, Shi SY, Yang ZH, Song C, Shen J. Radiomics model based on preoperative gadoxetic acid-enhanced MRI for 
predicting liver failure. World J Gastroenterol 2020; 26: 1208-1220 [PMID: 32231424 DOI: 10.3748/wjg.v26.i11.1208]

76     

Kiryu S, Akai H, Nojima M, Hasegawa K, Shinkawa H, Kokudo N, Yasaka K, Ohtomo K. Impact of hepatocellular 
carcinoma heterogeneity on computed tomography as a prognostic indicator. Sci Rep 2017; 7: 12689 [PMID: 28978930 
DOI: 10.1038/s41598-017-12688-7]

77     

Akai H, Yasaka K, Kunimatsu A, Nojima M, Kokudo T, Kokudo N, Hasegawa K, Abe O, Ohtomo K, Kiryu S. Predicting 
prognosis of resected hepatocellular carcinoma by radiomics analysis with random survival forest. Diagn Interv Imaging 
2018; 99: 643-651 [PMID: 29910166 DOI: 10.1016/j.diii.2018.05.008]

78     

Zheng BH, Liu LZ, Zhang ZZ, Shi JY, Dong LQ, Tian LY, Ding ZB, Ji Y, Rao SX, Zhou J, Fan J, Wang XY, Gao Q. 
Radiomics score: a potential prognostic imaging feature for postoperative survival of solitary HCC patients. BMC Cancer 
2018; 18: 1148 [PMID: 30463529 DOI: 10.1186/s12885-018-5024-z]

79     

Kim J, Choi SJ, Lee SH, Lee HY, Park H. Predicting Survival Using Pretreatment CT for Patients With Hepatocellular 
Carcinoma Treated With Transarterial Chemoembolization: Comparison of Models Using Radiomics. AJR Am J 
Roentgenol 2018; 211: 1026-1034 [PMID: 30240304 DOI: 10.2214/AJR.18.19507]

80     

Blanc-Durand P, Van Der Gucht A, Jreige M, Nicod-Lalonde M, Silva-Monteiro M, Prior JO, Denys A, Depeursinge A, 
Schaefer N. Signature of survival: a (18)F-FDG PET based whole-liver radiomic analysis predicts survival after (90)Y-
TARE for hepatocellular carcinoma. Oncotarget 2018; 9: 4549-4558 [PMID: 29435123 DOI: 10.18632/oncotarget.23423]

81     

Petukhova-Greenstein A, Zeevi T, Yang J, Chai N, DiDomenico P, Deng Y, Ciarleglio M, Haider SP, Onyiuke I, 
Malpani R, Lin M, Kucukkaya AS, Gottwald LA, Gebauer B, Revzin M, Onofrey J, Staib L, Gunabushanam G, Taddei T, 
Chapiro J. MR Imaging Biomarkers for the Prediction of Outcome after Radiofrequency Ablation of Hepatocellular 
Carcinoma: Qualitative and Quantitative Assessments of the Liver Imaging Reporting and Data System and Radiomic 
Features. J Vasc Interv Radiol 2022; 33: 814-824.e3 [PMID: 35460887 DOI: 10.1016/j.jvir.2022.04.006]

82     

Tian Y, Komolafe TE, Zheng J, Zhou G, Chen T, Zhou B, Yang X. Assessing PD-L1 Expression Level via Preoperative 
MRI in HCC Based on Integrating Deep Learning and Radiomics Features. Diagnostics (Basel) 2021; 11 [PMID: 
34679573 DOI: 10.3390/diagnostics11101875]

83     

Liao H, Zhang Z, Chen J, Liao M, Xu L, Wu Z, Yuan K, Song B, Zeng Y. Preoperative Radiomic Approach to Evaluate 
Tumor-Infiltrating CD8(+) T Cells in Hepatocellular Carcinoma Patients Using Contrast-Enhanced Computed 
Tomography. Ann Surg Oncol 2019; 26: 4537-4547 [PMID: 31520208 DOI: 10.1245/s10434-019-07815-9]

84     

Chen S, Feng S, Wei J, Liu F, Li B, Li X, Hou Y, Gu D, Tang M, Xiao H, Jia Y, Peng S, Tian J, Kuang M. Pretreatment 
prediction of immunoscore in hepatocellular cancer: a radiomics-based clinical model based on Gd-EOB-DTPA-enhanced 
MRI imaging. Eur Radiol 2019; 29: 4177-4187 [PMID: 30666445 DOI: 10.1007/s00330-018-5986-x]

85     

Hectors SJ, Lewis S, Besa C, King MJ, Said D, Putra J, Ward S, Higashi T, Thung S, Yao S, Laface I, Schwartz M, 
Gnjatic S, Merad M, Hoshida Y, Taouli B. MRI radiomics features predict immuno-oncological characteristics of 
hepatocellular carcinoma. Eur Radiol 2020; 30: 3759-3769 [PMID: 32086577 DOI: 10.1007/s00330-020-06675-2]

86     

Yuan G, Song Y, Li Q, Hu X, Zang M, Dai W, Cheng X, Huang W, Yu W, Chen M, Guo Y, Zhang Q, Chen J. 
Development and Validation of a Contrast-Enhanced CT-Based Radiomics Nomogram for Prediction of Therapeutic 
Efficacy of Anti-PD-1 Antibodies in Advanced HCC Patients. Front Immunol 2020; 11: 613946 [PMID: 33488622 DOI: 
10.3389/fimmu.2020.613946]

87     

Duan J, Qiu Q, Zhu J, Shang D, Dou X, Sun T, Yin Y, Meng X. Reproducibility for Hepatocellular Carcinoma CT 
Radiomic Features: Influence of Delineation Variability Based on 3D-CT, 4D-CT and Multiple-Parameter MR Images. 
Front Oncol 2022; 12: 881931 [PMID: 35494061 DOI: 10.3389/fonc.2022.881931]

88     

Carbonell G, Kennedy P, Bane O, Kirmani A, El Homsi M, Stocker D, Said D, Mukherjee P, Gevaert O, Lewis S, 
Hectors S, Taouli B. Precision of MRI radiomics features in the liver and hepatocellular carcinoma. Eur Radiol 2022; 32: 
2030-2040 [PMID: 34564745 DOI: 10.1007/s00330-021-08282-1]

89     

Ibrahim A, Widaatalla Y, Refaee T, Primakov S, Miclea RL, Öcal O, Fabritius MP, Ingrisch M, Ricke J, Hustinx R, 
Mottaghy FM, Woodruff HC, Seidensticker M, Lambin P. Reproducibility of CT-Based Hepatocellular Carcinoma 
Radiomic Features across Different Contrast Imaging Phases: A Proof of Concept on SORAMIC Trial Data. Cancers 

90     

http://www.ncbi.nlm.nih.gov/pubmed/31307650
https://dx.doi.org/10.1016/j.ejrad.2019.05.010
http://www.ncbi.nlm.nih.gov/pubmed/32233054
https://dx.doi.org/10.1002/jmri.27143
http://www.ncbi.nlm.nih.gov/pubmed/34600237
https://dx.doi.org/10.1016/j.ejrad.2021.109955
http://www.ncbi.nlm.nih.gov/pubmed/33860832
https://dx.doi.org/10.1007/s00330-021-07910-0
http://www.ncbi.nlm.nih.gov/pubmed/33982917
https://dx.doi.org/10.1097/TP.0000000000003605
http://www.ncbi.nlm.nih.gov/pubmed/34287480
https://dx.doi.org/10.6061/clinics/2021/e2888
http://www.ncbi.nlm.nih.gov/pubmed/30851917
https://dx.doi.org/10.1016/j.suronc.2018.11.013
http://www.ncbi.nlm.nih.gov/pubmed/32231424
https://dx.doi.org/10.3748/wjg.v26.i11.1208
http://www.ncbi.nlm.nih.gov/pubmed/28978930
https://dx.doi.org/10.1038/s41598-017-12688-7
http://www.ncbi.nlm.nih.gov/pubmed/29910166
https://dx.doi.org/10.1016/j.diii.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/30463529
https://dx.doi.org/10.1186/s12885-018-5024-z
http://www.ncbi.nlm.nih.gov/pubmed/30240304
https://dx.doi.org/10.2214/AJR.18.19507
http://www.ncbi.nlm.nih.gov/pubmed/29435123
https://dx.doi.org/10.18632/oncotarget.23423
http://www.ncbi.nlm.nih.gov/pubmed/35460887
https://dx.doi.org/10.1016/j.jvir.2022.04.006
http://www.ncbi.nlm.nih.gov/pubmed/34679573
https://dx.doi.org/10.3390/diagnostics11101875
http://www.ncbi.nlm.nih.gov/pubmed/31520208
https://dx.doi.org/10.1245/s10434-019-07815-9
http://www.ncbi.nlm.nih.gov/pubmed/30666445
https://dx.doi.org/10.1007/s00330-018-5986-x
http://www.ncbi.nlm.nih.gov/pubmed/32086577
https://dx.doi.org/10.1007/s00330-020-06675-2
http://www.ncbi.nlm.nih.gov/pubmed/33488622
https://dx.doi.org/10.3389/fimmu.2020.613946
http://www.ncbi.nlm.nih.gov/pubmed/35494061
https://dx.doi.org/10.3389/fonc.2022.881931
http://www.ncbi.nlm.nih.gov/pubmed/34564745
https://dx.doi.org/10.1007/s00330-021-08282-1


Miranda J et al. Radiomics in HCC

WJG https://www.wjgnet.com 60 January 7, 2023 Volume 29 Issue 1

(Basel) 2021; 13 [PMID: 34572870 DOI: 10.3390/cancers13184638]
Perrin T, Midya A, Yamashita R, Chakraborty J, Saidon T, Jarnagin WR, Gonen M, Simpson AL, Do RKG. Short-term 
reproducibility of radiomic features in liver parenchyma and liver malignancies on contrast-enhanced CT imaging. Abdom 
Radiol (NY) 2018; 43: 3271-3278 [PMID: 29730738 DOI: 10.1007/s00261-018-1600-6]

91     

Wang X, Wang S, Yin X, Zheng Y. MRI-based radiomics distinguish different pathological types of hepatocellular 
carcinoma. Comput Biol Med 2022; 141: 105058 [PMID: 34836622 DOI: 10.1016/j.compbiomed.2021.105058]

92     

Gao F, Yan B, Chen J, Wu M, Shi D. Pathological grading of Hepatocellular Carcinomas in MRI using a LASSO 
algorithm. J Physic Confer Series 2018; 1053: 012095 [DOI: 10.1088/1742-6596/1053/1/012095]

93     

Zhou W, Zhang L, Wang K, Chen S, Wang G, Liu Z, Liang C. Malignancy characterization of hepatocellular carcinomas 
based on texture analysis of contrast-enhanced MR images. J Magn Reson Imaging 2017; 45: 1476-1484 [PMID: 
27626270 DOI: 10.1002/jmri.25454]

94     

Yang L, Gu D, Wei J, Yang C, Rao S, Wang W, Chen C, Ding Y, Tian J, Zeng M. A Radiomics Nomogram for 
Preoperative Prediction of Microvascular Invasion in Hepatocellular Carcinoma. Liver Cancer 2019; 8: 373-386 [PMID: 
31768346 DOI: 10.1159/000494099]

95     

Bakr S, Echegaray S, Shah R, Kamaya A, Louie J, Napel S, Kothary N, Gevaert O. Noninvasive radiomics signature 
based on quantitative analysis of computed tomography images as a surrogate for microvascular invasion in hepatocellular 
carcinoma: a pilot study. J Med Imaging (Bellingham) 2017; 4: 041303 [PMID: 28840174 DOI: 
10.1117/1.JMI.4.4.041303]

96     

Ma X, Wei J, Gu D, Zhu Y, Feng B, Liang M, Wang S, Zhao X, Tian J. Preoperative radiomics nomogram for 
microvascular invasion prediction in hepatocellular carcinoma using contrast-enhanced CT. Eur Radiol 2019; 29: 3595-
3605 [PMID: 30770969 DOI: 10.1007/s00330-018-5985-y]

97     

Xia W, Chen Y, Zhang R, Yan Z, Zhou X, Zhang B, Gao X. Radiogenomics of hepatocellular carcinoma: multiregion 
analysis-based identification of prognostic imaging biomarkers by integrating gene data-a preliminary study. Phys Med 
Biol 2018; 63: 035044 [PMID: 29311419 DOI: 10.1088/1361-6560/aaa609]

98     

Li X, Cheng L, Li C, Hu X, Tan L, Li Q, Liu C, Wang J. Associating Preoperative MRI Features and Gene Expression 
Signatures of Early-stage Hepatocellular Carcinoma Patients using Machine Learning. J Clin Transl Hepatol 2022; 10: 63-
71 [PMID: 35233374 DOI: 10.14218/JCTH.2021.00023]

99     

Hui TCH, Chuah TK, Low HM, Tan CH. Predicting early recurrence of hepatocellular carcinoma with texture analysis of 
preoperative MRI: a radiomics study. Clin Radiol 2018; 73: 1056.e11-1056.e16 [PMID: 30213434 DOI: 
10.1016/j.crad.2018.07.109]

100     

Zhao Y, Wu J, Zhang Q, Hua Z, Qi W, Wang N, Lin T, Sheng L, Cui D, Liu J, Song Q, Li X, Wu T, Guo Y, Cui J, Liu A. 
Radiomics Analysis Based on Multiparametric MRI for Predicting Early Recurrence in Hepatocellular Carcinoma After 
Partial Hepatectomy. J Magn Reson Imaging 2021; 53: 1066-1079 [PMID: 33217114 DOI: 10.1002/jmri.27424]

101     

Zhang H, Guo D, Liu H, He X, Qiao X, Liu X, Liu Y, Zhou J, Zhou Z, Fang Z. MRI-Based Radiomics Models to 
Discriminate Hepatocellular Carcinoma and Non-Hepatocellular Carcinoma in LR-M According to LI-RADS Version 
2018. Diagnostics (Basel) 2022; 12 [PMID: 35626199 DOI: 10.3390/diagnostics12051043]

102     

Park S, Kim JH, Kim J, Joseph W, Lee D, Park SJ. Development of a deep learning-based auto-segmentation algorithm 
for hepatocellular carcinoma (HCC) and application to predict microvascular invasion of HCC using CT texture analysis: 
preliminary results. Acta Radiol 2022; 2841851221100318 [PMID: 35570797 DOI: 10.1177/02841851221100318]

103     

Haniff NSM, Abdul Karim MK, Osman NH, Saripan MI, Che Isa IN, Ibahim MJ. Stability and Reproducibility of 
Radiomic Features Based Various Segmentation Technique on MR Images of Hepatocellular Carcinoma (HCC). 
Diagnostics (Basel) 2021; 11 [PMID: 34573915 DOI: 10.3390/diagnostics11091573]

104     

Hu MJ, Yu YX, Fan YF, Hu CH. CT-based radiomics model to distinguish necrotic hepatocellular carcinoma from 
pyogenic liver abscess. Clin Radiol 2021; 76: 161.e11-161.e17 [PMID: 33267948 DOI: 10.1016/j.crad.2020.11.002]

105     

Hu HT, Shan QY, Chen SL, Li B, Feng ST, Xu EJ, Li X, Long JY, Xie XY, Lu MD, Kuang M, Shen JX, Wang W. CT-
based radiomics for preoperative prediction of early recurrent hepatocellular carcinoma: technical reproducibility of 
acquisition and scanners. Radiol Med 2020; 125: 697-705 [PMID: 32200455 DOI: 10.1007/s11547-020-01174-2]

106     

Qiu Q, Duan J, Duan Z, Meng X, Ma C, Zhu J, Lu J, Liu T, Yin Y. Reproducibility and non-redundancy of radiomic 
features extracted from arterial phase CT scans in hepatocellular carcinoma patients: impact of tumor segmentation 
variability. Quant Imaging Med Surg 2019; 9: 453-464 [PMID: 31032192 DOI: 10.21037/qims.2019.03.02]

107     

Zhang J, Qiu Q, Duan J, Gong G, Jiang Q, Sun G, Yin Y. Variability of radiomic features extracted from multi-b-value 
diffusion-weighted images in hepatocellular carcinoma. Transl Cancer Res 2019; 8: 130-140 [PMID: 35116742 DOI: 
10.21037/tcr.2019.01.14]

108     

http://www.ncbi.nlm.nih.gov/pubmed/34572870
https://dx.doi.org/10.3390/cancers13184638
http://www.ncbi.nlm.nih.gov/pubmed/29730738
https://dx.doi.org/10.1007/s00261-018-1600-6
http://www.ncbi.nlm.nih.gov/pubmed/34836622
https://dx.doi.org/10.1016/j.compbiomed.2021.105058
https://dx.doi.org/10.1088/1742-6596/1053/1/012095
http://www.ncbi.nlm.nih.gov/pubmed/27626270
https://dx.doi.org/10.1002/jmri.25454
http://www.ncbi.nlm.nih.gov/pubmed/31768346
https://dx.doi.org/10.1159/000494099
http://www.ncbi.nlm.nih.gov/pubmed/28840174
https://dx.doi.org/10.1117/1.JMI.4.4.041303
http://www.ncbi.nlm.nih.gov/pubmed/30770969
https://dx.doi.org/10.1007/s00330-018-5985-y
http://www.ncbi.nlm.nih.gov/pubmed/29311419
https://dx.doi.org/10.1088/1361-6560/aaa609
http://www.ncbi.nlm.nih.gov/pubmed/35233374
https://dx.doi.org/10.14218/JCTH.2021.00023
http://www.ncbi.nlm.nih.gov/pubmed/30213434
https://dx.doi.org/10.1016/j.crad.2018.07.109
http://www.ncbi.nlm.nih.gov/pubmed/33217114
https://dx.doi.org/10.1002/jmri.27424
http://www.ncbi.nlm.nih.gov/pubmed/35626199
https://dx.doi.org/10.3390/diagnostics12051043
http://www.ncbi.nlm.nih.gov/pubmed/35570797
https://dx.doi.org/10.1177/02841851221100318
http://www.ncbi.nlm.nih.gov/pubmed/34573915
https://dx.doi.org/10.3390/diagnostics11091573
http://www.ncbi.nlm.nih.gov/pubmed/33267948
https://dx.doi.org/10.1016/j.crad.2020.11.002
http://www.ncbi.nlm.nih.gov/pubmed/32200455
https://dx.doi.org/10.1007/s11547-020-01174-2
http://www.ncbi.nlm.nih.gov/pubmed/31032192
https://dx.doi.org/10.21037/qims.2019.03.02
http://www.ncbi.nlm.nih.gov/pubmed/35116742
https://dx.doi.org/10.21037/tcr.2019.01.14


WJG https://www.wjgnet.com 61 January 7, 2023 Volume 29 Issue 1

World Journal of 

GastroenterologyW J G
Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol 2023 January 7; 29(1): 61-74

DOI: 10.3748/wjg.v29.i1.61 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

REVIEW

Evolution of care in cirrhosis: Preventing hepatic decompensation 
through pharmacotherapy

Seohyuk Lee, Saad Saffo

Specialty type: Gastroenterology 
and hepatology

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

Peer-review model: Single blind

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

P-Reviewer: Elshimi E, Egypt; 
Rabago LR, Spain; Zhuge YZ, 
China

Received: September 26, 2022 
Peer-review started: September 26, 
2022 
First decision: October 18, 2022 
Revised: October 22, 2022 
Accepted: December 13, 2022 
Article in press: December 13, 2022 
Published online: January 7, 2023

Seohyuk Lee, Saad Saffo, Department of Medicine, Section of Digestive Diseases, Yale School 
of Medicine, New Haven, CT 06520-8019, United States

Corresponding author: Saad Saffo, MD, Academic Fellow, Department of Medicine, Section of 
Digestive Diseases, Yale School of Medicine, 333 Cedar Street, 1080 LMP, New Haven, CT 
06520-8019, United States. saad.saffo@yale.edu

Abstract
Cirrhosis is a leading cause of morbidity and mortality, impacting more than 120 
million people worldwide. Although geographic differences exist, etiologic factors 
such as alcohol use disorder, chronic viral hepatitis infections, and non-alcoholic 
fatty liver disease are prevalent in nearly every region. Historically, significant 
effort has been devoted to modifying these risks to prevent disease progression. 
Nevertheless, more than 11% of patients with compensated cirrhosis experience 
hepatic decompensation each year. This transition signifies the most important 
prognostic factor in the natural history of the disease, corresponding to a decline 
in median survival to below 2 years. Over the past decade, the need for pharma-
cotherapies aimed at reducing the risk for hepatic decompensation has been 
emphasized, and non-selective beta-blockers have emerged as the most effective 
option to date. However, a critical therapeutic gap still exists, and additional 
therapies have been proposed, including statins, rifaximin, and sodium-glucose 
cotransporter-2 inhibitors. Based on the results of innovative retrospective 
analyses and small-scale prospective trials, these pharmacotherapies represent 
promising options, but further studies, including randomized controlled trials, are 
necessary before they can be incorporated into clinical use. This report highlights 
the potential impact of these agents and others in preventing hepatic 
decompensation and discusses how this paradigm shift may pave the way for 
guideline-directed medical therapy in cirrhosis.

Key Words: Cirrhosis; Hepatic decompensation; Beta-blockers; Statins; Sodium-glucose 
cotransporter-2 inhibitors; Rifaximin
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Core Tip: Hepatic decompensation is the most important clinical predictor of morbidity and mortality 
among patients with cirrhosis. New pharmacotherapies aimed at preventing hepatic decompensation in 
high-risk patients are emerging, augmenting traditional management strategies. These treatments represent 
safe, accessible, and effective options that may improve quality of life and prolong transplant-free 
survival, regardless of the etiologic factors involved.

Citation: Lee S, Saffo S. Evolution of care in cirrhosis: Preventing hepatic decompensation through 
pharmacotherapy. World J Gastroenterol 2023; 29(1): 61-74
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/61.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.61

INTRODUCTION
Cirrhosis reflects the end stage of all chronic liver diseases. It impacts more than 120 million people 
globally, largely in the context of common risk factors such as alcohol use disorder, chronic viral 
hepatitis, and non-alcoholic fatty liver disease (NAFLD)[1]. It represents the 8th leading cause of 
mortality in the United States and 13th in the world, with the number of attributable deaths worldwide 
having increased by approximately 50% between 1990 and 2013[2]. Regardless of etiology, the most 
important prognostic factor for survival is the presence or absence of hepatic decompensation, which 
includes complications such as ascites, variceal hemorrhage, hepatic encephalopathy, and jaundice[3,4]. 
Although patients with cirrhosis may remain compensated for extended periods of time, especially if 
their underlying risk factors are mitigated, approximately 11% of those with compensated disease 
experience new decompensations each year[5], and the progression from compensated to 
decompensated cirrhosis is associated with a decline in median survival from 12 years to less than 2 
years[6]. Among individuals with compensated disease, the 10-year risks of developing ascites, 
gastrointestinal hemorrhage, hepatic encephalopathy, and jaundice are 40%, 25%, 28%, and 33%, 
respectively[6].

Beyond its burden on patient health and quality of life, cirrhosis also represents a critical healthcare 
challenge. According to the Global Burden of Disease Study 2017[1], there are 112 million and 10.6 
million cases of compensated and decompensated cirrhosis worldwide, respectively. In the United 
States, this is associated with significant healthcare costs, including approximately $2.5 billion annually 
for hospitalization and treatment and $10.6 billion annually for losses in work productivity and health-
related quality of life[7]. These costs are disproportionately borne in the management of complications 
among those with decompensated disease. Despite the significant health and socioeconomic burdens, it 
is only recently that management strategies have pivoted from focusing primarily on risk factor 
modification and the treatment of complications towards the prevention of hepatic decompensation in 
high-risk patients. Unlike the management of other common chronic diseases such as congestive heart 
failure, in which the implementation of guideline-directed medical therapy has resulted in significant 
reductions in morbidity and mortality, the long-term management of cirrhosis has been historically 
limited by a lack of robust chemoprevention[8,9]. In this report, we discuss the management of cirrhosis, 
focusing on pharmacotherapies aimed at preventing hepatic decompensation.

TRADITIONAL TREATMENT STRATEGIES
Chronic hepatitis C virus (HCV) infection, NAFLD, and alcohol-related liver disease are the three 
leading causes of cirrhosis in the United States[10]. For each of these etiologies, a critical component of 
the long-term management involves risk factor modification. Among patients with chronic HCV 
infection and compensated disease, the advent of direct-acting antiviral agents represents a landmark 
achievement that has been shown to reduce the risk for liver-related complications[11-14]. Unfortu-
nately, more than 40% of HCV infections are diagnosed after hepatic decompensation has already 
occurred[10], at which point antiviral treatment is less effective and associated with a higher risk for 
adverse events[15]. For those with NAFLD, a growing body of literature supports the efficacy of a 
multimodal approach which integrates dietary changes, weight reduction, and restoring insulin 
sensitivity[16]. Glucagon-like peptide 1 receptor agonists such as semaglutide have an evolving role in 
the treatment in of NAFLD, offering both weight reduction and possible attenuation of steatohepatitis, 
and a number of other drugs aimed at reducing fibrosis progression and the risk for complications are 
currently being evaluated in phase II and phase III clinical trials[17]. However, to date, disease-specific 
pharmacologic treatments have yet to be approved. The prevalence of NAFLD and its associated 
complications continue to increase[18] such that it is currently the second leading cause of cirrhosis 
among patients awaiting liver transplantation in the United States[14] and is expected to overtake HCV-
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related cirrhosis as the most frequent indication for liver transplantation[19]. Finally, alcohol-related 
liver disease remains highly prevalent worldwide[20] with increasing cirrhosis-related mortality in 
regions with high alcohol consumption[21]. Abstaining from alcohol significantly improves survival 
among patients with cirrhosis, but pharmacologic options for alcohol use disorder remain limited, 
partially due to concerns about hepatotoxicity[22]. For patients with less common causes of chronic liver 
disease, risk factor modification may include therapies such as immunosuppression (autoimmune 
hepatitis), ursodeoxycholic acid (primary biliary cholangitis), and phlebotomy or chelation (hemochro-
matosis). Unfortunately, the impact of some of these treatments is generally diminished in the context of 
cirrhosis.

Once hepatic decompensation has occurred, treatment strategies may be implemented to address 
specific complications. This includes pharmacotherapy to eliminate ascites (diuretics), reduce the risk of 
variceal rupture [non-selective beta-blockers (NSBBs)], and prevent recurrent encephalopathy (lactulose 
and rifaximin)[23-25]. Among patients with refractory ascites or variceal hemorrhage, transjugular 
intrahepatic portosystemic shunting (TIPS) reduces the risk of further decompensation and may 
improve survival in a subset of patients[26-28]. Finally, liver transplantation is the only durable curative 
option for patients with decompensated cirrhosis. However, resource limitations and host factors 
restrict the use of TIPS and liver transplantation to a relatively small number of patients in resource-rich 
settings. Furthermore, despite advances in the care of decompensated cirrhosis, the 30-d mortality 
following hospital discharges for hepatic decompensation remains largely unchanged[29]. Thus, 
significant interest exists in preventing the progression to decompensated cirrhosis.

CURRENT THERAPIES TO PREVENT HEPATIC DECOMPENSATION
NSBBs are currently the only agents recommended for the long-term management of portal 
hypertension in patients with compensated cirrhosis[30]. Traditional NSBBs such as propranolol and 
nadolol inhibit β1 and β2 receptors, mitigating the hyperdynamic response and splanchnic arteriolar 
vasodilation that occur in the context of cirrhosis. Carvedilol has additional α1 inhibition that reduces 
intrahepatic vascular resistance[31,32]. Together, these hemodynamic effects attenuate portal 
hypertension, reducing the risk for hepatic decompensation. In addition, NSBBs impact the risk for 
liver-related complications through other mechanisms. For example, NSBBs reduce abnormal 
gastrointestinal permeability and bacterial translocation[33] and upregulate the phagocytic activity of 
monocytes and granulocytes after exposure to bacterial DNA[34]. As such, a recent prospective study 
demonstrated that NSBBs reduce the risk for bacterial infections [odds ratio = 0.46, 95% confidence 
interval (CI): 0.3-0.7; P = 0.001][35].

The landmark trial demonstrating the utility of NSBBs in preventing decompensation was the study 
on Beta-Blockers to Prevent Decompensation of Cirrhosis with Portal Hypertension (PREDESCI)[36]. In 
this multicenter, double-blind, randomized controlled trial (RCT), 201 patients with compensated 
cirrhosis and clinically-significant portal hypertension (CSPH) without high-risk varices were 
randomized to receive NSBBs (propranolol up to 160 mg twice daily or carvedilol up to 25 mg daily) or 
placebo. Over a median follow-up of 37 mo, the risk of hepatic decompensation, including ascites, 
variceal hemorrhage, or hepatic encephalopathy, was significantly lower among patients receiving 
NSBBs relative to those receiving placebo [hazard ratio (HR) = 0.51, 95%CI: 0.26-0.97; P = 0.041]. This 
difference was driven primarily by a reduction in ascites (HR = 0.42, 95%CI: 0.19-0.92; P = 0.03), 
although non-significant trends towards decreased progression to high-risk varices and improved 
survival were also observed. The number needed to treat for the prevention of a decompensation event 
over the follow-up period was 9, and the incidence of adverse events was similar between the treatment 
and placebo groups.

Prior to PREDESCI, other RCTs consistently demonstrated that propranolol and nadolol were 
effective in preventing variceal hemorrhage among patients with cirrhosis and large esophageal varies 
but without prior bleeding episodes. Pascal and Cales[37] found that patients receiving propranolol up 
to 320 mg daily were less likely to develop bleeding episodes compared to those in the placebo group 
(74% vs 39%; P < 0.05); Idéo et al[38] also observed significantly lower rates among those receiving 
nadolol up to 120 mg daily (94.4%) relative to those receiving placebo (70.2%). Other studies have 
reported similar risk reductions in initial[39,40] and subsequent[41] variceal bleeds, although one 
reported a significant difference only among patients who lacked ascites[42]. Given these data, NSBBs 
are currently recommended for the primary and secondary prophylaxis of variceal hemorrhage[37,41]. 
Notably, however, the Prevention of Esophageal Varices by Beta-Adrenergic Blockers trial observed no 
differences in the use of timolol up to 80 mg daily vs placebo in the development of varices among 
patients with compensated cirrhosis[43].

The potential benefits of carvedilol beyond those of traditional NSBBs have also been of great interest. 
Four studies have evaluated the impact of carvedilol in preventing hepatic decompensation or disease 
progression among patients with compensated cirrhosis and CSPH. A subgroup analysis of the 
PREDESCI trial[36] found a non-significant reduction in the risk for hepatic decompensation or death 
(HR = 0.39, 95%CI: 0.10-1.49; P = 0.16) and Bhardwaj et al[44] observed a significantly higher likelihood 
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of non-progression from small to large esophageal varices (79.4% vs 61.4%; P = 0.04). In comparing 
carvedilol to variceal band ligation, one study found carvedilol 12.5 mg daily to be associated with 
significantly lower rates of initial variceal hemorrhage (HR = 0.41, 95%CI: 0.19-0.96; P = 0.04) but similar 
rates of bleeding-related and overall mortality[45], while another reported comparable rates across all 
three outcomes with the same dosing[46]. Additionally, a recent meta-analysis of these four studies 
observed a significantly improved hazard ratio for decompensation among patients receiving carvedilol 
compared to control therapy (HR = 0.506, 95%CI: 0.289-0.887; P = 0.017)[47]. Finally, in comparison to 
propranolol, multiple studies, including PREDESCI, have suggested that carvedilol may be superior in 
reducing the hepatic venous pressure gradient[36,48]. However, it remains unclear whether this finding 
consistently translates into a difference in the risk for hepatic decompensation.

Although NSBBs have been extensively studied and represent the current treatment of choice for the 
prevention of hepatic decompensation, there is significant interest in identifying additional therapies for 
chemoprevention for a variety of reasons. First, most commonly, patients may have contraindications or 
intolerance to NSBBs. Common adverse effects include bradycardia, hypotension, and fatigue. Second, 
pharmacotherapy may be leveraged for pleiotropic benefits, and alternative therapies may provide an 
opportunity for enhanced personalized care. Finally, therapies may have additive or synergistic effects 
that may provide additional clinical benefit for high-risk patients. As such, a number of agents are 
currently under evaluation (Table 1).

EMERGING THERAPIES TO PREVENT HEPATIC DECOMPENSATION
Statins
These cholesterol-lowering drugs are a mainstay for the treatment of dyslipidemia and atherosclerotic 
cardiovascular disease but have diverse pleiotropic effects that may impact a wide range of other 
disease processes. Concerns regarding hepatotoxicity have historically limited their use among patients 
with chronic liver disease[49], but emerging evidence indicates that their anti-fibrotic, immunomodu-
latory, and antioxidant effects may attenuate portal hypertension and limit disease progression[50-53] 
without posing an excess safety risk among patients with compensated disease[54-56].

Several retrospective studies have evaluated the role of statins in preventing hepatic decompensation. 
In one case-control study of patients with predominantly early-stage cirrhosis, statin use was associated 
with a decreased risk of hepatic decompensation over 36 mo (HR = 0.58; P = 0.04)[57]. Similar findings 
have been reported in patients with cirrhosis due to chronic viral hepatitis; among statin users, the HR 
for hepatic decompensation was 0.39 (95%CI: 0.25-0.62)[58] for hepatitis B virus-related cirrhosis and 
0.51 (95%CI: 0.29-0.93)[58] to 0.55 (95%CI: 0.39-0.77)[59] for HCV-related cirrhosis. A trend towards 
decreased hepatic decompensation was observed with among patients with alcohol-related cirrhosis 
(HR = 0.69, 95%CI: 0.45-1.07)[58]. A recent meta-analysis of these three observational studies found the 
pooled HR for hepatic decompensation to be 0.54 (95%CI: 0.46-0.65) with minimal heterogeneity (I2 = 
0%)[60]. A similar meta-analysis using these studies also demonstrated that the association between 
statin use and an improved decompensation was independent of cirrhosis etiology[61].

In light of the encouraging findings reported in observational studies, RCTs evaluating the impact of 
statins in preventing hepatic decompensation are currently in progress. In the United States, the Statins 
and Cirrhosis: Reducing Events of Decompensation trial is studying simvastatin at a dose of 40 mg daily 
(ClinicalTrials.gov, NCT03654053)[62]. In Denmark, the Statins for Prevention of Disease Progression 
and Hospitalization in Liver Cirrhosis trial is studying atorvastatin at doses of 10-20 mg daily (Clinical-
Trials.gov, NCT04072601).

Rifaximin
Patients with cirrhosis can experience increased bacterial translocation secondary to elevated portal 
pressures, increased gastrointestinal permeability, and altered gut microbiota, thereby contributing to 
the inflammatory milieu. Rifaximin is a safe poorly-absorbed oral antibiotic with broad gut-selective 
antimicrobial activity against gram-positive and gram-negative bacteria. Beyond its impacts on the 
intestinal microbiome, it may also attenuate inflammation, decrease bacterial interactions with 
enterocytes, and improve intestinal epithelial integrity[63,64]. Furthermore, the combination of 
propranolol and rifaximin compared to propranolol alone is associated with a more significant 
reduction in portal pressure[65]. Although rifaximin is currently approved for the prevention of 
recurrent hepatic encephalopathy[66], it may also have a role in preventing other hepatic decompens-
ations.

A number of studies have evaluated the association between rifaximin use and liver-related complic-
ations, demonstrating that rifaximin may reduce the risk of further decompensation in patients with 
decompensated cirrhosis[63]. However, little is known about its role in those with high-risk 
compensated disease. Most notably, in a post-hoc analysis of a RCT comparing rifaximin 550 mg twice 
daily to placebo, Flamm et al[67] demonstrated that rifaximin reduces the risk for further hepatic 
decompensation (HR = 0.41, 95%CI: 0.25-0.67; P < 0.001). This finding was corroborated by Zeng et al[68] 
in a prospective randomized open-labelled study. Currently, there are no ongoing trials investigating 
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Table 1 Chemoprevention for hepatic decompensation in cirrhosis: Current and emerging therapies

Agents Mechanism of action Primary benefits Potential adverse 
effects Other limitations Supported by RCT

NSBBs β1 and β2 blockade; α1 
blockade (carvedilol)

Decreased portal pressure Hypotension, 
bradycardia, fatigue

Dosing frequency 
(propranolol)

Yes

Statins Inhibition of HMG-CoA 
reductase

Decreased inflammation 
and endothelial 
dysfunction

Myopathy, hepatitis, 
diabetes

Ongoing

Rifaximin Broad-spectrum, gut-
specific antibiotic

Reduced dysbiosis and 
bacterial translocation

Gastrointestinal upset Cost Included patients with 
prior decompensation

Anticoagulants Inactivation of clotting 
factors

Reduced endothelial 
dysfunction

Hemorrhage SQ injection 
(enoxaparin), dosing 
(warfarin)

Included patients with 
prior decompensation

ACE inhibitors Inhibition of angiotensin 
II production

Decreased portal 
pressure1

Hypotension, AKI, 
electrolyte derangements, 
angioedema

No

ARBs Inhibition of angiotensin 
II type 1 receptor

Decreased portal pressure Hypotension, AKI, 
electrolyte derangements

No

MRAs Inhibition of the 
aldosterone receptor in 
the distal nephron

Decreased portal pressure Hypotension, AKI, 
electrolyte derangements

Gynecomastia (spirono-
lactone)

Only in combination 
with NSBB

SGLT2 inhibitors Inhibition of proximal 
tubule sodium-glucose 
cotransporter

Decreased portal pressure Electrolyte derangements, 
mycotic genital infections

Cost, risk of 
ketoacidosis in AUD

No

Albumin Anionic carrier protein 
with pleiotropic 
properties

Reduced inflammation; 
increased effective 
circulating volume

Volume overload Cost, intravenous 
administration

Included patients with 
prior decompensation

1Not demonstrated in prior clinical studies.
ACE: Angiotensin converting enzyme; AKI: Acute kidney injury; ARB: Angiotensin receptor blocker; AUD: Alcohol use disorder; BP: Blood pressure; 
HMG-CoA: Hydroxy β-methylglutaryl-CoA; MRA: Mineralocorticoid receptor antagonist; NSBB: Non-selective beta-blocker; SGLT2: Sodium-glucose 
cotransporter 2; SQ: Subcutaneous; RCT: Randomized controlled trial.

the impact of rifaximin in patients with compensated disease, although the Simvastatin Plus Rifaximin 
in Decompensated Cirrhosis study is examining the role of statins and rifaximin among patients with 
pre-existing decompensated disease (ClinicalTrials.gov, NCT03780673). Historically, a critical barrier to 
the study and use of rifaximin has been cost.

Anticoagulants
In light of the impaired synthesis of clotting factors and the presence of thrombocytopenia associated 
with cirrhosis, the risk of bleeding has historically been prioritized over thrombosis[69]. However, more 
recent evidence suggests that a new state of rebalanced hemostasis is achieved among those with stable 
cirrhosis in which decompensation can lead to increased risks of both hemorrhage and thrombosis, 
which in turn, can increase the risk for further decompensation[69]. Thrombin has been proposed to 
activate hepatic stellate cells and lead to upregulation of hepatic fibrosis, suggesting a potential role for 
anticoagulation in slowing cirrhosis disease progression[70].

Several studies have evaluated the efficacy and safety of anticoagulation in preventing or managing 
venous thrombotic events in patients with cirrhosis, but only two have specifically addressed its 
association with preventing decompensation[71-75]. In a RCT of patients with advanced cirrhosis 
randomized to receive enoxaparin 4000 IU/d or no treatment, decompensation was significantly less 
common among those receiving enoxaparin (11.7% vs 59.4%; P < 0.0001)[75]. Enoxaparin was 
independently associated with a reduced risk for hepatic decompensation (HR = 0.331, 95%CI: 0.148-
0.741; P = 0.007). Notably, following cessation of enoxaparin receipt, rates of hepatic decompensation 
were similar between those in the control and treatment groups. In contrast, in a retrospective study of 
patients with cirrhosis and portal vein thrombosis, the 1-year probability of hepatic decompensation 
was not significantly different between patients who did or did not receive warfarin (15.6% vs 17.9%; P 
= 0.847)[72]. The ongoing CIRROXABAN phase III RCT (ClinicalTrials.gov, NCT02643212) aims to 
evaluate the effect of rivaroxaban in the development of decompensation among patients with cirrhosis.

Renin-angiotensin-aldosterone system antagonists
The renin-angiotensin-aldosterone system (RAAS) has a central role in the pathogenesis and 
progression of portal hypertension. Splanchnic and peripheral vasodilation in response to excess nitric 
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Figure 1 Management of cirrhosis in comparison to congestive heart failure. ACE: Angiotensin converting enzyme; ANRI: Angiotensin receptor-
neprilysin inhibitor; ARB: Angiotensin receptor blocker; CSPH: Clinically-significant portal hypertension; GDMT: Guideline-directed medical therapy; HFrEF: Heart 
failure with reduced ejection fraction; LVAD: Left ventricular assist device; MRA: Mineralocorticoid receptor antagonist; NSBB: Non-selective beta-blocker; SGLT2: 
Sodium-glucose cotransporter 2; TIPS: Transjugular intrahepatic portosystemic shunting; TTE: Transthoracic echocardiogram.

oxide stimulate the renin-angiotensin-aldosterone and sympathetic nervous systems, triggering a 
number of mechanisms that further exacerbate portal hypertension. Mediators of these pathways have 
been directly linked to mortality in patients with cirrhosis[76,77]. Thus, a number of drugs which 
attenuate the RAAS have been evaluated with mixed results. These include angiotensin converting 
enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), mineralocorticoid receptor antagonists 
such as spironolactone, and sodium-glucose cotransporter-2 (SGLT2) inhibitors.

Both ACE inhibitors and ARBs have been studied in portal hypertension, but their impact in 
preventing hepatic decompensation remains unclear. Current evidence suggests that ARBs may reduce 
portal pressures[78-84], but they have yet to be evaluated in RCTs. In contrast, ACE inhibitors have not 
been shown to reduce portal pressures[85], but a recent large retrospective analysis suggest that they 
may reduce the risk for liver-related complications in patients with NAFLD[86]. Regardless, while both 
agents may be safe and potentially beneficial in patients with early-stage disease, their side-effect profile 
may be deleterious among patients with CSPH.

Spironolactone is critical in the management of cirrhotic ascites. However, the drug has been invest-
igated as an adjunctive agent to NSBBs in the prevention of variceal hemorrhage. A prospective trial 
demonstrated that the addition of spironolactone 100 mg daily to nadolol reduced the risk of a 
combined endpoint of variceal hemorrhage and ascites (39% vs 20%; P < 0.04)[87]. Further trials 
exploring the utility of spironolactone in preventing hepatic decompensation among compensated 
patients have not been pursued, and thus the agent is currently not recommended for chemoprevention.

Initially introduced as antidiabetic drugs, SGLT2 inhibitors have become mainstays in the 
management of cardiovascular disease and chronic kidney disease among diabetic and nondiabetic 
patients due to their broad pleiotropic effects[88-93]. By inhibiting sodium and glucose reabsorption in 
the proximal convoluted tubule, SGLT2 inhibitors restore tubuloglomerular feedback, attenuate 
overactivation of the RAAS and the sympathetic nervous system, and promote natriuresis, thereby 
overcoming key mechanisms that are also implicated in the pathogenesis of portal hypertension in 
cirrhosis[9]. Unlike ACE inhibitors, ARBs, and spironolactone, SGLT2 inhibitors have limited effects on 
systemic blood pressure and may be better tolerated among patients with CSPH. Although RCTs in 
cirrhosis are currently lacking, retrospective studies suggest that these agents, namely empagliflozin, are 
likely safe and warrant further investigation[94-98].
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Figure 2 Therapeutic targets in the prevention of hepatic decompensation. ACE: Angiotensin converting enzyme; ARB: Angiotensin receptor blocker; 
HRS: Hepatorenal syndrome; MRA: Mineralocorticoid receptor antagonist; NSBB: Non-selective beta-blocker; RAAS: Renin-angiotensin-aldosterone system; SBP: 
Spontaneous bacterial peritonitis; SGLT2: Sodium-glucose cotransporter 2.

Albumin
Albumin has versatile anti-inflammatory and plasma expansion properties that may also mitigate 
mechanisms implicated in hepatic decompensation. To our knowledge, no study has investigated the 
role of albumin in preventing hepatic decompensation among patients with compensated disease. 
However, the Human Albumin for the Treatment of Ascites in Patients with Hepatic Cirrhosis study 
assessed the impact of human albumin in patients with uncomplicated ascites[99]. Although the 
primary outcome was mortality, secondary analyses demonstrated that weekly 40-gram albumin 
infusions reduced the risk for refractory ascites, spontaneous bacterial peritonitis, hepatorenal 
syndrome, and hepatic encephalopathy in comparison to standard medical therapy alone. Notably, the 
study was limited by the fact that the treatment group received more frequent outpatient evaluations, 
allowing providers to address potential impending complications in a more proactive manner. Because 
of accessibility and cost limitations, in addition to other factors that restrict widespread use, it is 
unlikely that albumin will receive significant consideration as a potential therapeutic option in patients 
with compensated cirrhosis.

Other candidate pharmacotherapies
Numerous other agents hypothesized to decrease the risk of hepatic decompensation have been 
evaluated. Despite early studies suggesting indirect benefits, there is a paucity of consistent, rigorous 
clinical evidence demonstrating a direct role for nitrates[100-103], endothelin-A antagonists[104,105], 
farnesoid X receptor agonists[106], phosphodiesterease-5 inhibitors[107-111], serelaxin[112], sorafenib
[113-115], taurine[116], and thalidomide[117] in the prevention of hepatic decompensation. Further-
more, it has been postulated that aspirin and metformin could be attractive targets. However, at this 
time, a number of prospective and retrospective studies have only demonstrated that these agents may 
reduce the risk of hepatocellular carcinoma without necessarily impacting the risk for hepatic 
decompensation[118-120].

A NEW PARADIGM: CHEMOPREVENTION IN THE MODERN ERA
Until PREDESCI validated the use of NSBBs for chemoprevention, the pharmacologic management of 
cirrhosis had experienced little progress over the preceding half century. In contrast, over the same 
period of time, incremental advances in the medical management of systolic heart failure, a condition 
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that mechanistically mimics portal hypertension, led to the widespread implementation of guideline-
directed medical therapy, which significantly improved survival (Figure 1). In the past, the lack of non-
invasive tools to identify high-risk patients hindered the development and application of 
chemoprevention in cirrhosis. However, with the advent of elastography and the validation of clinical 
prediction tools that incorporate laboratory markers such as platelet count, clinicians are now able to 
risk-stratify patients more efficiently, paving the way for more robust medical management. Based on 
the findings of the ANTICIPATE study and the guidelines proposed in the Baveno VII workshop[121,
122], patients who have a high likelihood for CSPH based on a combination of liver stiffness 
measurements and platelet count should be initiated on appropriate chemoprevention with a NSBB in 
the absence of contraindications to therapy. As additional agents for chemoprevention are evaluated 
over the coming years, a diverse multi-targeted strategy (Figure 2) may become feasible, mimicking the 
approach currently utilized for congestive heart failure. Although there are a number of candidate 
drugs, statins, rifaximin, and SGLT2 inhibitors currently offer the most promise, combining potential 
efficacy with other important considerations such as safety, accessibility, and systemic benefits.

CONCLUSION
The development of hepatic decompensation represents the most important prognostic factor in the 
natural history of cirrhosis. Treatments that mitigate this risk have an important role in the management 
of patients with CSPH. In light of the development of robust non-invasive tools that allow for the timely 
and accurate risk stratification of patients with cirrhosis, the application of chemoprevention is 
becoming increasingly feasible. NSBBs are currently the mainstays of treatment in this regard, but 
emerging therapies such as statins, rifaximin, and SGLT2 inhibitors, may offer hope for personalized 
multimodal strategies in the future. This paradigm shift may ultimately reduce liver-related morbidity 
and mortality, improve quality of life, and limit the socioeconomic burden of cirrhosis regardless of the 
etiologic factors involved.
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Abstract
Nonalcoholic fatty liver disease (NAFLD), a leading chronic disease worldwide, 
affects approximately a quarter of the global population. Nonalcoholic steatohep-
atitis (NASH) is an advanced form of NAFLD and is more likely to progress to 
liver fibrosis than simple steatosis. NASH is also identified as the most rapidly 
growing cause of hepatocellular carcinoma. Although in the past decade, several 
phase II/III clinical trials have shown promising results in the use of novel drugs 
targeting lipid synthase, farnesoid X receptor signaling, peroxisome proliferator-
activated receptor signaling, hepatocellular injury, and inflammatory signaling, 
proven pharmaceutical agents to treat NASH are still lacking. Thus, continuous 
exploration of the mechanism underlying the pathogenesis of NAFLD and the 
identification of novel therapeutic targets remain urgent tasks in the field. In the 
current review, we summarize studies reported in recent years that not only 
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provide new insights into the mechanisms of NAFLD development but also explore the possibility 
of treating NAFLD by targeting newly identified signaling pathways. We also discuss evidence 
focusing on the intrahepatic targets involved in the pathogenesis of NAFLD as well as extrahepatic 
targets affecting liver metabolism and function.

Key Words: Nonalcoholic fatty liver disease; Nonalcoholic steatohepatitis; Pharmaceutical strategies; Liver 
microenvironment; Gut-liver axis; Adipose tissue-liver axis
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Core Tip: Because of the urgent need to develop therapeutic approaches to treat nonalcoholic fatty liver 
disease (NAFLD), a large body of basic research has focused on the mechanisms of NAFLD to explore the 
possibility of new approaches to treat the disease. The current review summarizes studies reported in 
recent years that not only provide new insights into the mechanisms of NAFLD development but also 
explore the possibility of treating NAFLD by targeting newly identified signaling pathways. Evidence 
focusing on the intrahepatic targets involved in the pathogenesis of NAFLD as well as extrahepatic targets 
affecting liver metabolism and function are discussed.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) has become a leading chronic disease worldwide, affecting 
approximately a quarter of the global population. Nonalcoholic steatohepatitis (NASH), the advanced 
form of NAFLD, is closely related to liver fibrosis and even cirrhosis[1]. NASH has also been identified 
as the most rapidly growing cause of hepatocellular carcinoma (HCC) in liver transplant candidates in 
the United States[2]. Multiple factors, including disturbed lipid homeostasis, insulin resistance, and 
inflammation, lead to metabolic stress in hepatocytes and subsequent hepatocyte injury in NAFLD. 
Hepatocyte injury further triggers the wound-healing response, which involves immune cells, liver 
sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs) and cholangiocytes, eventually leading 
to liver inflammation and fibrosis[3].

Despite the increasing prevalence of NASH, the United States Food and Drug Administration (FDA) 
has not yet approved any pharmaceuticals to treat patients with NASH. The mainstay of the current 
clinical recommendation for patients with NASH is lifestyle modification, with optimization of dietary 
structure, control of excessive consumption of fructose and fats and increased physical exercise, which 
may alleviate the progression of NASH to a certain extent[4]. In addition, bariatric surgery may be 
indicated for some patients with NASH suffering from severe obesity[5]. Regarding the pharmaco-
therapy for NASH, several biological pathways critical for glycolipid and bile acid metabolism, inflam-
mation, hepatocellular damage (oxidative stress) and liver fibrosis have been explored as drug targets. 
Pharmaceutical agents, including modulators of farnesoid X receptor, peroxisome proliferator-activated 
receptors (PPARs), fibroblast growth factor, acetyl-CoA carboxylase (ACC), and apoptosis signal-
regulating kinase 1 (ASK1), have been shown to exhibit some positive effects against NAFLD/NASH 
with various limitations in multiple clinical trials[6]. Thus, there is still an unmet clinical need to identify 
and validate novel targets for the treatment of NAFLD/NASH.

Recently, numerous novel therapeutic targets for NAFLD have been explored through basic research. 
These studies have focused on different pathophysiologic processes in NAFLD, including metabolic 
stress, liver inflammation, liver fibrosis and NASH-associated HCC. Diverse liver cells have been 
studied, such as hepatocytes, liver immune cells, HSCs and LSECs (Figure 1). As a metabolic disorder, 
crosstalk between the liver and extrahepatic organs, including the gut, adipose tissue, and skeletal 
muscle, largely contributes to the pathogenesis of NAFLD[7,8]. Thus, targets outside the liver broaden 
potential approaches to ameliorate NAFLD (Figure 1). The drugs in phase II/III clinical trials were 
extensively discussed in a recently published review[6]. In the present review, we summarize recent 
findings that not only provide new insights into the mechanisms of NAFLD development but also 
explore the possibility of treating NAFLD by targeting novel signaling pathways.
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APPROACHES TARGETING METABOLIC STRESS TO PREVENT NAFLD PROGRESSION
Lipid accumulation in hepatocytes is a major feature of NAFLD. Disturbance of lipid and glucose 
metabolism causes metabolic stress in the liver. Therapeutic candidates directly regulating fatty acid 
metabolism that are currently in clinical trials include ACC, fatty acid synthase and stearoyl-CoA 
desaturase-1 inhibitors[6,9]. In addition to the targets acting on these lipid metabolic enzymes, in-depth 
basic research has uncovered multiple mechanisms underlying the metabolic disturbance during 
NAFLD, including but not limited to lipid, glucose, lactate and fructose metabolism, and has provided 
novel targets for NAFLD treatment.

Sterol regulatory element-binding proteins (SREBPs), including SREBP1a, SREBP1c and SREBP2, are 
key regulators mediating free fatty acid, triglyceride (TG) and cholesterol synthesis. 25-Hydrox-
anoanosterol (25-HL) is a newly identified SREBP inhibitor that induces the SCAP-INSIG interaction, 
which retains SREBPs in the endoplasmic reticulum (ER). 25-HL reduces hepatic TG and cholesterol 
levels and improves liver inflammation and fibrosis in western diet-fed mice[10]. Orosomucoid (ORM) 
2, a secreted protein, has been shown to inhibit SREBP1c by activating AMP-activated protein kinase 
(AMPK). Recombinant ORM2 protein or stabilized ORM2–FC fusion protein inhibits lipogenesis and 
improves steatohepatitis[11].

Citrate regulates lipid metabolism as the substrate for lipogenesis. In the cytoplasm, citrate is 
catabolized by ATP-citrate lyase (ACLY) to generate acetyl-CoA and oxaloacetate. Acetyl-CoA is then 
converted to malonyl-CoA by ACC to fuel lipogenesis. The mitochondrial citrate carrier Slc25al plays an 
important role in regulating cytoplasmic and mitochondrial citrate pools. Tan and colleagues revealed 
that an inhibitor of Slc25a1, CTPI-2, inhibits the lipogenic pathway and prevents hepatic lipid accumu-
lation in high-fat diet (HFD)-fed mice. Additionally, CTPI-2 also showed beneficial effects on liver 
inflammation[12]. ACLY, the enzyme mediating the production of acetyl-CoA from citrate, has been 
identified to be upregulated in the transition from simple steatosis to NASH[13]. Hepatocyte-specific 
deletion of ACLY reduces liver fatty acid and sterol synthesis, increases fatty acid oxidation, and 
attenuates glucose intolerance, liver steatosis, and ballooning[14]. Consistent with the observations 
following genetic inhibition, bempedoic acid, a pharmacological inhibitor of ACLY, also reduces fibrosis
[14]. During the de novo lipogenesis process, nicotinamide adenine dinucleotide phosphate (NADPH), 
as an electron donor, aids in the reduction of acetyl-CoA. Thus, fine-tuning the NADPH pool can 
regulate lipogenesis. One-carbon units come largely from serine catabolism by the enzyme serine 
hydroxymethyltransferase (SHMT)[15]. Zhang et al[16] demonstrated that SHMT1-driven serine 
catabolism is a substantial NADPH source in the liver. They further found that inhibition of serine 
catabolism by Shmt1 gene knockout or pharmacological inhibition of SHMT1/2 enzymes significantly 
decreased hepatic lipogenesis[16]. Moreover, in sucrose-induced fatty liver, lipogenesis also requires 
NADPH from serine catabolism, which can be inhibited by the SHMT1/2 inhibitor SHIN2 IV. Therefore, 
SHMT1/2 inhibition has the potential to treat NAFLD by decreasing de novo lipogenesis.

As an energy source and an important glycolysis product, lactate is increased in the plasma and liver 
of NAFLD individuals. A recent study showed that the acetylation of lactate dehydrogenase B (LDHB) 
is markedly increased in the livers of mice with NAFLD, which leads to decreased LDHB activity and 
increased hepatic lactate levels. The authors further found that P300/CBP-associated factor (PCAF)-
mediated LDHB acetylation at K82 exacerbates lipid accumulation and inflammatory responses in HFD-
fed mice. Consistently, embelin, an inhibitor of PCAF, significantly improves hepatic steatosis and 
inflammation in NASH mice[17]. In addition, increasing evidence has demonstrated that overcon-
sumption of fructose is associated with NAFLD. Fructose is metabolized to fructose-1-phosphate by 
ketohexokinase. PF-06835919 is a ketohexokinase inhibitor that showed protective effects against 
fructose-induced liver steatosis. Moreover, the safety of PF-06835919 has been verified in a phase I 
clinical trial[18].

Mitochondrial and ER functions are crucial in lipid and glucose metabolism, and mitochondrial 
dysfunction and ER stress are closely related to NAFLD[19]. Methylation-controlled J (MCJ) protein is 
located at the inner mitochondrial membrane and restrains mitochondrial respiration. Its expression 
level is found to be increased in NAFLD patients. MCJ deficiency reduces hepatic steatosis and 
improves liver fibrosis in methionine- and choline-deficient (MCD) diet-fed mice. In a recent study, 
lipid-nanoparticle-encapsulated (LNP) siRNA was employed to target MCJ in vivo. LNP-siMCJ 
increased the β-oxidation of fatty acids and ameliorated lipid accumulation and liver fibrosis in MCD 
diet- or high-fat/high-fructose diet-induced NASH mice. To further specifically target MCJ in 
hepatocytes, N-acetylgalactosamine (GalNAc)-modified siMCJ was used to treat NASH mice. 
Consistent with LNP-siMCJ, GalNAc-siMCJ also reduced liver steatosis and fibrosis[20]. In addition, 
low-dose sorafenib, the first small-molecule multi-kinase inhibitor, was reported to induce 
mitochondrial uncoupling and subsequently suppress free fatty acid-induced lipid accumulation and 
inflammation by activating AMPK in hepatocytes. Low-dose sorafenib protects high-fat/high-
cholesterol diet-fed mice against liver steatosis, inflammation and fibrosis and prevents the onset of 
NASH-associated HCC in mice. Notably, the beneficial effects of low-dose sorafenib were also 
confirmed in NASH monkeys[21]. Moreover, cyclophilin D is located in the mitochondrial matrix and 
mediates mitochondrial permeability transition pore opening. Cyclophilin D is upregulated in HFD-fed 
mice, which induces mitochondrial stress and hepatic steatosis. Cyclosporine A, an inhibitor of 
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cyclophilin D, decreased liver TG levels in HFD-fed mice by decreasing SREBP1c expression[22]. ER 
stress also plays important roles in NAFLD. The expression of forkhead box A3 (FOXA3) is induced by 
ER stress, and FOXA3 mediates ER stress-induced liver steatosis. As expected, targeting FOXA3 via a 
siRNA-based approach attenuates liver steatosis in HFD-fed mice[23].

It has been previously reported that the expression of DEAD-box protein 5 (DDX5), an ATP-
dependent RNA helicase, is reduced in the livers of patients and mouse models with NASH, as well as 
in rodent models with NASH-HCC[24]. Hepatic DDX5 improves lipid metabolism by inhibiting 
mammalian target of rapamycin complex 1 (mTORC1) activation via recruitment of the tuberous 
sclerosis complex (TSC)1/2 complex to mTOR[24]. Through screening a natural compound library, 
hyperforcinol K was found to upregulate DDX5 expression by blocking tripartite motif protein 5-
mediated ubiquitinated degradation of DDX5. In an animal study, hyperforcinol K was found to be 
effective in attenuating lipid accumulation in the livers of NASH mice[24].

Sterile 20-type kinase serine/threonine kinase 25 (STK25) has been demonstrated to play important 
roles in liver lipid partitioning[25,26] and systemic glucose and insulin homeostasis[27]. The level of 
STK25 protein is positively correlated with the development of NASH in patients[28]. Moreover, STK25 
deficiency can protect against liver steatosis, inflammation, and fibrosis in mouse models of NASH-
HCC[29]. STK25 antisense oligonucleotides (ASOs) significantly improved the NASH phenotype, and 
this preclinical validation of the effective metabolic efficacy of pharmacological inhibition of STK25 
merits recognition[28].

Many nuclear receptors play critical roles in metabolic regulation. In current phase II and III trials, 
PPARs, farnesoid X receptor, and thyroid hormone receptor-β are promising candidate targets for 
NASH treatment[6]. Based on recent basic studies, modulation of retinoic acid receptor-related orphan 
receptor alpha (RORa) provides a novel target to treat NASH. RS-2982, a newly identified agonist of 
RORa, exhibited beneficial effects on reducing body weight and hepatic steatosis in HFD-fed mice. 
Furthermore, RS-2982 decreased alanine aminotransferase (ALT) and aspartate aminotransferase levels 
and reduced liver inflammation and fibrosis in mice fed an atherogenic diet. Mechanistically, an 
increase in miR-122 expression may account for these beneficial effects of RS-2982 on obesity and 
NAFLD/NASH[30].

Arachidonic acid (ARA) is an ω-6 long-chain polyunsaturated fatty acid (PUFA) that can be catalyzed 
into a series of bioactive eicosanoids via cycloxygenases (COX-1 and COX-2) and microsomal 
prostaglandin E synthases (mPGES-1 and mPGES-2). It has been recently reported that mPGES-2 
deficiency exhibits significant protective effects against diet-induced NASH-associated phenotypes, 
including hepatic steatosis, inflammation and fibrosis. However, the beneficial effect of mPGES-2 
deficiency against NAFLD is dependent on decreased cytochrome P450 4A14 (CYP4A14) and increased 
acyl-CoA thioesterase 4 levels but not PGE2[31]. Mechanistically, mPGES-2 binds with heme, which is 
released after mPGES2 inhibition and in turn activates the heme receptor nuclear receptor subfamily 1 
group D member 1 (NR1D1) to upregulate CYP4A14 and acyl-CoA thioesterase 4 expression[31]. 
CYP4A14 catalyzes omega-hydroxylation of medium-chain fatty acids and ARA in mice. Its expression 
was previously found to be significantly increased in the livers of patients and mice with NAFLD. Loss 
of CYP4A14 function also markedly attenuated liver damage, inflammation, and fibrosis in MCD diet-
induced NASH[32]. Moreover, both the mPGES-2 inhibitor SZ0232 and the CYP4A inhibitor TS-011 are 
capable of ameliorating the NASH phenotype in MCD diet-fed mice[31-33]. Taken together, these 
findings demonstrate that ARA metabolic enzymes play critical roles in liver lipid homeostasis and 
represent attractive targets for developing therapeutic drugs for NAFLD/NASH.

Emerging evidence suggests that novel therapeutic targets can be developed based on the discovery 
of genetic variants related to liver lipid metabolism, such as PNPLA3, TM6SF2, MBOAT7 and HSD17B13
[34-37]. It has been reported that phosphorylation of HSD17B13 at serine 33 by PKA promotes lipolysis. 
Reproterol, a β2 agonist used for treating asthma, protects against the NASH phenotype via PKA-
mediated Ser33 phosphorylation of 17β-HSD13[38]. Most recently, a variant in the pleckstrin and Sec7 
domain-containing 3 (PSD3) gene, rs71519934, was reported to reduce susceptibility to fatty liver disease, 
consistent with the finding that the expression level of PSD3 is increased in patients with NAFLD and 
that knockdown of PSD3 by siRNA decreases TG synthesis in hepatocytes. Furthermore, specific 
downregulation of PSD3 in hepatocytes by GalNAc-conjugated ASOs resulted in decreased hepatic 
lipid content and plasma ALT levels and improved liver fibrosis in NASH mice[39], suggesting that 
PSD3 may be a potential therapeutic target for the treatment of NAFLD/NASH.

STRATEGIES PROTECTING HEPATOCYTES FROM INJURY DURING NASH  
DEVELOPMENT
Lipid accumulation in hepatocytes can cause cytotoxicity (lipotoxicity) in NAFLD[40,41]. Hepatocyte 
injury is a key event during the development of NASH, and ballooned hepatocytes are an essential 
feature to diagnose NASH. In phase II/III clinical trials, pancaspase inhibitors and ASK1 inhibitors are 
currently under evaluation as therapeutic agents directly targeting apoptosis[6]. Studies focused on 
developing targets to prevent hepatocyte injury have also shown therapeutic effects in NASH.
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Mitochondrial stress is a major factor driving hepatocyte injury and promotes the progression from 
simple steatosis to NASH. Mitochondrial matrix caseinolytic protease P (ClpP) is a protease component 
of the caseinolytic protease complex that maintains protein homeostasis in mitochondria. Its expression 
level is frequently downregulated in NASH, which induces mitochondrial stress and inflammation in 
hepatocytes. The ClpP activator A54556A is capable of greatly ameliorating the NASH phenotype in 
high-fat/high-fructose diet-fed mice[42]. SH3 homology-associated BTK binding protein (SAB) was 
originally identified as a phosphorylated c-Jun N-terminal kinase (p-JNK) docking protein and a 
substrate of JNK in the mitochondrial outer membrane. The interaction of JNK with SAB leads to 
increased mitochondrial reactive oxygen species (ROS) production and promotes liver injury. In 
established NASH, hepatocyte-targeted GalNAc-Sab-ASO treatment can reverse steatohepatitis and 
fibrosis by abrogating the adverse effects of the JNK-SAB-ROS activation loop[43]. Sirtuin activation 
plays an important role in maintaining mitochondrial homeostasis and shows protective effects on 
NAFLD[44]. Increased NAD+ levels can activate sirtuin. The enzyme α-amino-β-carboxymuconate-ε-
semialdehyde decarboxylase controls NAD+ levels, and its inhibitor TES-991 boosts de novo NAD+ 

synthesis and protects mice against liver injury and steatosis by improving mitochondrial function[45]. 
In addition, the serine/threonine protein phosphatase 2A inhibitors LB100[46], allyl isothiocyanate[47], 
celastrol[48] and the heme oxygenase inducer cobalt protoporphyrin[49] have all been found to 
significantly ameliorate NASH via the Sirt1 pathway. Nuclear factor erythroid 2–related factor 2 (Nrf2) 
is a well-known important transcription factor involved in the expression of antioxidant genes during 
oxidative stress. Targeted deletion of Nrf2 results in enhanced susceptibility to a variety of oxidative 
stress-induced liver injuries, including NASH. In contrast, pharmacological or genetic activation of 
hepatic Nrf2 leads to hepatic protection against oxidative damage. Studies have shown beneficial effects 
of hepatocyte Nrf2 activation in NASH[50]. Pharmacological activation of Nrf2 by the acetylenic 
tricyclic bis (cyano enone) compounds TBE-31[51], NK-252[52], and dimethyl fumarate[53] suppresses 
NASH. These findings demonstrate that strategies that increase Nrf2 expression and activity may be 
attractive strategies to limit the development of NAFLD/NASH by attenuating hepatocyte lipotoxicity 
and injury.

As mentioned above, apoptosis plays an important role in hepatocyte injury or loss during the 
development of NAFLD/NASH. BCL-2 belongs to the BCL-2 family, which is antiapoptotic. Through 
screening a small molecule library, acridone derivative A22 was found to increase BCL-2 expression by 
stabilizing the BCL-2 promoter i-motif. As expected, A22 can attenuate HFD-induced hepatocyte injury, 
hepatic steatosis and liver fibrosis[54]. In addition, necroptosis, another form of programmed cell death, 
was found to be increased in NASH mouse models and the livers of NAFLD patients. Receptor-
interacting protein 3 (RIP3) and receptor-interacting protein kinase (RIPK) 1 are key mediators of 
necroptosis. Liver RIP3 deficiency can attenuate MCD diet-induced liver injury, steatosis, inflammation 
and fibrosis[55]. Similarly, the RIPK1 inhibitor RIPA-56 can reduce liver inflammation and fibrosis in 
HFD-fed mice by abrogating necroptosis. In addition, RIPA-56 is able to ameliorate hepatic steatosis by 
suppressing mixed lineage kinase domain-like protein levels[56].

Iron overload leads to hepatic oxidative stress and hepatocellular ballooning injury and plays a 
multifactorial role in the pathogenesis of NASH[57]. Approximately one-third of patients with NAFLD 
show interrupted iron homeostasis[58]. Ferroptosis is a nonapoptotic programmed cell death process 
characterized by iron-dependent and lipid peroxidation-associated cell death[59]. The ferroptosis 
inhibitors Trolox and deferiprone can protect hepatocytes from cell death and suppress the subsequent 
initiation of inflammation in fatty liver[60].

In contrast to hepatocytes, agents that induce HSC apoptosis show beneficial effects against NASH-
related liver fibrosis[61]. Thus, when using pharmacological agents to prevent hepatocyte injury, 
strategies more accurately targeting hepatocytes may strengthen the therapeutic effects of these agents 
against NASH with limited side effects.

APPROACHES TARGETING THE INFLAMMATORY PATHWAY TO TREAT NAFLD/NASH
Inflammatory responses mediated by various immune cells and hepatocytes promote the onset of 
NASH and liver fibrosis. Infiltration of neutrophils and macrophages is the main pathological feature of 
NASH. Neutrophil depletion attenuates diet-induced NASH[62]. CXC chemokine receptor 2 (CXCR2) 
signaling is considered to play a pivotal role in the entry of neutrophils into peripheral tissues. Leslie 
and colleagues demonstrated that human and mouse livers with NASH-HCC have more CXCR2+ 

neutrophils[63]. The expression of CXCR2 in neutrophils is induced in NASH in an autocrine manner 
involving the upregulation of neutrophil-derived lipocalin 2[64]. AZD5069 is a small-molecule inhibitor 
of CXCR2. AZD5069 can significantly improve liver pathology in NAFLD, with reduced lipid content 
and hepatic neutrophil accumulation and improved insulin sensitivity[65]. In addition, AZD5069-
mediated CXCR2 inhibition induces reprogramming of the tumor immune microenvironment, which 
promotes immune checkpoint inhibition in NASH-HCC[63], suggesting that blocking infiltrating 
neutrophil CXCR2 can restore sensitivity to immunotherapy in the NASH liver[66].
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It is well known that the expression of macrophage scavenger receptor 1 (MSR1) mediates lipid 
uptake in macrophages and subsequently induces inflammatory activation via the JNK pathway. MSR1 
was found to be correlated with liver inflammation in NAFLD patients[67]. Notably, therapeutic 
inhibition of MSR1 with an anti-MSR1 antibody improved hepatic steatosis in a mouse model of NASH. 
The number of F4/80-positive cells and the expression level of tumor necrosis factor alpha (TNF-α) were 
also found to be reduced by the anti-MSR1 antibody therapy[67].

It has long been recognized that the NOD-like receptor protein 3 (NLRP3) inflammasome is activated 
in NASH livers, which leads to increased inflammation and programmed cell death. MCC950, an 
NLRP3 inhibitor, can improve NAFLD pathology and fibrosis in obese diabetic mice[68]. X-box binding 
protein-1 (XBP1) is a key factor regulating the unfolded protein response. Macrophage XBP1 is 
upregulated in NASH livers, which activates macrophage NLRP3 signaling and promotes hepatocyte 
steatosis and HSC activation. As expected, the XBP1 inhibitor toyocamycin exhibits protective effects 
against NASH[69].

Nuclear factor-kappaB (NF-κB) is an essential transcription factor that mediates the inflammatory 
response and proinflammatory cytokine production in NASH[70]. miR-378 markedly facilitates the NF-
κB-TNF-α axis in NASH development by directly targeting the Prkag2 gene, which encodes AMPK-γ2. 
Similarly, downregulation of miR-378 by ASO is also capable of alleviating NASH development[71].

In addition to neutrophils and macrophages, other immune cells, including dendritic cells (DCs) and 
lymphocytes, play pivotal roles in NASH[8]. DC recruitment to the liver promotes the inflammatory 
response in NAFLD progression. Reportedly, delivery of liposomal curcumin or calcitriol to lipid-rich 
inflammatory DCs shifted their inflammatory profile toward a regulatory phenotype and improved 
hepatic steatosis, inflammation and fibrosis in a NASH mouse model[72]. Inflammatory CX3CR1+ 
monocyte-derived inflammatory DCs (moDCs) are found to contribute to sustained inflammation and 
liver injury during NASH. Treating MCD-fed mice with the hydrogen sulfide donor i.e., sodium 
hydrosulphide, prevented the accumulation of CX3CR1+ moDCs and ameliorated parenchymal injury
[73]. Moreover, Toll-like receptor 7 (TLR7) signaling can induce proinflammatory cytokine production 
in Kupffer cells and DCs, subsequently suppressing regulatory T cells (Tregs) and leading to steatohep-
atitis. Notably, treatment with IRS-661, a TLR7 antagonist, could ameliorate NASH development[74]. It 
has been reported that α4β7-mediated homing of CD4 T cells to the intestine and liver facilitates NASH 
development, and α4β7 blockade by neutralizing monoclonal antibody can attenuate hepatic inflam-
mation and fibrosis and improve metabolic dysfunction associated with NASH[75]. In addition, a high 
level of Tregs reportedly promotes the initiation and progression of cancer in NASH livers. In a NASH-
HCC model, anti-CD25 antibodies, capable of alternatively depleting Tregs, decreases the tumor burden 
and increased survival time[76]. The interaction of B2 Lymphocytes with T cells contributes to NASH 
progression, B-cell activating factor-neutralizing monoclonal antibody Sandy-2 prevented hepatic B2 
cell response and ameliorated the evolution of NASH in mice[77].

Bioactive lipids are important nodes in lipid metabolism and tissue homeostasis networks[78]. An 
imbalance between protective and deteriorative bioactive lipids contributes to NASH progression[79]. 
Pharmacological targeting of the synthesizing enzymes or receptors of these bioactive lipids has shown 
beneficial effects in NASH. Leukotriene B4 (LTB4), a proinflammatory metabolite derived from the ω-6 
PUFA ARA, is significantly increased in patients with NAFLD[80]. Both in vivo and in vitro experiments 
have shown that LTB4 can promote hepatocyte lipogenesis, which is dependent on the RNase activity of 
IRE1α through leukotriene B4 receptor 1 (Ltb4r1). Furthermore, LTB4/Ltb4r1 stimulation increases 
intracellular cAMP and then promotes IRE1α Ser724 phosphorylation by PKA[80]. The Ltb4r1 inhibitor 
CP-105696 significantly alleviated ER stress and dyslipidemia in NAFLD mice[80]. Unlike ω-6 PUFAs, 
ω-3 PUFAs and their metabolites show anti-inflammatory effects. Fat-1 mice, a transgenic animal model 
in which tissues are endogenously enriched with ω-3 PUFAs[81], are protected from diet-induced 
metabolic dysfunction and fibrosis[82]. However, they are vulnerable to lipid peroxidation, which limits 
their clinical applications[83]. Fraser et al[84] developed a structurally modified ω-3 fatty acid, 
icosabutate, which was designed to resist oxidation and incorporation into hepatocytes and possesses 
the potential to activate free fatty acid receptor 4. They found that icosabutate, but not the ω-3 PUFA 
eicosapentaenoic acid, can ameliorate liver inflammation and fibrosis in NASH rats. Moreover, 
icosabutate treatment decreases liver injury in patients at high risk of NASH and cardiovascular disease
[84].

APPROACHES TARGETING HSC ACTIVATION TO PREVENT NASH-RELATED LIVER  
FIBROSIS
In clinical trials for NASH drug development, improvement of liver fibrosis has been frequently 
employed as a primary or secondary endpoint. Given the central role of HSCs in liver fibrosis, targeting 
HSC activation has long been proposed as a therapeutic strategy to prevent NASH-related fibrosis 
progression.
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The Notch, Hedgehog, Hippo and WNT/β-catenin signaling pathways in hepatocytes play important 
roles in NASH-related liver fibrosis by modulating the hepatic microenvironment. The production of 
osteopontin (OPN), as a paracrine factor, from hepatocytes or cholangiocytes increases in NASH, which 
leads to the activation of HSCs[85-87]. Increased Notch signaling activity has been found to be 
responsible for the induction of OPN[85]. Thus, several studies have targeted Notch signaling to treat 
NASH, including studies on Nicastrin ASO and nanoparticle-mediated delivery systems targeting 
Notch antagonism[85,88]. In addition, nuclear factor of activated T-cell 4 (NFATc4) was also reported to 
induce OPN expression by negatively regulating the transcriptional activity of PPARα. As expected, 
inhibition of NFATc4 decreased lipid content and improved inflammation and fibrosis in NASH mice
[89]. Hepatocyte transcriptional co-activator with PDZ-binding motif (TAZ) was found to promote 
NASH-related liver fibrosis by increasing Indian hedgehog, which activates HSCs[90]. A recent study 
reported that stabilized GalNAc-siRNAs targeting hepatocyte TAZ can significantly ameliorate liver 
inflammation and fibrosis in mice with established NASH[91]. Furthermore, WNT1-inducible signaling 
pathway protein 1 (WISP1), a member of the cellular communication network family, has recently been 
identified as an extracellular activator of the myocardin-related transcription factor-cytoskeleton 
pathway in HSCs. Activation of the WISP1-MRIF signaling pathway induces HSC migration and 
promotes liver fibrosis progression. Notably, an anti-WISP1 antibody significantly ameliorated liver 
fibrosis in NASH mice[92].

Lnterleukin-11 (IL-11) has been demonstrated to activate HSCs. Deletion of IL-11 receptor subunit 
alpha (IL-11RA) protects mice from NASH diet-induced hepatocyte death, liver inflammation and 
fibrosis. Widjaja et al[93] developed a neutralizing anti-IL-11 antibody and neutralizing anti-IL-11RA 
antibody and found that both of them greatly decreased ALT levels and significantly improved hepatic 
steatosis and liver fibrosis in mouse models of NASH[93].

Activation of the JAK/signal transducer and activator of transcription (STAT) pathway in HSCs 
promotes liver fibrosis. Ruxolitinib, an effective small-molecule JAK1/2 selective inhibitor, has been 
approved by the FDA for myelofibrosis treatment. Recently, it has been reported that ruxolitinib can 
block HSC activation and attenuate liver fibrosis progression[94]. In addition, the JAK2 inhibitor 
pacritinib affords protection against NAFLD-related liver fibrosis by inhibiting HSC activation[95]. 
Rilpivirine, a nonnucleoside reverse transcriptase inhibitor, is widely used to treat HIV infection. 
Rilpivirine can also ameliorate liver fibrosis, possibly through selective STAT1-dependent induction of 
apoptosis in HSCs, and suppress HFD- and CCl4-induced liver fibrosis. In addition, rilpivirine enhances 
STAT3-dependent proliferation in hepatocytes as an effect secondary to its pro-apoptotic effect in HSCs
[96].

Protease-activated receptor-2 (PAR2) is an emerging new target for NASH that regulates liver injury, 
inflammation and fibrosis and plays a critical role in regulating hepatic cholesterol and glucolipid 
metabolism[97-99]. Pharmacological inhibition of PAR2 with pepducin PZ-235, a full antagonist of 
PAR2, not only protects against the activation of HSCs and fibrosis but also promotes hepatocellular 
viability by inhibiting mitochondrial ROS production induced by PAR2 stimulation[97].

APPROACHES TARGETING LSECS AND CHOLANGIOCYTES TO TREAT NAFLD
LSECs are highly specialized endothelial cells with fenestrae and lack a basement membrane. LSECs 
interact with hepatocytes, liver immune cells and HSCs and play important roles in regulating liver 
function. LSEC dysfunction, including LSEC capillarization, disturbed nitric oxide release from LSECs, 
and increased expression of adhesion molecules, all contribute to NAFLD pathogenesis[100]. Vascular 
cell adhesion molecule 1 (VCAM-1) is an adhesion molecule upregulated in LSECs in NASH mouse 
livers. Anti-VCAM1 antibody attenuates hepatic inflammation in NASH mice[101]. Endothelial nitric 
oxide synthase (eNOS) expression in LSECs is decreased in NASH mice, which is likely the result of 
Notch activation. Pharmacological inhibition of Notch signaling using DAPT and LY3039478, as well as 
the eNOS activator YC-1, improved the NASH phenotype in MCD diet-fed mice[102]. Although the role 
of LESCs in NAFLD has been increasingly emphasized, the underlying mechanisms and therapeutic 
approaches targeting LESCs need more exploration.

Cholangiocytes also play an important role in NASH development. In addition to hepatocytes, OPN 
is strongly expressed in cholangiocytes in NASH livers. Thus, it is highly possible that cholangiocyte-
derived OPN can promote liver fibrosis by activating HSCs[87]. Cardiotrophin-like cytokine factor 1 is 
another cholangiocyte-derived paracrine factor that exerts beneficial effects in NASH. Downregulation 
of a subunit of its receptor complex leukemia inhibitory factor receptor contributes to the progression of 
NASH[103]. Compared with other nonparenchymal cells, there are fewer studies addressing the effects 
of cholangiocytes on NASH, and a related therapeutic approach is still lacking.

POTENTIAL TARGETS OUTSIDE THE LIVER
It is well-established that multiple organs form a network to regulate whole-body energy metabolism. 
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Extrahepatic organs influence liver function in an endocrine manner by releasing hormones or inflam-
matory factors or by regulating systemic metabolic homeostasis such as energy expenditure and insulin 
sensitivity. Thus, targeting these extrahepatic organs provides additional options for treating 
NAFLD/NASH.

Targets affect systemic energy metabolism
Diets with reduced contents of sugars, refined carbohydrates and saturated fat are recommended to 
treat NAFLD[104]. Moreover, exercise is considered as an effective strategy for preventing and treating 
NAFLD via metabolic pathways and interorgan crosstalk[105]. Glucagon-like peptide (GLP)-1 receptor 
agonists, which enhance insulin secretion and reduce food intake, show beneficial effects against NASH 
in clinical trials[6]. In addition, fibroblast growth factor 21 analogs improved systemic energy 
metabolism and demonstrated potential in NASH therapy[6]. In a recent basic study, a novel Zn 
supplement, ulvan oligosaccharide (UO)-Zn, can activate AMPK, leading to improved metabolic 
pathways in HFD-fed mice[106]. The increased hepatic expression of branched chain ketoacid dehydro-
genase kinase (BDK) partly induced high levels of branched-chain amino acids (BCAA) in metabolic 
diseases[107-109]. Moreover, 3,6-dichlorobrenzo(b)thiophene-2-carboxylic acid, a small-molecule 
allosteric inhibitor of BDK, lowered levels of circulating BCAAs, reduced hepatic steatosis, and 
improved glucose tolerance in rodent models[107,108].

The gut-liver axis
The crosstalk between the gut and liver is regarded as an important pathway in regulating hepatic 
functions. Intestinal inflammation and dysfunction of intestinal lipid and bile acid absorption, epithelial 
cell permeability and the microbiome affect liver function and contribute to NAFLD progression. The 
relationship between gut microbiota and potential therapeutic targets has been recently discussed in 
depth elsewhere[110,111]; thus, we only focus on other aspects of the gut-liver axis.

Serum ceramide levels are positively related to NAFLD, and intestine-derived ceramide has been 
demonstrated to promote NAFLD[112,113]. Intestinal hypoxia-inducible factor 2α (HIF-2α) and 
myelocytomatosis oncogene (MYC) affect NAFLD by regulating ceramide metabolism. Intestinal HIF-2α
, but not HIF-1α, is activated in obese patients and mice. Intestine-specific HIF-2α knockout improves 
hepatic steatosis by decreasing intestine-derived ceramide levels. Mechanistically, HIF-2α transcrip-
tionally upregulates the expression of Neu3, a key enzyme in the ceramide salvage pathway. Targeting 
HIF-2α with its inhibitor PT2385 significantly attenuated hepatic lipid accumulation and decreased 
plasma ALT levels in HFD-fed mice[112]. Moreover, oral administration of PT2385 contributes to 
reduced body weight and improved insulin sensitivity[112]. Intestinal MYC expression is positively 
related to body mass index and serum ALT levels in humans. Genetic ablation of MYC in the intestine 
suppressed obesity and hepatic steatosis and led to decreased ceramide levels in HFD-fed mice. 
Ceramide synthase 4 has been further demonstrated to be a target gene of MYC. In line with this 
finding, pharmacological inhibition of MYC with 10058-F4 was found to ameliorate the metabolic 
disorders and liver fibrosis induced by HFD feeding[114]. In addition, increased intestinal ceramide also 
meditates the acceleration of NASH induced by nicotine[115].

Gut-derived 5-hydroxytryptamine (5-HT) has been reported to promote lipogenesis in the liver. 
Moreover, liver-specific knockout of the 5-HT receptor 2α (Htr2α) gene significantly lowered liver lipid 
content in HFD-fed mice and decreased the expression of genes involved in lipogenesis. To evaluate the 
potential of targeting the gut-5-HT-liver Htr2α pathway as a therapeutic strategy for NAFLD, the 5-HT 
receptor HTR2A antagonist sarpogrelate was used to treat HFD-fed mice. The results showed that 
sarpogrelate greatly ameliorates hepatic steatosis in NAFLD mice[116].

Yan et al[117] recently clarified that gut PPARα activation promotes NASH development by inducing 
fatty acid binding protein 1 expression, thereby aggravating fatty acid absorption in the small intestine
[117]. GW6471, a PPARα-specific antagonist, was found to accumulate in the small intestine at much 
higher levels than in the liver. Intestine-specific PPARα deficiency and gut PPARα antagonism by 
GW6471 both improve NASH phenotypes[117]. The pleotropic roles of PPARα in different tissues in 
modulating NASH are worth discussing. Hepatocyte PPARα is crucial for whole-body fatty acid 
homeostasis and is protective against NAFLD[118]. Therapeutic strategies to prevent or treat NAFLD by 
activating hepatocyte PPARα and/or inhibiting gut PPARα may help guide drug delivery. Monoacyl-
glycerol acyltransferase 2 (MGAT2) mediates the conversion of monoacylglycerol to diacylglycerol and 
is critical for dietary fat absorption. In the liver, MGAT2 regulates TG synthesis. BMS-963272, a potent 
MGAT2 inhibitor, improves the NAFLD activity score and liver fibrosis in NAFLD/NASH mice[119]. 
Of note, its safety has been confirmed in phase 1 clinical trials[119].

In addition, a long-acting dual agonist of GLP-1 and GLP-2 receptors, GLP1/2-Fc, has been found to 
greatly alter the microbiome composition and exhibits positive effects on gastrointestinal volume and 
the intestinal barrier. More importantly, GLP1/2-Fc can significantly ameliorate NASH phenotypes, 
including hepatic fat accumulation, inflammation, fibrosis and insulin tolerance[120], and its effects are 
superior to those of liraglutide, which has minimal efficacy on inflammation or fibrosis[121].
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The adipose tissue-liver axis
Recently, several novel adipokines have been identified and verified to play important roles in NASH 
development and progression by mediating the crosstalk between adipose tissue and the liver. Isthmin-
1 (ISM1) was identified as an adipokine that can activate phosphatidylinositol-4,5-bisphosphate 3-kinase 
(PI3K)-protein kinase B (Akt) signaling independent of insulin. ISM1 gene expression is positively 
correlated with body mass index, and its deficiency leads to glucose intolerance via inhibition of PI3K-
Akt signaling. In addition, ISM1 suppressed de novo lipogenesis in the liver. Recombinant ISM1 protein 
exhibited beneficial effects on both glucose tolerance and hepatic steatosis in NAFLD mice[122]. 
Recently, Liu et al[123] demonstrated that secreted protein acidic and rich in cysteine-like protein 1 
(Sparcl1), which is a white adipose tissue-secreted protein, is correlated with hepatic pathological 
features in NASH patients. The authors further found that sparcl1 can induce liver inflammation by 
increasing C-C motif chemokine ligand 2 expression in the liver. To further determine the role of sparcl1 
in the pathogenesis of NASH, the authors developed a neutralizing antibody against sparcl1 and found 
that the sparcl1-neutralizing antibody markedly ameliorated liver inflammation and liver fibrosis in 
NASH mice[123]. Gremlin 1, a newly identified adipokine, is positively related to insulin resistance and 
NAFLD/NASH. Treatment with recombinant Gremlin 1 protein impairs insulin sensitivity in various 
cell types, including human primary adipocytes, skeletal muscle cells, and liver cells. The insulin-
sensitizing effect of the neutralizing anti–Gremlin 1 antibody indicates its beneficial effects on insulin 
resistance and NAFLD/NASH[124]. Neuregulin 4 (NRG4) is an adipose tissue-derived endocrine factor 
that has been demonstrated to suppress NASH-associated HCC by restraining the tumor-prone liver 
immune microenvironment. A recombinant fusion protein comprising amino acids 1–55 of human 
NRG4 and the Fc domain of immunoglobulin G 1 was found to suppress HCC induced by a NASH diet 
plus oncogene overexpression[125].

SWELL1/LRRC8a, a leucine-rich repeat-containing transmembrane protein, functionally encodes an 
ion channel signaling complex on the adipocyte plasma membrane[126]. Adipocyte SWELL1 is 
dispensable for adipose development[127]. SWELL1 protein is reduced in the adipocytes of type 2 
diabetic animals. The small molecule SN-401, which binds at a constriction point within the SWELL 
hexamer, can increase adipocyte SWELL1 protein expression and SWELL1-dependent insulin signaling. 
Similarly, SN-401 can normalize glucose tolerance by augmenting tissue glucose uptake, suppressing 
hepatic glucose production, increasing serum fibroblast growth factor 21 levels, and reducing hepatic 
steatosis and hepatocyte ballooning in obese type 2 diabetic mice[128]. Taken together, these findings 
demonstrate that targeting the adipose tissue-liver axis may be an attractive strategy to treat 
NAFLD/NASH.

The skeletal muscle-liver axis
The crosstalk between skeletal muscle and the liver also impacts NAFLD progression. As one of the 
energy metabolism organs, skeletal muscle can affect liver lipid and glucose metabolism by regulating 
systemic metabolic homeostasis. In addition, decreased skeletal muscle mass and altered myokine 
secretion are associated with exacerbation of NAFLD progression[129,130]. Myostatin signaling 
negatively regulates muscle mass and is positively related to liver fibrosis[131]. Irisin (encoded by 
fibronectin type III domain containing 5, Fndc5), a myokine induced by exercise, is also expressed in 
adipose tissue and the liver. Serum irisin levels are inversely associated with TG content in the livers of 
obese adults[132]. Recombinant Fndc5/irisin significantly improved the NASH phenotype in HFD-fed 
mice[133]. The administration of nicotinamide riboside can alleviate obesity and steatosis by increasing 
irisin levels in HFD-fed mice[133]. Collectively, therapeutic strategies to improve skeletal muscle 
quantity and quality or target myokine signaling may provide promising options to treat NASH, but 
basic studies to collect more evidence are warranted.

CONCLUSION
Because of the urgent need to develop therapeutic approaches to treat NAFLD/NASH and the 
complexity of the pathophysiologic process of NAFLD, a large body of basic research has focused on the 
mechanisms of NAFLD to explore the possibility of applying new approaches to treat the disease 
(Tables 1 and 2). Metabolic stress-induced hepatocyte injury is an initial factor driving NASH 
development. Thus, in hepatocytes, strategies for treating NASH aim to improve metabolic disturbance 
and protect hepatocytes from injury. Alteration of the liver microenvironment and the interaction 
between diverse liver cells promote liver inflammation and fibrosis. Therefore, the inflammatory 
response of hepatocytes and immune cells in the liver is also an important target for NASH treatment. 
Strategies targeting HSC activation, proliferation and migration show beneficial effects on liver fibrosis 
and may become a novel way to attenuate NASH outcomes (Figure 1). As an indispensable part of 
hepatic metabolic regulation, extrahepatic organs play an essential role in liver lipid homeostasis, and 
their dysfunction contributes to the development and progression of NAFLD/NASH. The gut, adipose 
tissue and skeletal muscle can functionally affect liver or whole-body energy metabolic homeostasis via 
various endocrine factors (Figure 1 and Table 2).
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Table 1 Novel intrahepatic targets explored by recent basic study

Molecular target Potential agent Classification Function Effects on NAFLD Ref.

-Hepatic steatosis 

-Liver inflammation

SREBPs 25-HL Inhibitor Decrease TG and cholesterol 
synthesis

-Liver fibrosis

[10]

-Hepatic steatosis

-Liver inflammation

ORM2 Recombinant ORM2; 
ORM2-FC fusion protein

Recombinant protein Inhibit lipogenesis

-Liver fibrosis

[11]

-Hepatic steatosisSlc25al CTPI-2 Inhibitor Regulating cytoplasmic and 
mitochondrial citrate pool

-Liver inflammation

[12]

-Hepatic steatosis ACLY Bempedoic acid Inhibitor Inhibit ACLY activity

-Liver injury

[14]

SHMT1/2 SHIN2 IV Inhibitor Decrease serine catabolism 
derived NADPH

-Hepatic lipogenesis [16]

-Hepatic steatosisPCAF Embelin Inhibitor Inhibit acetylation of LDHB

-Liver inflammation

[17]

Ketohexokinase PF-06835919 Inhibitor Regulating fructose 
metabolism

-Fructose-induced liver 
steatosis

[18]

-Hepatic steatosis

-Liver inflammation

-Liver fibrosis

Mitochondrial 
uncoupling

Sorafenib Small molecule Induce mitochondrial 
uncoupling and activate 
AMPK

-NASH-associated 
HCC

[21]

+β-oxidation

-Hepatic steatosis

MCJ LNP-siMCJ; GalNAc-
siMCJ

Nucleic acid-based 
therapy

-Liver fibrosis

[20]

Cyclophilin D CsA Inhibitor -Hepatic steatosis [22]

-Hepatic steatosis

-Liver inflammation

ClpP A54556A Activator

-Liver fibrosis

[42]

-Hepatic steatosis

-Liver inflammation

SAB GalNAc-Sab ASO Nucleic acid-based 
therapy

-Liver fibrosis

[43]

-Hepatic steatosisACMSD TES-991 Inhibitor

Maintain mitochondrial 
function

-Liver inflammation

[45]

FOXA3 FOXA3 siRNA Nucleic acid-based 
therapy

Attenuate ER stress induced 
liver steatosis

-Hepatic steatosis [23]

-Hepatic steatosisTRIM5-DDX5 Hyperforcinol K N/A Inhibit ubiquitinated 
degradation of DDX5

-Liver inflammation

[24]

-Hepatic steatosis

-Liver inflammation

STK25 STK25 ASO Nucleic acid-based 
therapy

Regulating energy 
homeostasis

-Liver fibrosis

[28]

-Hepatic steatosis

-Liver inflammation

RORa RS-2982 Agonist Increase miR-122 level [30]
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-Liver fibrosis

-Hepatic steatosisHSD17B13 Reproterol Small molecule Induce the Ser33 
phosphorylation of 17β-
HSD13 protein -Liver fibrosis

[38]

-Hepatic steatosis

-Liver injury

PSD3 GalNAc-Psd3 ASO Nucleic acid-based 
therapy

Decrease TG synthesis

-Liver fibrosis

[39]

-Hepatic steatosis

-Liver inflammation

Nrf2 TBE-31; NK-252; 
Dimethyl fumarate

Activator Reduce oxidative stress

-Liver fibrosis

[51-53]

-Liver injuryBCL-2 A22 Small molecule Anti-apoptosis

-Liver fibrosis

[54]

-Hepatic steatosisRIPK1 RIPA-56 Inhibitor Abrogating necroptosis

-Liver inflammation

[56]

-Hepatic steatosis

-Liver inflammation

-Liver fibrosis

CXCR2 AZD5069 Inhibitor Inhibit neutrophil infilt-
ration

-NASH-associated 
HCC

[63,65]

-Hepatic steatosisMSR1 Anti-MSR1 antibody Neutralizing antibody Inhibit inflammatory 
response

-Liver inflammation

[67]

-Liver inflammationNLRP3 MCC950 Inhibitor

-Liver fibrosis

[68]

-Hepatic steatosis

-Liver inflammation

XBP1 Toyocamycin Inhibitor

Inhibit NLRP3 activation

-Liver fibrosis

[69]

-Hepatic steatosis

-Liver inflammation

DCs Curcumin; calcitriol Small molecule Shift hepatic DC inflam-
matory profile toward a 
regulatory phenotype

-Liver fibrosis

[72]

Hydrogen sulfide NaHS Hydrogen sulfide donor Prevent the accumulation of 
TNF-α-producing CX3CR1+ 
moDCs

-Liver injury [73]

-Hepatic steatosisTLR7 IRS-661 Antagonist Decrease proinflammatory 
cytokine production in 
Kupffer cells and DCs -Liver inflammation

[74]

-Hepatic steatosis

-Liver inflammation

Integrin Anti-α4β7 antibody Neutralizing antibody Decrease α4β7+ CD4 T-cell 
recruitment

-Liver fibrosis

[75]

Tregs Anti-CD25 antibodies Neutralizing antibody Deplete Tregs -NASH-associated 
HCC

[76]

-Hepatic steatosis

-Liver inflammation

BAFF Sandy-2 Neutralizing antibody Prevent hepatic B2-cell 
responses

-Liver fibrosis

[77]

Nicastrin ASO Nucleic acid-based 
therapy

-Liver fibrosis [85]Notch

NP- dibenzazepine Inhibitor with target 
delivery system

Inhibit Notch signaling

-Liver fibrosis [88]

-Liver inflammationNucleic acid-based Inhibit TAZ in hepatocyte TAZ GalNAc-TAZ siRNA [91]
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WISP1 Anti-WISP1 antibody therapy and inhibit HSC activation -Liver fibrosis [92]

Neutralizing antibody Inhibit HSC migration -Liver fibrosis

-Liver injuryIL-11 Anti-IL-11 antibody Neutralizing antibody Inhibit HSC activation; 
inhibit hepatocyte injury

-Liver fibrosis

[93]

JAK1/2 Ruxolitinib Inhibitor Inhibit HSC activation -Liver fibrosis [94]

JAK2 Pacritinib Inhibitor Inhibit HSC activation -Liver fibrosis [95]

STAT1 Rilpivirine Inhibitor Induce HSC apoptosis and 
promote hepatocyte prolif-
eration

-Liver fibrosis [96]

-Liver injuryPAR2 Pepducin PZ-235 Antagonist Inhibit HSC activation

-Liver fibrosis

[97]

-Liver inflammationVCAM-1 Anti-VCAM-1 antibody Neutralizing antibody Suppress monocyte 
adhesion to LSEC

-Liver fibrosis

[101]

-Hepatic steatosis

-Liver inflammation

eNOS YC-1 Activator Increase NO production 
from LSEC

-Liver fibrosis

[102]

-Hepatic steatosis

-Liver inflammation

Ltb4r1 CP-105696 Inhibitor Inhibit the effects of LTB4

-Liver fibrosis

[80]

mPGES-2 SZ0232 Inhibitor -Hepatic steatosis [31]

-Hepatic steatosis

-Liver inflammation

CYP4A TS-011 Inhibitor

Regulating ARA metabolism

-Liver fibrosis

[32]

-Liver inflammationN/A Icosabutate Structurally modified ω-3 
fatty acid

Resist oxidation and activate 
free fatty acid receptor 4

-Liver fibrosis

[84]

-: Inhibit; +: Stimulate; SREBPs: Sterol regulatory element-binding proteins; TG: Triglyceride; 25-HL: 25-Hydroxanoanosterol; HSC: Hepatic stellate cell; 
LSEC: Liver sinusoidal endothelial cell; NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic steatohepatitis; NO: Nitric oxide; N/A: No 
application; ORM2: Orosomucoid 2; ACLY: ATP-citrate lyase; SHMT1/2: Serine hydroxymethyltransferase 1/2; NADPH: Nicotinamide adenine 
dinucleotide phosphate; PCAF: P300/CBP-associated factor; LDHB: Lactate dehydrogenase B; AMPK: AMP-activated protein kinase; HCC: Hepatocellular 
carcinoma; MCJ: Methylation-controlled J; LNP: Lipid-nanoparticle-encapsulated; GalNAc: N-acetylgalactosamine; ClpP: Caseinolytic protease P; SAB: 
SH3 homology-associated BTK binding protein; ASO: Antisense oligonucleotides; ACMSD: α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase; 
FOXA3: Forkhead box A3; STK25: Sterile 20-type kinase serine/threonine kinase 25; RORa: Receptor-related orphan receptor alpha; PSD3: Pleckstrin and 
Sec7 domain-containing 3; Nrf2: Nuclear factor erythroid 2–related factor 2; RIPK1: Receptor-interacting protein kinase 1; CXCR2: CXC chemokine receptor 
2; MSR1: Macrophage scavenger receptor 1; NLRP3: NOD-like receptor protein 3; XBP1: X-box binding protein-1; DC: Dendritic cell; TLR7: Toll-like 
receptor 7; Tregs: Regulatory T cells; BAFF: B-cell activating factor; NP: Nanoparticle-encapsulated; TAZ: Transcriptional co-activator with PDZ-binding 
motif; WISP1: WNT1-inducible signaling pathway protein 1; IL-11: Interleukin-11; JAK: Janus kinase; STAT1: Signal transducer and activator of 
transcription 1; PAR2: Protease-activated receptor-2; VCAM: Vascular cell adhesion molecule; eNOS: Endothelial nitric oxide synthase; LTB4: Leukotriene 
B4; mPGES: Microsomal prostaglandin E synthases; ARA: Arachidonic acid; CYP4A: Cytochrome P450 4A14; CsA: Cyclosporine A; TRIM5: Tripartite motif 
protein 5; DDX5: DEAD-box protein 5.

With the rapid development of research techniques, single-cell sequencing and spatial transcrip-
tomics, single-cell proteomics and metabolomics have been widely used and will undoubtedly 
accelerate the discovery of novel NAFLD/NASH mechanisms and therapeutic targets. Drug libraries 
enable us to quickly find effective small molecules to target specific pathways identified in the basic 
research field. Endocrine factors that mediate the crosstalk between the liver and extrahepatic tissues 
provide an ideal target for developing neutralization antibodies or recombinant proteins for the 
treatment of NAFLD/NASH. In addition to traditional small molecules, neutralizing antibodies and 
recombinant proteins, nucleic acid-based therapy has become an attractive approach for the 
development of drugs for NAFLD/NASH patients. Nucleic acid-based therapeutics include ASOs, 
siRNAs, miRNAs and mRNAs with modifications to improve their stability, immunogenicity, and 
diversity[134]. Through nucleic acid-based approaches, therapeutic target genes can be specifically 
silenced or overexpressed in the liver. As an example, the safety and efficiency of HSD17B13 RNAi[36] 
and DGAT2 ASOs have been examined in a few clinical trials, which showed a positive impact on liver 
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Table 2 Novel extrahepatic targets explored by recent basic study

Molecular target Potential agent Classification Function Effect Ref.

AMPK UO-Zn Small molecule Improve lipid metabolism -Lipid accumulation in 
liver and circulation

[106]

-Hepatic steatosis

-Liver inflammation

BDK BT2 Inhibitor Regulating BCAA metabolism

-Liver fibrosis

[107,108]

-Hepatic steatosisHIF-2α (gut) PT2385 Inhibitor Decrease intestine-derived 
ceramide

-Liver injury

[112]

-Hepatic steatosis

-Liver injury

MYC (gut) 10058-F4 Inhibitor Decrease intestine-derived 
ceramide

-Liver fibrosis

[114]

5-HT(gut)/HTR2A Sarpogrelate Antagonist Inhibit gut-5-HT-liver Htr2α 
pathway

-Hepatic steatosis [116]

-Hepatic steatosis

-Liver inflammation

PPARα (gut) GW6471 Antagonist Inhibit fatty acid absorption by 
intestine

-Liver fibrosis

[117]

-Liver inflammationMGAT2 BMS-963272 Inhibitor Regulating fat absorption and 
liver TG synthesis

-Liver fibrosis

[119]

-Hepatic steatosisISM1 (AT) Recombinant Ism1 Recombinant protein Suppress lipogenesis in liver

+Glucose tolerance

[122]

-Liver inflammationSparcl1 (AT) Anti-Sparcl1 antibody Neutralizing antibody Decrease CCL2 expression in 
liver

-Liver fibrosis

[123]

Gremlin 1 (AT) Anti-Gremlin 1 
antibody

Neutralizing antibody Increase insulin sensitivity -Insulin resistance [124]

NRG4 hNRG4-Fc Recombinant protein Restrain the tumor-prone liver 
immune microenvironment

-NASH-associated HCC [125]

+Insulin sensitivity

-Hepatic steatosis

SWELL1/LRRC8a (AT) SN-401 Small molecule Enhance insulin sensitivity 
and secretion

-Hepatocyte damage

[128]

AT: Adipose tissue; -: Inhibit; +: Stimulate; AMPK: AMP-activated protein kinase; BDK: Branched chain ketoacid dehydrogenase kinase; BCAA: Branched-
chain amino acids; HIF-2α: Hypoxia-inducible factor 2α; MYC: Myelocytomatosis oncogene; 5-HT: 5-hydroxytryptamine; PPAR: Peroxisome proliferator-
activated receptor; MGAT2: Monoacylglycerol acyltransferase 2; TG: Triglyceride; ISM1: Isthmin-1; Sparcl1: Secreted protein acidic and rich in cysteine-like 
protein 1; CCL2: C-C motif chemokine ligand 2; NRG4: Neuregulin 4; hNRG4-Fc: Human NRG4 and the Fc domain of immunoglobulin G 1; NASH: 
Nonalcoholic steatohepatitis; HCC: Hepatocellular carcinoma; UO: Ulvan oligosaccharide; BT2: 3,6-dichlorobrenzo(b)thiophene-2-carboxylic acid.

function and stiffness in patients with NASH[135].
To avoid side effects, efforts have been made to better target the liver or more accurately target 

specific hepatic cell types by exploring novel drug delivery systems. Based on the hepatocyte-specific 
expression of asialoglycoprotein receptor, conjugation of GalNAc with nucleic acids or nanoparticles 
can provide better targeting to hepatocytes. To specifically target HSCs, nanoparticles integrated with 
vitamin A, cyclic peptides, mannose 6-phosphate, and antibodies against synaptophysin have shown 
high affinity for HSCs[136,137]. By using these approaches, drugs can be more precisely delivered to 
HSCs to alleviate NASH-related liver fibrosis. For hepatic macrophages, nanoparticles modified with 
the phospholipid serine to mimic apoptotic cells can enhance uptake of the nanoparticles by hepatic 
macrophages[137]. However, challenges remain in targeting other cell types.

Finally, novel preclinical and in vitro models are required for drug screening for NASH. A 3D human 
liver model constructed via coculture of hepatocytes with non-parenchymal cells in a 3D collagen matrix 
has been shown to mimic NASH features when treated with free fatty acids and TNF-α[138]. Liver 
organoids from pluripotent stem cells or induced pluripotent stem cells also provide unique preclinical 
platforms to fill the gap between animal studies and clinical trials for therapeutic target validation and 
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Figure 1 An overview of intrahepatic and extrahepatic targets for nonalcoholic fatty liver disease/nonalcoholic steatohepatitis treatment. 
In hepatocytes, strategies for treating nonalcoholic fatty liver disease (NAFLD)/nonalcoholic steatohepatitis (NASH) aim to improve metabolic disturbance and protect 
hepatocytes from injury. In the liver, the crosstalk network of nonparenchymal cells, including immune cells, hepatic stellate cells, liver sinusoidal endothelial cells and 
hepatocytes, is an important target for NAFLD/NASH. Outside the liver, the gut, adipose tissue and skeletal muscle interact with the liver via various endocrine factors 
or affect whole-body energy metabolic homeostasis, which has been verified to be an extrahepatic target for NAFLD/NASH treatment. EC: Epithelial cell; HSC: 
Hepatic stellate cell; LSEC: Liver sinusoidal endothelial cell; NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic steatohepatitis; NO: Nitric oxide.

drug development[139].

FOOTNOTES
Author contributions: Wang GY and Wang CJ contributed to the drafting and figure composition of the manuscript; 
Zhang XY contributed to the editing and corrections of the manuscript; Wang CJ and Guan YF designed the overall 
concept and outline of the manuscript; all authors have read and approve the final manuscript.

Supported by National Natural Science Foundation of China, No. 82170635, No. 81822006, and No. 81970606; Natural 
Science Foundation of Tianjin, No. 20JCYBJC01120.

Conflict-of-interest statement: All the authors report no relevant conflicts of interest for this article.

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

Country/Territory of origin: China

ORCID number: You-Fei Guan 0000-0002-5231-0209.

S-Editor: Fan JR 
L-Editor: A 
P-Editor: Fan JR

REFERENCES
Schuster S, Cabrera D, Arrese M, Feldstein AE. Triggering and resolution of inflammation in NASH. Nat Rev 
Gastroenterol Hepatol 2018; 15: 349-364 [PMID: 29740166 DOI: 10.1038/s41575-018-0009-6]

1     

Younossi Z, Stepanova M, Ong JP, Jacobson IM, Bugianesi E, Duseja A, Eguchi Y, Wong VW, Negro F, Yilmaz Y, 
Romero-Gomez M, George J, Ahmed A, Wong R, Younossi I, Ziayee M, Afendy A; Global Nonalcoholic Steatohepatitis 

2     

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0002-5231-0209
http://orcid.org/0000-0002-5231-0209
http://www.ncbi.nlm.nih.gov/pubmed/29740166
https://dx.doi.org/10.1038/s41575-018-0009-6


Wang GY et al. Basic study for NAFLD treatment

WJG https://www.wjgnet.com 89 January 7, 2023 Volume 29 Issue 1

Council. Nonalcoholic Steatohepatitis Is the Fastest Growing Cause of Hepatocellular Carcinoma in Liver Transplant 
Candidates. Clin Gastroenterol Hepatol 2019; 17: 748-755.e3 [PMID: 29908364 DOI: 10.1016/j.cgh.2018.05.057]
Diehl AM, Day C. Cause, Pathogenesis, and Treatment of Nonalcoholic Steatohepatitis. N Engl J Med 2017; 377: 2063-
2072 [PMID: 29166236 DOI: 10.1056/NEJMra1503519]

3     

Sheka AC, Adeyi O, Thompson J, Hameed B, Crawford PA, Ikramuddin S. Nonalcoholic Steatohepatitis: A Review. 
JAMA 2020; 323: 1175-1183 [PMID: 32207804 DOI: 10.1001/jama.2020.2298]

4     

Lassailly G, Caiazzo R, Ntandja-Wandji LC, Gnemmi V, Baud G, Verkindt H, Ningarhari M, Louvet A, Leteurtre E, 
Raverdy V, Dharancy S, Pattou F, Mathurin P. Bariatric Surgery Provides Long-term Resolution of Nonalcoholic 
Steatohepatitis and Regression of Fibrosis. Gastroenterology 2020; 159: 1290-1301.e5 [PMID: 32553765 DOI: 
10.1053/j.gastro.2020.06.006]

5     

Yang YY, Xie L, Zhang NP, Zhou D, Liu TT, Wu J. Updates on novel pharmacotherapeutics for the treatment of 
nonalcoholic steatohepatitis. Acta Pharmacol Sin 2022; 43: 1180-1190 [PMID: 35190696 DOI: 
10.1038/s41401-022-00860-3]

6     

Arab JP, Arrese M, Trauner M. Recent Insights into the Pathogenesis of Nonalcoholic Fatty Liver Disease. Annu Rev 
Pathol 2018; 13: 321-350 [PMID: 29414249 DOI: 10.1146/annurev-pathol-020117-043617]

7     

Peiseler M, Schwabe R, Hampe J, Kubes P, Heikenwälder M, Tacke F. Immune mechanisms linking metabolic injury to 
inflammation and fibrosis in fatty liver disease - novel insights into cellular communication circuits. J Hepatol 2022; 77: 
1136-1160 [PMID: 35750137 DOI: 10.1016/j.jhep.2022.06.012]

8     

Loomba R, Mohseni R, Lucas KJ, Gutierrez JA, Perry RG, Trotter JF, Rahimi RS, Harrison SA, Ajmera V, Wayne JD, 
O'Farrell M, McCulloch W, Grimmer K, Rinella M, Wai-Sun Wong V, Ratziu V, Gores GJ, Neuschwander-Tetri BA, 
Kemble G. TVB-2640 (FASN Inhibitor) for the Treatment of Nonalcoholic Steatohepatitis: FASCINATE-1, a 
Randomized, Placebo-Controlled Phase 2a Trial. Gastroenterology 2021; 161: 1475-1486 [PMID: 34310978 DOI: 
10.1053/j.gastro.2021.07.025]

9     

Jiang SY, Yang X, Yang Z, Li JW, Xu MQ, Qu YX, Tang JJ, Li YF, Wang L, Shao YW, Meng XY, Hu H, Song BL, Rao 
Y, Qi W. Discovery of an insulin-induced gene binding compound that ameliorates nonalcoholic steatohepatitis by 
inhibiting sterol regulatory element-binding protein-mediated lipogenesis. Hepatology 2022; 76: 1466-1481 [PMID: 
35102596 DOI: 10.1002/hep.32381]

10     

Zhou B, Luo Y, Ji N, Hu C, Lu Y. Orosomucoid 2 maintains hepatic lipid homeostasis through suppression of de novo 
lipogenesis. Nat Metab 2022; 4: 1185-1201 [PMID: 36050503 DOI: 10.1038/s42255-022-00627-4]

11     

Tan M, Mosaoa R, Graham GT, Kasprzyk-Pawelec A, Gadre S, Parasido E, Catalina-Rodriguez O, Foley P, Giaccone G, 
Cheema A, Kallakury B, Albanese C, Yi C, Avantaggiati ML. Inhibition of the mitochondrial citrate carrier, Slc25a1, 
reverts steatosis, glucose intolerance, and inflammation in preclinical models of NAFLD/NASH. Cell Death Differ 2020; 
27: 2143-2157 [PMID: 31959914 DOI: 10.1038/s41418-020-0491-6]

12     

Ryaboshapkina M, Hammar M. Human hepatic gene expression signature of non-alcoholic fatty liver disease 
progression, a meta-analysis. Sci Rep 2017; 7: 12361 [PMID: 28955037 DOI: 10.1038/s41598-017-10930-w]

13     

Morrow MR, Batchuluun B, Wu J, Ahmadi E, Leroux JM, Mohammadi-Shemirani P, Desjardins EM, Wang Z, Tsakiridis 
EE, Lavoie DCT, Reihani A, Smith BK, Kwiecien JM, Lally JSV, Nero TL, Parker MW, Ask K, Scott JW, Jiang L, Paré 
G, Pinkosky SL, Steinberg GR. Inhibition of ATP-citrate lyase improves NASH, liver fibrosis, and dyslipidemia. Cell 
Metab 2022; 34: 919-936.e8 [PMID: 35675800 DOI: 10.1016/j.cmet.2022.05.004]

14     

García-Cañaveras JC, Lancho O, Ducker GS, Ghergurovich JM, Xu X, da Silva-Diz V, Minuzzo S, Indraccolo S, Kim 
H, Herranz D, Rabinowitz JD. SHMT inhibition is effective and synergizes with methotrexate in T-cell acute 
lymphoblastic leukemia. Leukemia 2021; 35: 377-388 [PMID: 32382081 DOI: 10.1038/s41375-020-0845-6]

15     

Zhang Z, TeSlaa T, Xu X, Zeng X, Yang L, Xing G, Tesz GJ, Clasquin MF, Rabinowitz JD. Serine catabolism generates 
liver NADPH and supports hepatic lipogenesis. Nat Metab 2021; 3: 1608-1620 [PMID: 34845393 DOI: 
10.1038/s42255-021-00487-4]

16     

Wang T, Chen K, Yao W, Zheng R, He Q, Xia J, Li J, Shao Y, Zhang L, Huang L, Qin L, Xu M, Zhang Z, Pan D, Li Z, 
Huang F. Acetylation of lactate dehydrogenase B drives NAFLD progression by impairing lactate clearance. J Hepatol 
2021; 74: 1038-1052 [PMID: 33248168 DOI: 10.1016/j.jhep.2020.11.028]

17     

Gutierrez JA, Liu W, Perez S, Xing G, Sonnenberg G, Kou K, Blatnik M, Allen R, Weng Y, Vera NB, Chidsey K, 
Bergman A, Somayaji V, Crowley C, Clasquin MF, Nigam A, Fulham MA, Erion DM, Ross TT, Esler WP, Magee TV, 
Pfefferkorn JA, Bence KK, Birnbaum MJ, Tesz GJ. Pharmacologic inhibition of ketohexokinase prevents fructose-
induced metabolic dysfunction. Mol Metab 2021; 48: 101196 [PMID: 33667726 DOI: 10.1016/j.molmet.2021.101196]

18     

Di Ciaula A, Passarella S, Shanmugam H, Noviello M, Bonfrate L, Wang DQ, Portincasa P. Nonalcoholic Fatty Liver 
Disease (NAFLD). Mitochondria as Players and Targets of Therapies? Int J Mol Sci 2021; 22 [PMID: 34065331 DOI: 
10.3390/ijms22105375]

19     

Barbier-Torres L, Fortner KA, Iruzubieta P, Delgado TC, Giddings E, Chen Y, Champagne D, Fernández-Ramos D, 
Mestre D, Gomez-Santos B, Varela-Rey M, de Juan VG, Fernández-Tussy P, Zubiete-Franco I, García-Monzón C, 
González-Rodríguez Á, Oza D, Valença-Pereira F, Fang Q, Crespo J, Aspichueta P, Tremblay F, Christensen BC, Anguita 
J, Martínez-Chantar ML, Rincón M. Silencing hepatic MCJ attenuates non-alcoholic fatty liver disease (NAFLD) by 
increasing mitochondrial fatty acid oxidation. Nat Commun 2020; 11: 3360 [PMID: 32620763 DOI: 
10.1038/s41467-020-16991-2]

20     

Jian C, Fu J, Cheng X, Shen LJ, Ji YX, Wang X, Pan S, Tian H, Tian S, Liao R, Song K, Wang HP, Zhang X, Wang Y, 
Huang Z, She ZG, Zhang XJ, Zhu L, Li H. Low-Dose Sorafenib Acts as a Mitochondrial Uncoupler and Ameliorates 
Nonalcoholic Steatohepatitis. Cell Metab 2020; 31: 892-908.e11 [PMID: 32375062 DOI: 10.1016/j.cmet.2020.04.011]

21     

Wang X, Du H, Shao S, Bo T, Yu C, Chen W, Zhao L, Li Q, Wang L, Liu X, Su X, Sun M, Song Y, Gao L, Zhao J. 
Cyclophilin D deficiency attenuates mitochondrial perturbation and ameliorates hepatic steatosis. Hepatology 2018; 68: 
62-77 [PMID: 29356058 DOI: 10.1002/hep.29788]

22     

Liu C, Zhou B, Meng M, Zhao W, Wang D, Yuan Y, Zheng Y, Qiu J, Li Y, Li G, Xiong X, Bian H, Zhang H, Wang H, 
Ma X, Hu C, Xu L, Lu Y. FOXA3 induction under endoplasmic reticulum stress contributes to non-alcoholic fatty liver 

23     

http://www.ncbi.nlm.nih.gov/pubmed/29908364
https://dx.doi.org/10.1016/j.cgh.2018.05.057
http://www.ncbi.nlm.nih.gov/pubmed/29166236
https://dx.doi.org/10.1056/NEJMra1503519
http://www.ncbi.nlm.nih.gov/pubmed/32207804
https://dx.doi.org/10.1001/jama.2020.2298
http://www.ncbi.nlm.nih.gov/pubmed/32553765
https://dx.doi.org/10.1053/j.gastro.2020.06.006
http://www.ncbi.nlm.nih.gov/pubmed/35190696
https://dx.doi.org/10.1038/s41401-022-00860-3
http://www.ncbi.nlm.nih.gov/pubmed/29414249
https://dx.doi.org/10.1146/annurev-pathol-020117-043617
http://www.ncbi.nlm.nih.gov/pubmed/35750137
https://dx.doi.org/10.1016/j.jhep.2022.06.012
http://www.ncbi.nlm.nih.gov/pubmed/34310978
https://dx.doi.org/10.1053/j.gastro.2021.07.025
http://www.ncbi.nlm.nih.gov/pubmed/35102596
https://dx.doi.org/10.1002/hep.32381
http://www.ncbi.nlm.nih.gov/pubmed/36050503
https://dx.doi.org/10.1038/s42255-022-00627-4
http://www.ncbi.nlm.nih.gov/pubmed/31959914
https://dx.doi.org/10.1038/s41418-020-0491-6
http://www.ncbi.nlm.nih.gov/pubmed/28955037
https://dx.doi.org/10.1038/s41598-017-10930-w
http://www.ncbi.nlm.nih.gov/pubmed/35675800
https://dx.doi.org/10.1016/j.cmet.2022.05.004
http://www.ncbi.nlm.nih.gov/pubmed/32382081
https://dx.doi.org/10.1038/s41375-020-0845-6
http://www.ncbi.nlm.nih.gov/pubmed/34845393
https://dx.doi.org/10.1038/s42255-021-00487-4
http://www.ncbi.nlm.nih.gov/pubmed/33248168
https://dx.doi.org/10.1016/j.jhep.2020.11.028
http://www.ncbi.nlm.nih.gov/pubmed/33667726
https://dx.doi.org/10.1016/j.molmet.2021.101196
http://www.ncbi.nlm.nih.gov/pubmed/34065331
https://dx.doi.org/10.3390/ijms22105375
http://www.ncbi.nlm.nih.gov/pubmed/32620763
https://dx.doi.org/10.1038/s41467-020-16991-2
http://www.ncbi.nlm.nih.gov/pubmed/32375062
https://dx.doi.org/10.1016/j.cmet.2020.04.011
http://www.ncbi.nlm.nih.gov/pubmed/29356058
https://dx.doi.org/10.1002/hep.29788


Wang GY et al. Basic study for NAFLD treatment

WJG https://www.wjgnet.com 90 January 7, 2023 Volume 29 Issue 1

disease. J Hepatol 2021; 75: 150-162 [PMID: 33548387 DOI: 10.1016/j.jhep.2021.01.042]
Zhang Y, Ye S, Lu W, Zhong J, Leng Y, Yang T, Luo J, Xu W, Zhang H, Kong L. RNA helicase DEAD-box protein 5 
alleviates nonalcoholic steatohepatitis progression via tethering TSC complex and suppressing mTORC1 signaling. 
Hepatology 2022 [PMID: 35796622 DOI: 10.1002/hep.32651]

24     

Amrutkar M, Kern M, Nuñez-Durán E, Ståhlman M, Cansby E, Chursa U, Stenfeldt E, Borén J, Blüher M, Mahlapuu M. 
Protein kinase STK25 controls lipid partitioning in hepatocytes and correlates with liver fat content in humans. 
Diabetologia 2016; 59: 341-353 [PMID: 26553096 DOI: 10.1007/s00125-015-3801-7]

25     

Amrutkar M, Cansby E, Nuñez-Durán E, Pirazzi C, Ståhlman M, Stenfeldt E, Smith U, Borén J, Mahlapuu M. Protein 
kinase STK25 regulates hepatic lipid partitioning and progression of liver steatosis and NASH. FASEB J 2015; 29: 1564-
1576 [PMID: 25609431 DOI: 10.1096/fj.14-264937]

26     

Amrutkar M, Chursa U, Kern M, Nuñez-Durán E, Ståhlman M, Sütt S, Borén J, Johansson BR, Marschall HU, Blüher 
M, Mahlapuu M. STK25 is a critical determinant in nonalcoholic steatohepatitis. FASEB J 2016; 30: 3628-3643 [PMID: 
27421788 DOI: 10.1096/fj.201600562R]

27     

Nuñez-Durán E, Aghajan M, Amrutkar M, Sütt S, Cansby E, Booten SL, Watt A, Ståhlman M, Stefan N, Häring HU, 
Staiger H, Borén J, Marschall HU, Mahlapuu M. Serine/threonine protein kinase 25 antisense oligonucleotide treatment 
reverses glucose intolerance, insulin resistance, and nonalcoholic fatty liver disease in mice. Hepatol Commun 2018; 2: 
69-83 [PMID: 29404514 DOI: 10.1002/hep4.1128]

28     

Kurhe Y, Caputo M, Cansby E, Xia Y, Kumari S, Anand SK, Howell BW, Marschall HU, Mahlapuu M. Antagonizing 
STK25 Signaling Suppresses the Development of Hepatocellular Carcinoma Through Targeting Metabolic, Inflammatory, 
and Pro-Oncogenic Pathways. Cell Mol Gastroenterol Hepatol 2022; 13: 405-423 [PMID: 34624527 DOI: 
10.1016/j.jcmgh.2021.09.018]

29     

Chai C, Cox B, Yaish D, Gross D, Rosenberg N, Amblard F, Shemuelian Z, Gefen M, Korach A, Tirosh O, Lanton T, 
Link H, Tam J, Permyakova A, Ozhan G, Citrin J, Liao H, Tannous M, Hahn M, Axelrod J, Arretxe E, Alonso C, 
Martinez-Arranz I, Betés PO, Safadi R, Salhab A, Amer J, Tber Z, Mengshetti S, Giladi H, Schinazi RF, Galun E. Agonist 
of RORA Attenuates Nonalcoholic Fatty Liver Progression in Mice via Up-regulation of MicroRNA 122. 
Gastroenterology 2020; 159: 999-1014.e9 [PMID: 32450149 DOI: 10.1053/j.gastro.2020.05.056]

30     

Zhong D, Cai J, Hu C, Chen J, Zhang R, Fan C, Li S, Zhang H, Xu Z, Jia Z, Guo D, Sun Y. Inhibition of mPGES-2 
ameliorates NASH by activating NR1D1 via heme. Hepatology 2022 [PMID: 35839302 DOI: 10.1002/hep.32671]

31     

Zhang X, Li S, Zhou Y, Su W, Ruan X, Wang B, Zheng F, Warner M, Gustafsson JÅ, Guan Y. Ablation of cytochrome 
P450 omega-hydroxylase 4A14 gene attenuates hepatic steatosis and fibrosis. Proc Natl Acad Sci U S A 2017; 114: 3181-
3185 [PMID: 28270609 DOI: 10.1073/pnas.1700172114]

32     

Li S, Su W, Zhang XY, Guan YF. [Arachidonic acid metabolism in liver glucose and lipid homeostasis]. Sheng Li Xue 
Bao 2021; 73: 657-664 [PMID: 34405221]

33     

Su W, Wang Y, Jia X, Wu W, Li L, Tian X, Li S, Wang C, Xu H, Cao J, Han Q, Xu S, Chen Y, Zhong Y, Zhang X, Liu 
P, Gustafsson JÅ, Guan Y. Comparative proteomic study reveals 17β-HSD13 as a pathogenic protein in nonalcoholic fatty 
liver disease. Proc Natl Acad Sci U S A 2014; 111: 11437-11442 [PMID: 25028495 DOI: 10.1073/pnas.1410741111]

34     

Kozlitina J. Genetic Risk Factors and Disease Modifiers of Nonalcoholic Steatohepatitis. Gastroenterol Clin North Am 
2020; 49: 25-44 [PMID: 32033763 DOI: 10.1016/j.gtc.2019.09.001]

35     

Zhang HB, Su W, Xu H, Zhang XY, Guan YF. HSD17B13: A Potential Therapeutic Target for NAFLD. Front Mol 
Biosci 2021; 8: 824776 [PMID: 35071330 DOI: 10.3389/fmolb.2021.824776]

36     

Su W, Mao Z, Liu Y, Zhang X, Zhang W, Gustafsson JA, Guan Y. Role of HSD17B13 in the liver physiology and 
pathophysiology. Mol Cell Endocrinol 2019; 489: 119-125 [PMID: 30365983 DOI: 10.1016/j.mce.2018.10.014]

37     

Su W, Wu S, Yang Y, Guo Y, Zhang H, Su J, Chen L, Mao Z, Lan R, Cao R, Wang C, Xu H, Zhang C, Li S, Gao M, 
Chen X, Zheng Z, Wang B, Liu Y, Liu Z, Wang Z, Liu B, Fan X, Zhang X, Guan Y. Phosphorylation of 17β-
hydroxysteroid dehydrogenase 13 at serine 33 attenuates nonalcoholic fatty liver disease in mice. Nat Commun 2022; 13: 
6577 [PMID: 36323699 DOI: 10.1038/s41467-022-34299-1]

38     

Mancina RM, Sasidharan K, Lindblom A, Wei Y, Ciociola E, Jamialahmadi O, Pingitore P, Andréasson AC, Pellegrini 
G, Baselli G, Männistö V, Pihlajamäki J, Kärjä V, Grimaudo S, Marini I, Maggioni M, Becattini B, Tavaglione F, Dix C, 
Castaldo M, Klein S, Perelis M, Pattou F, Thuillier D, Raverdy V, Dongiovanni P, Fracanzani AL, Stickel F, Hampe J, 
Buch S, Luukkonen PK, Prati D, Yki-Järvinen H, Petta S, Xing C, Schafmayer C, Aigner E, Datz C, Lee RG, Valenti L, 
Lindén D, Romeo S. PSD3 downregulation confers protection against fatty liver disease. Nat Metab 2022; 4: 60-75 
[PMID: 35102341 DOI: 10.1038/s42255-021-00518-0]

39     

Loomba R, Friedman SL, Shulman GI. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell 
2021; 184: 2537-2564 [PMID: 33989548 DOI: 10.1016/j.cell.2021.04.015]

40     

Ioannou GN. The Role of Cholesterol in the Pathogenesis of NASH. Trends Endocrinol Metab 2016; 27: 84-95 [PMID: 
26703097 DOI: 10.1016/j.tem.2015.11.008]

41     

Choi SE, Hwang Y, Lee SJ, Jung H, Shin TH, Son Y, Park S, Han SJ, Kim HJ, Lee KW, Lee G, Kemper JK, Song HK, 
Kang Y. Mitochondrial protease ClpP supplementation ameliorates diet-induced NASH in mice. J Hepatol 2022; 77: 735-
747 [PMID: 35421426 DOI: 10.1016/j.jhep.2022.03.034]

42     

Win S, Min RWM, Zhang J, Kanel G, Wanken B, Chen Y, Li M, Wang Y, Suzuki A, Aung FWM, Murray SF, Aghajan 
M, Than TA, Kaplowitz N. Hepatic Mitochondrial SAB Deletion or Knockdown Alleviates Diet-Induced Metabolic 
Syndrome, Steatohepatitis, and Hepatic Fibrosis. Hepatology 2021; 74: 3127-3145 [PMID: 34331779 DOI: 
10.1002/hep.32083]

43     

Tang BL. Sirt1 and the Mitochondria. Mol Cells 2016; 39: 87-95 [PMID: 26831453 DOI: 10.14348/molcells.2016.2318]44     
Katsyuba E, Mottis A, Zietak M, De Franco F, van der Velpen V, Gariani K, Ryu D, Cialabrini L, Matilainen O, Liscio P, 
Giacchè N, Stokar-Regenscheit N, Legouis D, de Seigneux S, Ivanisevic J, Raffaelli N, Schoonjans K, Pellicciari R, 
Auwerx J. De novo NAD(+) synthesis enhances mitochondrial function and improves health. Nature 2018; 563: 354-359 
[PMID: 30356218 DOI: 10.1038/s41586-018-0645-6]

45     

http://www.ncbi.nlm.nih.gov/pubmed/33548387
https://dx.doi.org/10.1016/j.jhep.2021.01.042
http://www.ncbi.nlm.nih.gov/pubmed/35796622
https://dx.doi.org/10.1002/hep.32651
http://www.ncbi.nlm.nih.gov/pubmed/26553096
https://dx.doi.org/10.1007/s00125-015-3801-7
http://www.ncbi.nlm.nih.gov/pubmed/25609431
https://dx.doi.org/10.1096/fj.14-264937
http://www.ncbi.nlm.nih.gov/pubmed/27421788
https://dx.doi.org/10.1096/fj.201600562R
http://www.ncbi.nlm.nih.gov/pubmed/29404514
https://dx.doi.org/10.1002/hep4.1128
http://www.ncbi.nlm.nih.gov/pubmed/34624527
https://dx.doi.org/10.1016/j.jcmgh.2021.09.018
http://www.ncbi.nlm.nih.gov/pubmed/32450149
https://dx.doi.org/10.1053/j.gastro.2020.05.056
http://www.ncbi.nlm.nih.gov/pubmed/35839302
https://dx.doi.org/10.1002/hep.32671
http://www.ncbi.nlm.nih.gov/pubmed/28270609
https://dx.doi.org/10.1073/pnas.1700172114
http://www.ncbi.nlm.nih.gov/pubmed/34405221
http://www.ncbi.nlm.nih.gov/pubmed/25028495
https://dx.doi.org/10.1073/pnas.1410741111
http://www.ncbi.nlm.nih.gov/pubmed/32033763
https://dx.doi.org/10.1016/j.gtc.2019.09.001
http://www.ncbi.nlm.nih.gov/pubmed/35071330
https://dx.doi.org/10.3389/fmolb.2021.824776
http://www.ncbi.nlm.nih.gov/pubmed/30365983
https://dx.doi.org/10.1016/j.mce.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/36323699
https://dx.doi.org/10.1038/s41467-022-34299-1
http://www.ncbi.nlm.nih.gov/pubmed/35102341
https://dx.doi.org/10.1038/s42255-021-00518-0
http://www.ncbi.nlm.nih.gov/pubmed/33989548
https://dx.doi.org/10.1016/j.cell.2021.04.015
http://www.ncbi.nlm.nih.gov/pubmed/26703097
https://dx.doi.org/10.1016/j.tem.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/35421426
https://dx.doi.org/10.1016/j.jhep.2022.03.034
http://www.ncbi.nlm.nih.gov/pubmed/34331779
https://dx.doi.org/10.1002/hep.32083
http://www.ncbi.nlm.nih.gov/pubmed/26831453
https://dx.doi.org/10.14348/molcells.2016.2318
http://www.ncbi.nlm.nih.gov/pubmed/30356218
https://dx.doi.org/10.1038/s41586-018-0645-6


Wang GY et al. Basic study for NAFLD treatment

WJG https://www.wjgnet.com 91 January 7, 2023 Volume 29 Issue 1

Chen XY, Cai CZ, Yu ML, Feng ZM, Zhang YW, Liu PH, Zeng H, Yu CH. LB100 ameliorates nonalcoholic fatty liver 
disease via the AMPK/Sirt1 pathway. World J Gastroenterol 2019; 25: 6607-6618 [PMID: 31832001 DOI: 
10.3748/wjg.v25.i45.6607]

46     

Li CX, Gao JG, Wan XY, Chen Y, Xu CF, Feng ZM, Zeng H, Lin YM, Ma H, Xu P, Yu CH, Li YM. Allyl isothiocyanate 
ameliorates lipid accumulation and inflammation in nonalcoholic fatty liver disease via the Sirt1/AMPK and NF-κB 
signaling pathways. World J Gastroenterol 2019; 25: 5120-5133 [PMID: 31558861 DOI: 10.3748/wjg.v25.i34.5120]

47     

Zhang Y, Geng C, Liu X, Li M, Gao M, Fang F, Chang Y. Celastrol ameliorates liver metabolic damage caused by a 
high-fat diet through Sirt1. Mol Metab 2017; 6: 138-147 [PMID: 28123944 DOI: 10.1016/j.molmet.2016.11.002]

48     

Liu X, Gao Y, Li M, Geng C, Xu H, Yang Y, Guo Y, Jiao T, Fang F, Chang Y. Sirt1 mediates the effect of the heme 
oxygenase inducer, cobalt protoporphyrin, on ameliorating liver metabolic damage caused by a high-fat diet. J Hepatol 
2015; 63: 713-721 [PMID: 26026874 DOI: 10.1016/j.jhep.2015.05.018]

49     

Mohs A, Otto T, Schneider KM, Peltzer M, Boekschoten M, Holland CH, Hudert CA, Kalveram L, Wiegand S, Saez-
Rodriguez J, Longerich T, Hengstler JG, Trautwein C. Hepatocyte-specific NRF2 activation controls fibrogenesis and 
carcinogenesis in steatohepatitis. J Hepatol 2021; 74: 638-648 [PMID: 33342543 DOI: 10.1016/j.jhep.2020.09.037]

50     

Sharma RS, Harrison DJ, Kisielewski D, Cassidy DM, McNeilly AD, Gallagher JR, Walsh SV, Honda T, McCrimmon 
RJ, Dinkova-Kostova AT, Ashford MLJ, Dillon JF, Hayes JD. Experimental Nonalcoholic Steatohepatitis and Liver 
Fibrosis Are Ameliorated by Pharmacologic Activation of Nrf2 (NF-E2 p45-Related Factor 2). Cell Mol Gastroenterol 
Hepatol 2018; 5: 367-398 [PMID: 29552625 DOI: 10.1016/j.jcmgh.2017.11.016]

51     

Shimozono R, Asaoka Y, Yoshizawa Y, Aoki T, Noda H, Yamada M, Kaino M, Mochizuki H. Nrf2 activators attenuate 
the progression of nonalcoholic steatohepatitis-related fibrosis in a dietary rat model. Mol Pharmacol 2013; 84: 62-70 
[PMID: 23592516 DOI: 10.1124/mol.112.084269]

52     

Sano A, Kakazu E, Hamada S, Inoue J, Ninomiya M, Iwata T, Tsuruoka M, Sato K, Masamune A. Steatotic Hepatocytes 
Release Mature VLDL Through Methionine and Tyrosine Metabolism in a Keap1-Nrf2-Dependent Manner. Hepatology 
2021; 74: 1271-1286 [PMID: 33724516 DOI: 10.1002/hep.31808]

53     

Li X, Wang J, Gong X, Zhang M, Kang S, Shu B, Wei Z, Huang ZS, Li D. Upregulation of BCL-2 by acridone derivative 
through gene promoter i-motif for alleviating liver damage of NAFLD/NASH. Nucleic Acids Res 2020; 48: 8255-8268 
[PMID: 32710621 DOI: 10.1093/nar/gkaa615]

54     

Afonso MB, Rodrigues PM, Carvalho T, Caridade M, Borralho P, Cortez-Pinto H, Castro RE, Rodrigues CM. Necroptosis 
is a key pathogenic event in human and experimental murine models of non-alcoholic steatohepatitis. Clin Sci (Lond) 
2015; 129: 721-739 [PMID: 26201023 DOI: 10.1042/CS20140732]

55     

Majdi A, Aoudjehane L, Ratziu V, Islam T, Afonso MB, Conti F, Mestiri T, Lagouge M, Foufelle F, Ballenghien F, 
Ledent T, Moldes M, Cadoret A, Fouassier L, Delaunay JL, Aït-Slimane T, Courtois G, Fève B, Scatton O, Prip-Buus C, 
Rodrigues CMP, Housset C, Gautheron J. Inhibition of receptor-interacting protein kinase 1 improves experimental non-
alcoholic fatty liver disease. J Hepatol 2020; 72: 627-635 [PMID: 31760070 DOI: 10.1016/j.jhep.2019.11.008]

56     

Handa P, Morgan-Stevenson V, Maliken BD, Nelson JE, Washington S, Westerman M, Yeh MM, Kowdley KV. Iron 
overload results in hepatic oxidative stress, immune cell activation, and hepatocellular ballooning injury, leading to 
nonalcoholic steatohepatitis in genetically obese mice. Am J Physiol Gastrointest Liver Physiol 2016; 310: G117-G127 
[PMID: 26564716 DOI: 10.1152/ajpgi.00246.2015]

57     

Datz C, Müller E, Aigner E. Iron overload and non-alcoholic fatty liver disease. Minerva Endocrinol 2017; 42: 173-183 
[PMID: 27834478 DOI: 10.23736/S0391-1977.16.02565-7]

58     

Wang S, Liu Z, Geng J, Li L, Feng X. An overview of ferroptosis in non-alcoholic fatty liver disease. Biomed 
Pharmacother 2022; 153: 113374 [PMID: 35834990 DOI: 10.1016/j.biopha.2022.113374]

59     

Tsurusaki S, Tsuchiya Y, Koumura T, Nakasone M, Sakamoto T, Matsuoka M, Imai H, Yuet-Yin Kok C, Okochi H, 
Nakano H, Miyajima A, Tanaka M. Hepatic ferroptosis plays an important role as the trigger for initiating inflammation in 
nonalcoholic steatohepatitis. Cell Death Dis 2019; 10: 449 [PMID: 31209199 DOI: 10.1038/s41419-019-1678-y]

60     

Kawahara A, Kanno K, Yonezawa S, Otani Y, Kobayashi T, Tazuma S, Ito M. Depletion of hepatic stellate cells inhibits 
hepatic steatosis in mice. J Gastroenterol Hepatol 2022; 37: 1946-1954 [PMID: 35933582 DOI: 10.1111/jgh.15974]

61     

Ou R, Liu J, Lv M, Wang J, Zhu L, Zhao L, Xu Y. Neutrophil depletion improves diet-induced non-alcoholic fatty liver 
disease in mice. Endocrine 2017; 57: 72-82 [PMID: 28508193 DOI: 10.1007/s12020-017-1323-4]

62     

Leslie J, Mackey JBG, Jamieson T, Ramon-Gil E, Drake TM, Fercoq F, Clark W, Gilroy K, Hedley A, Nixon C, Luli S, 
Laszczewska M, Pinyol R, Esteban-Fabró R, Willoughby CE, Haber PK, Andreu-Oller C, Rahbari M, Fan C, Pfister D, 
Raman S, Wilson N, Müller M, Collins A, Geh D, Fuller A, McDonald D, Hulme G, Filby A, Cortes-Lavaud X, Mohamed 
NE, Ford CA, Raffo Iraolagoitia XL, McFarlane AJ, McCain MV, Ridgway RA, Roberts EW, Barry ST, Graham GJ, 
Heikenwälder M, Reeves HL, Llovet JM, Carlin LM, Bird TG, Sansom OJ, Mann DA. CXCR2 inhibition enables NASH-
HCC immunotherapy. Gut 2022; 71: 2093-2106 [PMID: 35477863 DOI: 10.1136/gutjnl-2021-326259]

63     

Ye D, Yang K, Zang S, Lin Z, Chau HT, Wang Y, Zhang J, Shi J, Xu A, Lin S. Lipocalin-2 mediates non-alcoholic 
steatohepatitis by promoting neutrophil-macrophage crosstalk via the induction of CXCR2. J Hepatol 2016; 65: 988-997 
[PMID: 27266617 DOI: 10.1016/j.jhep.2016.05.041]

64     

Phillips BE, Lantier L, Engman C, Garciafigueroa Y, Singhi A, Trucco M, Mantzoros C, Wasserman D, Giannoukakis N. 
Improvement in insulin sensitivity and prevention of high fat diet-induced liver pathology using a CXCR2 antagonist. 
Cardiovasc Diabetol 2022; 21: 130 [PMID: 35831885 DOI: 10.1186/s12933-022-01564-y]

65     

Pfister D, Núñez NG, Pinyol R, Govaere O, Pinter M, Szydlowska M, Gupta R, Qiu M, Deczkowska A, Weiner A, Müller 
F, Sinha A, Friebel E, Engleitner T, Lenggenhager D, Moncsek A, Heide D, Stirm K, Kosla J, Kotsiliti E, Leone V, Dudek 
M, Yousuf S, Inverso D, Singh I, Teijeiro A, Castet F, Montironi C, Haber PK, Tiniakos D, Bedossa P, Cockell S, Younes 
R, Vacca M, Marra F, Schattenberg JM, Allison M, Bugianesi E, Ratziu V, Pressiani T, D'Alessio A, Personeni N, 
Rimassa L, Daly AK, Scheiner B, Pomej K, Kirstein MM, Vogel A, Peck-Radosavljevic M, Hucke F, Finkelmeier F, 
Waidmann O, Trojan J, Schulze K, Wege H, Koch S, Weinmann A, Bueter M, Rössler F, Siebenhüner A, De Dosso S, 
Mallm JP, Umansky V, Jugold M, Luedde T, Schietinger A, Schirmacher P, Emu B, Augustin HG, Billeter A, Müller-
Stich B, Kikuchi H, Duda DG, Kütting F, Waldschmidt DT, Ebert MP, Rahbari N, Mei HE, Schulz AR, Ringelhan M, 

66     

http://www.ncbi.nlm.nih.gov/pubmed/31832001
https://dx.doi.org/10.3748/wjg.v25.i45.6607
http://www.ncbi.nlm.nih.gov/pubmed/31558861
https://dx.doi.org/10.3748/wjg.v25.i34.5120
http://www.ncbi.nlm.nih.gov/pubmed/28123944
https://dx.doi.org/10.1016/j.molmet.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26026874
https://dx.doi.org/10.1016/j.jhep.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/33342543
https://dx.doi.org/10.1016/j.jhep.2020.09.037
http://www.ncbi.nlm.nih.gov/pubmed/29552625
https://dx.doi.org/10.1016/j.jcmgh.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23592516
https://dx.doi.org/10.1124/mol.112.084269
http://www.ncbi.nlm.nih.gov/pubmed/33724516
https://dx.doi.org/10.1002/hep.31808
http://www.ncbi.nlm.nih.gov/pubmed/32710621
https://dx.doi.org/10.1093/nar/gkaa615
http://www.ncbi.nlm.nih.gov/pubmed/26201023
https://dx.doi.org/10.1042/CS20140732
http://www.ncbi.nlm.nih.gov/pubmed/31760070
https://dx.doi.org/10.1016/j.jhep.2019.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26564716
https://dx.doi.org/10.1152/ajpgi.00246.2015
http://www.ncbi.nlm.nih.gov/pubmed/27834478
https://dx.doi.org/10.23736/S0391-1977.16.02565-7
http://www.ncbi.nlm.nih.gov/pubmed/35834990
https://dx.doi.org/10.1016/j.biopha.2022.113374
http://www.ncbi.nlm.nih.gov/pubmed/31209199
https://dx.doi.org/10.1038/s41419-019-1678-y
http://www.ncbi.nlm.nih.gov/pubmed/35933582
https://dx.doi.org/10.1111/jgh.15974
http://www.ncbi.nlm.nih.gov/pubmed/28508193
https://dx.doi.org/10.1007/s12020-017-1323-4
http://www.ncbi.nlm.nih.gov/pubmed/35477863
https://dx.doi.org/10.1136/gutjnl-2021-326259
http://www.ncbi.nlm.nih.gov/pubmed/27266617
https://dx.doi.org/10.1016/j.jhep.2016.05.041
http://www.ncbi.nlm.nih.gov/pubmed/35831885
https://dx.doi.org/10.1186/s12933-022-01564-y


Wang GY et al. Basic study for NAFLD treatment

WJG https://www.wjgnet.com 92 January 7, 2023 Volume 29 Issue 1

Malek N, Spahn S, Bitzer M, Ruiz de Galarreta M, Lujambio A, Dufour JF, Marron TU, Kaseb A, Kudo M, Huang YH, 
Djouder N, Wolter K, Zender L, Marche PN, Decaens T, Pinato DJ, Rad R, Mertens JC, Weber A, Unger K, Meissner F, 
Roth S, Jilkova ZM, Claassen M, Anstee QM, Amit I, Knolle P, Becher B, Llovet JM, Heikenwalder M. NASH limits 
anti-tumour surveillance in immunotherapy-treated HCC. Nature 2021; 592: 450-456 [PMID: 33762733 DOI: 
10.1038/s41586-021-03362-0]
Govaere O, Petersen SK, Martinez-Lopez N, Wouters J, Van Haele M, Mancina RM, Jamialahmadi O, Bilkei-Gorzo O, 
Lassen PB, Darlay R, Peltier J, Palmer JM, Younes R, Tiniakos D, Aithal GP, Allison M, Vacca M, Göransson M, 
Berlinguer-Palmini R, Clark JE, Drinnan MJ, Yki-Järvinen H, Dufour JF, Ekstedt M, Francque S, Petta S, Bugianesi E, 
Schattenberg JM, Day CP, Cordell HJ, Topal B, Clément K, Romeo S, Ratziu V, Roskams T, Daly AK, Anstee QM, Trost 
M, Härtlova A. Macrophage scavenger receptor 1 mediates lipid-induced inflammation in non-alcoholic fatty liver disease. 
J Hepatol 2022; 76: 1001-1012 [PMID: 34942286 DOI: 10.1016/j.jhep.2021.12.012]

67     

Mridha AR, Wree A, Robertson AAB, Yeh MM, Johnson CD, Van Rooyen DM, Haczeyni F, Teoh NC, Savard C, 
Ioannou GN, Masters SL, Schroder K, Cooper MA, Feldstein AE, Farrell GC. NLRP3 inflammasome blockade reduces 
liver inflammation and fibrosis in experimental NASH in mice. J Hepatol 2017; 66: 1037-1046 [PMID: 28167322 DOI: 
10.1016/j.jhep.2017.01.022]

68     

Wang Q, Zhou H, Bu Q, Wei S, Li L, Zhou J, Zhou S, Su W, Liu M, Liu Z, Wang M, Lu L. Role of XBP1 in regulating 
the progression of non-alcoholic steatohepatitis. J Hepatol 2022; 77: 312-325 [PMID: 35292349 DOI: 
10.1016/j.jhep.2022.02.031]

69     

Franceschetti L, Bonomini F, Rodella LF, Rezzani R. Critical Role of NFκB in the Pathogenesis of Non-alcoholic Fatty 
Liver Disease: A Widespread Key Regulator. Curr Mol Med 2021; 21: 495-505 [PMID: 33106141 DOI: 
10.2174/1566524020666201026162343]

70     

Zhang T, Hu J, Wang X, Zhao X, Li Z, Niu J, Steer CJ, Zheng G, Song G. MicroRNA-378 promotes hepatic 
inflammation and fibrosis via modulation of the NF-κB-TNFα pathway. J Hepatol 2019; 70: 87-96 [PMID: 30218679 
DOI: 10.1016/j.jhep.2018.08.026]

71     

Maradana MR, Yekollu SK, Zeng B, Ellis J, Clouston A, Miller G, Talekar M, Bhuyan ZA, Mahadevaiah S, Powell EE, 
Irvine KM, Thomas R, O'Sullivan BJ. Immunomodulatory liposomes targeting liver macrophages arrest progression of 
nonalcoholic steatohepatitis. Metabolism 2018; 78: 80-94 [PMID: 28941597 DOI: 10.1016/j.metabol.2017.09.002]

72     

Sutti S, Locatelli I, Bruzzì S, Jindal A, Vacchiano M, Bozzola C, Albano E. CX3CR1-expressing inflammatory dendritic 
cells contribute to the progression of steatohepatitis. Clin Sci (Lond) 2015; 129: 797-808 [PMID: 26253086 DOI: 
10.1042/CS20150053]

73     

Roh YS, Kim JW, Park S, Shon C, Kim S, Eo SK, Kwon JK, Lim CW, Kim B. Toll-Like Receptor-7 Signaling Promotes 
Nonalcoholic Steatohepatitis by Inhibiting Regulatory T Cells in Mice. Am J Pathol 2018; 188: 2574-2588 [PMID: 
30125542 DOI: 10.1016/j.ajpath.2018.07.011]

74     

Rai RP, Liu Y, Iyer SS, Liu S, Gupta B, Desai C, Kumar P, Smith T, Singhi AD, Nusrat A, Parkos CA, Monga SP, Czaja 
MJ, Anania FA, Raeman R. Blocking integrin α(4)β(7)-mediated CD4 T cell recruitment to the intestine and liver protects 
mice from western diet-induced non-alcoholic steatohepatitis. J Hepatol 2020; 73: 1013-1022 [PMID: 32540177 DOI: 
10.1016/j.jhep.2020.05.047]

75     

Wang H, Zhang H, Wang Y, Brown ZJ, Xia Y, Huang Z, Shen C, Hu Z, Beane J, Ansa-Addo EA, Huang H, Tian D, 
Tsung A. Regulatory T-cell and neutrophil extracellular trap interaction contributes to carcinogenesis in non-alcoholic 
steatohepatitis. J Hepatol 2021; 75: 1271-1283 [PMID: 34363921 DOI: 10.1016/j.jhep.2021.07.032]

76     

Bruzzì S, Sutti S, Giudici G, Burlone ME, Ramavath NN, Toscani A, Bozzola C, Schneider P, Morello E, Parola M, Pirisi 
M, Albano E. B2-Lymphocyte responses to oxidative stress-derived antigens contribute to the evolution of nonalcoholic 
fatty liver disease (NAFLD). Free Radic Biol Med 2018; 124: 249-259 [PMID: 29920340 DOI: 
10.1016/j.freeradbiomed.2018.06.015]

77     

Wang C, Yang J, Zhang X. Editorial: The Role of Bioactive Lipids in Homeostasis and Pathology. Front Physiol 2021; 
12: 773632 [PMID: 34880781 DOI: 10.3389/fphys.2021.773632]

78     

Musso G, Cassader M, Paschetta E, Gambino R. Bioactive Lipid Species and Metabolic Pathways in Progression and 
Resolution of Nonalcoholic Steatohepatitis. Gastroenterology 2018; 155: 282-302.e8 [PMID: 29906416 DOI: 
10.1053/j.gastro.2018.06.031]

79     

Liu X, Wang K, Wang L, Kong L, Hou S, Wan Y, Ma C, Chen J, Xing X, Xing C, Jiang Q, Zhao Q, Cui B, Huang Z, Li 
P. Hepatocyte leukotriene B4 receptor 1 promotes NAFLD development in obesity. Hepatology 2022 [PMID: 35931467 
DOI: 10.1002/hep.32708]

80     

Kaliannan K, Li XY, Wang B, Pan Q, Chen CY, Hao L, Xie S, Kang JX. Multi-omic analysis in transgenic mice 
implicates omega-6/omega-3 fatty acid imbalance as a risk factor for chronic disease. Commun Biol 2019; 2: 276 [PMID: 
31372515 DOI: 10.1038/s42003-019-0521-4]

81     

López-Vicario C, Sebastián D, Casulleras M, Duran-Güell M, Flores-Costa R, Aguilar F, Lozano JJ, Zhang IW, Titos E, 
Kang JX, Zorzano A, Arita M, Clària J. Essential lipid autacoids rewire mitochondrial energy efficiency in metabolic 
dysfunction-associated fatty liver disease. Hepatology 2022 [PMID: 35788956 DOI: 10.1002/hep.32647]

82     

Duan J, Song Y, Zhang X, Wang C. Effect of ω-3 Polyunsaturated Fatty Acids-Derived Bioactive Lipids on Metabolic 
Disorders. Front Physiol 2021; 12: 646491 [PMID: 34113260 DOI: 10.3389/fphys.2021.646491]

83     

Fraser DA, Wang X, Lund J, Nikolić N, Iruarrizaga-Lejarreta M, Skjaeret T, Alonso C, Kastelein JJP, Rustan AC, Kim 
YO, Schuppan D. A structurally engineered fatty acid, icosabutate, suppresses liver inflammation and fibrosis in NASH. J 
Hepatol 2022; 76: 800-811 [PMID: 34915054 DOI: 10.1016/j.jhep.2021.12.004]

84     

Zhu C, Kim K, Wang X, Bartolome A, Salomao M, Dongiovanni P, Meroni M, Graham MJ, Yates KP, Diehl AM, 
Schwabe RF, Tabas I, Valenti L, Lavine JE, Pajvani UB. Hepatocyte Notch activation induces liver fibrosis in 
nonalcoholic steatohepatitis. Sci Transl Med 2018; 10 [PMID: 30463916 DOI: 10.1126/scitranslmed.aat0344]

85     

Wang G, Duan J, Pu G, Ye C, Li Y, Xiu W, Xu J, Liu B, Zhu Y, Wang C. The Annexin A2-Notch regulatory loop in 
hepatocytes promotes liver fibrosis in NAFLD by increasing osteopontin expression. Biochim Biophys Acta Mol Basis Dis 
2022; 1868: 166413 [PMID: 35413401 DOI: 10.1016/j.bbadis.2022.166413]

86     

http://www.ncbi.nlm.nih.gov/pubmed/33762733
https://dx.doi.org/10.1038/s41586-021-03362-0
http://www.ncbi.nlm.nih.gov/pubmed/34942286
https://dx.doi.org/10.1016/j.jhep.2021.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28167322
https://dx.doi.org/10.1016/j.jhep.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/35292349
https://dx.doi.org/10.1016/j.jhep.2022.02.031
http://www.ncbi.nlm.nih.gov/pubmed/33106141
https://dx.doi.org/10.2174/1566524020666201026162343
http://www.ncbi.nlm.nih.gov/pubmed/30218679
https://dx.doi.org/10.1016/j.jhep.2018.08.026
http://www.ncbi.nlm.nih.gov/pubmed/28941597
https://dx.doi.org/10.1016/j.metabol.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26253086
https://dx.doi.org/10.1042/CS20150053
http://www.ncbi.nlm.nih.gov/pubmed/30125542
https://dx.doi.org/10.1016/j.ajpath.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/32540177
https://dx.doi.org/10.1016/j.jhep.2020.05.047
http://www.ncbi.nlm.nih.gov/pubmed/34363921
https://dx.doi.org/10.1016/j.jhep.2021.07.032
http://www.ncbi.nlm.nih.gov/pubmed/29920340
https://dx.doi.org/10.1016/j.freeradbiomed.2018.06.015
http://www.ncbi.nlm.nih.gov/pubmed/34880781
https://dx.doi.org/10.3389/fphys.2021.773632
http://www.ncbi.nlm.nih.gov/pubmed/29906416
https://dx.doi.org/10.1053/j.gastro.2018.06.031
http://www.ncbi.nlm.nih.gov/pubmed/35931467
https://dx.doi.org/10.1002/hep.32708
http://www.ncbi.nlm.nih.gov/pubmed/31372515
https://dx.doi.org/10.1038/s42003-019-0521-4
http://www.ncbi.nlm.nih.gov/pubmed/35788956
https://dx.doi.org/10.1002/hep.32647
http://www.ncbi.nlm.nih.gov/pubmed/34113260
https://dx.doi.org/10.3389/fphys.2021.646491
http://www.ncbi.nlm.nih.gov/pubmed/34915054
https://dx.doi.org/10.1016/j.jhep.2021.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30463916
https://dx.doi.org/10.1126/scitranslmed.aat0344
http://www.ncbi.nlm.nih.gov/pubmed/35413401
https://dx.doi.org/10.1016/j.bbadis.2022.166413


Wang GY et al. Basic study for NAFLD treatment

WJG https://www.wjgnet.com 93 January 7, 2023 Volume 29 Issue 1

Syn WK, Choi SS, Liaskou E, Karaca GF, Agboola KM, Oo YH, Mi Z, Pereira TA, Zdanowicz M, Malladi P, Chen Y, 
Moylan C, Jung Y, Bhattacharya SD, Teaberry V, Omenetti A, Abdelmalek MF, Guy CD, Adams DH, Kuo PC, 
Michelotti GA, Whitington PF, Diehl AM. Osteopontin is induced by hedgehog pathway activation and promotes fibrosis 
progression in nonalcoholic steatohepatitis. Hepatology 2011; 53: 106-115 [PMID: 20967826 DOI: 10.1002/hep.23998]

87     

Richter LR, Wan Q, Wen D, Zhang Y, Yu J, Kang JK, Zhu C, McKinnon EL, Gu Z, Qiang L, Pajvani UB. Targeted 
Delivery of Notch Inhibitor Attenuates Obesity-Induced Glucose Intolerance and Liver Fibrosis. ACS Nano 2020; 14: 
6878-6886 [PMID: 32441510 DOI: 10.1021/acsnano.0c01007]

88     

Du M, Wang X, Yuan L, Liu B, Mao X, Huang D, Yang L, Huang K, Zhang F, Wang Y, Luo X, Wang C, Peng J, Liang 
M. Targeting NFATc4 attenuates non-alcoholic steatohepatitis in mice. J Hepatol 2020; 73: 1333-1346 [PMID: 32717288 
DOI: 10.1016/j.jhep.2020.07.030]

89     

Wang X, Zheng Z, Caviglia JM, Corey KE, Herfel TM, Cai B, Masia R, Chung RT, Lefkowitch JH, Schwabe RF, Tabas 
I. Hepatocyte TAZ/WWTR1 Promotes Inflammation and Fibrosis in Nonalcoholic Steatohepatitis. Cell Metab 2016; 24: 
848-862 [PMID: 28068223 DOI: 10.1016/j.cmet.2016.09.016]

90     

Wang X, Sommerfeld MR, Jahn-Hofmann K, Cai B, Filliol A, Remotti HE, Schwabe RF, Kannt A, Tabas I. A 
Therapeutic Silencing RNA Targeting Hepatocyte TAZ Prevents and Reverses Fibrosis in Nonalcoholic Steatohepatitis in 
Mice. Hepatol Commun 2019; 3: 1221-1234 [PMID: 31497743 DOI: 10.1002/hep4.1405]

91     

Xi Y, LaCanna R, Ma HY, N'Diaye EN, Gierke S, Caplazi P, Sagolla M, Huang Z, Lucio L, Arlantico A, Jeet S, Brightbill 
H, Emson C, Wong A, Morshead KB, DePianto DJ, Roose-Girma M, Yu C, Tam L, Jia G, Ramalingam TR, Marsters S, 
Ashkenazi A, Kim SH, Kelly R, Wu S, Wolters PJ, Feldstein AE, Vander Heiden JA, Ding N. A WISP1 antibody inhibits 
MRTF signaling to prevent the progression of established liver fibrosis. Cell Metab 2022; 34: 1377-1393.e8 [PMID: 
35987202 DOI: 10.1016/j.cmet.2022.07.009]

92     

Widjaja AA, Singh BK, Adami E, Viswanathan S, Dong J, D'Agostino GA, Ng B, Lim WW, Tan J, Paleja BS, Tripathi 
M, Lim SY, Shekeran SG, Chothani SP, Rabes A, Sombetzki M, Bruinstroop E, Min LP, Sinha RA, Albani S, Yen PM, 
Schafer S, Cook SA. Inhibiting Interleukin 11 Signaling Reduces Hepatocyte Death and Liver Fibrosis, Inflammation, and 
Steatosis in Mouse Models of Nonalcoholic Steatohepatitis. Gastroenterology 2019; 157: 777-792.e14 [PMID: 31078624 
DOI: 10.1053/j.gastro.2019.05.002]

93     

Song Z, Liu X, Zhang W, Luo Y, Xiao H, Liu Y, Dai G, Hong J, Li A. Ruxolitinib suppresses liver fibrosis progression 
and accelerates fibrosis reversal via selectively targeting Janus kinase 1/2. J Transl Med 2022; 20: 157 [PMID: 35382859 
DOI: 10.1186/s12967-022-03366-y]

94     

Torres S, Ortiz C, Bachtler N, Gu W, Grünewald LD, Kraus N, Schierwagen R, Hieber C, Meier C, Tyc O, Joseph Brol 
M, Uschner FE, Nijmeijer B, Welsch C, Berres ML, Garcia-Ruiz C, Fernandez-Checa JC, Trautwein C, Vogl TJ, Zeuzem 
S, Trebicka J, Klein S. Janus kinase 2 inhibition by pacritinib as potential therapeutic target for liver fibrosis. Hepatology 
2022 [PMID: 35993369 DOI: 10.1002/hep.32746]

95     

Martí-Rodrigo A, Alegre F, Moragrega ÁB, García-García F, Martí-Rodrigo P, Fernández-Iglesias A, Gracia-Sancho J, 
Apostolova N, Esplugues JV, Blas-García A. Rilpivirine attenuates liver fibrosis through selective STAT1-mediated 
apoptosis in hepatic stellate cells. Gut 2020; 69: 920-932 [PMID: 31530714 DOI: 10.1136/gutjnl-2019-318372]

96     

Shearer AM, Rana R, Austin K, Baleja JD, Nguyen N, Bohm A, Covic L, Kuliopulos A. Targeting Liver Fibrosis with a 
Cell-penetrating Protease-activated Receptor-2 (PAR2) Pepducin. J Biol Chem 2016; 291: 23188-23198 [PMID: 
27613872 DOI: 10.1074/jbc.M116.732743]

97     

Shearer AM, Wang Y, Fletcher EK, Rana R, Michael ES, Nguyen N, Abdelmalek MF, Covic L, Kuliopulos A. PAR2 
promotes impaired glucose uptake and insulin resistance in NAFLD through GLUT2 and Akt interference. Hepatology 
2022; 76: 1778-1793 [PMID: 35603482 DOI: 10.1002/hep.32589]

98     

Rana R, Shearer AM, Fletcher EK, Nguyen N, Guha S, Cox DH, Abdelmalek M, Wang Y, Baleja JD, Covic L, 
Kuliopulos A. PAR2 controls cholesterol homeostasis and lipid metabolism in nonalcoholic fatty liver disease. Mol Metab 
2019; 29: 99-113 [PMID: 31668396 DOI: 10.1016/j.molmet.2019.08.019]

99     

Hammoutene A, Rautou PE. Role of liver sinusoidal endothelial cells in non-alcoholic fatty liver disease. J Hepatol 2019; 
70: 1278-1291 [PMID: 30797053 DOI: 10.1016/j.jhep.2019.02.012]

100     

Furuta K, Guo Q, Pavelko KD, Lee JH, Robertson KD, Nakao Y, Melek J, Shah VH, Hirsova P, Ibrahim SH. Lipid-
induced endothelial vascular cell adhesion molecule 1 promotes nonalcoholic steatohepatitis pathogenesis. J Clin Invest 
2021; 131 [PMID: 33476308 DOI: 10.1172/JCI143690]

101     

Fang ZQ, Ruan B, Liu JJ, Duan JL, Yue ZS, Song P, Xu H, Ding J, Xu C, Dou GR, Wang L. Notch-triggered 
maladaptation of liver sinusoidal endothelium aggravates nonalcoholic steatohepatitis through endothelial nitric oxide 
synthase. Hepatology 2022; 76: 742-758 [PMID: 35006626 DOI: 10.1002/hep.32332]

102     

Liu T, Wang Q, Zhou L, Zhang P, Mi L, Qiu X, Chen Z, Kuang H, Li S, Lin JD. Intrahepatic paracrine signaling by 
cardiotrophin-like cytokine factor 1 ameliorates diet-induced NASH in mice. Hepatology 2022 [PMID: 35950514 DOI: 
10.1002/hep.32719]

103     

Yki-Järvinen H, Luukkonen PK, Hodson L, Moore JB. Dietary carbohydrates and fats in nonalcoholic fatty liver disease. 
Nat Rev Gastroenterol Hepatol 2021; 18: 770-786 [PMID: 34257427 DOI: 10.1038/s41575-021-00472-y]

104     

Gonzalez-Gil AM, Elizondo-Montemayor L. The Role of Exercise in the Interplay between Myokines, Hepatokines, 
Osteokines, Adipokines, and Modulation of Inflammation for Energy Substrate Redistribution and Fat Mass Loss: A 
Review. Nutrients 2020; 12 [PMID: 32604889 DOI: 10.3390/nu12061899]

105     

Chi Y, Wu Z, Du C, Zhang M, Wang X, Xie A, Wang P, Li R. Regulatory effects mediated by ulvan oligosaccharide and 
its zinc complex on lipid metabolism in high-fat diet-fed mice. Carbohydr Polym 2023; 300: 120249 [PMID: 36372481 
DOI: 10.1016/j.carbpol.2022.120249]

106     

White PJ, McGarrah RW, Grimsrud PA, Tso SC, Yang WH, Haldeman JM, Grenier-Larouche T, An J, Lapworth AL, 
Astapova I, Hannou SA, George T, Arlotto M, Olson LB, Lai M, Zhang GF, Ilkayeva O, Herman MA, Wynn RM, Chuang 
DT, Newgard CB. The BCKDH Kinase and Phosphatase Integrate BCAA and Lipid Metabolism via Regulation of ATP-
Citrate Lyase. Cell Metab 2018; 27: 1281-1293.e7 [PMID: 29779826 DOI: 10.1016/j.cmet.2018.04.015]

107     

http://www.ncbi.nlm.nih.gov/pubmed/20967826
https://dx.doi.org/10.1002/hep.23998
http://www.ncbi.nlm.nih.gov/pubmed/32441510
https://dx.doi.org/10.1021/acsnano.0c01007
http://www.ncbi.nlm.nih.gov/pubmed/32717288
https://dx.doi.org/10.1016/j.jhep.2020.07.030
http://www.ncbi.nlm.nih.gov/pubmed/28068223
https://dx.doi.org/10.1016/j.cmet.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/31497743
https://dx.doi.org/10.1002/hep4.1405
http://www.ncbi.nlm.nih.gov/pubmed/35987202
https://dx.doi.org/10.1016/j.cmet.2022.07.009
http://www.ncbi.nlm.nih.gov/pubmed/31078624
https://dx.doi.org/10.1053/j.gastro.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/35382859
https://dx.doi.org/10.1186/s12967-022-03366-y
http://www.ncbi.nlm.nih.gov/pubmed/35993369
https://dx.doi.org/10.1002/hep.32746
http://www.ncbi.nlm.nih.gov/pubmed/31530714
https://dx.doi.org/10.1136/gutjnl-2019-318372
http://www.ncbi.nlm.nih.gov/pubmed/27613872
https://dx.doi.org/10.1074/jbc.M116.732743
http://www.ncbi.nlm.nih.gov/pubmed/35603482
https://dx.doi.org/10.1002/hep.32589
http://www.ncbi.nlm.nih.gov/pubmed/31668396
https://dx.doi.org/10.1016/j.molmet.2019.08.019
http://www.ncbi.nlm.nih.gov/pubmed/30797053
https://dx.doi.org/10.1016/j.jhep.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/33476308
https://dx.doi.org/10.1172/JCI143690
http://www.ncbi.nlm.nih.gov/pubmed/35006626
https://dx.doi.org/10.1002/hep.32332
http://www.ncbi.nlm.nih.gov/pubmed/35950514
https://dx.doi.org/10.1002/hep.32719
http://www.ncbi.nlm.nih.gov/pubmed/34257427
https://dx.doi.org/10.1038/s41575-021-00472-y
http://www.ncbi.nlm.nih.gov/pubmed/32604889
https://dx.doi.org/10.3390/nu12061899
http://www.ncbi.nlm.nih.gov/pubmed/36372481
https://dx.doi.org/10.1016/j.carbpol.2022.120249
http://www.ncbi.nlm.nih.gov/pubmed/29779826
https://dx.doi.org/10.1016/j.cmet.2018.04.015


Wang GY et al. Basic study for NAFLD treatment

WJG https://www.wjgnet.com 94 January 7, 2023 Volume 29 Issue 1

Bollinger E, Peloquin M, Libera J, Albuquerque B, Pashos E, Shipstone A, Hadjipanayis A, Sun Z, Xing G, Clasquin M, 
Stansfield JC, Tierney B, Gernhardt S, Siddall CP, Greizer T, Geoly FJ, Vargas SR, Gao LC, Williams G, Marshall M, 
Rosado A, Steppan C, Filipski KJ, Zhang BB, Miller RA, Roth Flach RJ. BDK inhibition acts as a catabolic switch to 
mimic fasting and improve metabolism in mice. Mol Metab 2022; 66: 101611 [PMID: 36220546 DOI: 
10.1016/j.molmet.2022.101611]

108     

White PJ, Newgard CB. Branched-chain amino acids in disease. Science 2019; 363: 582-583 [PMID: 30733403 DOI: 
10.1126/science.aav0558]

109     

Forlano R, Sivakumar M, Mullish BH, Manousou P. Gut Microbiota-A Future Therapeutic Target for People with Non-
Alcoholic Fatty Liver Disease: A Systematic Review. Int J Mol Sci 2022; 23 [PMID: 35955434 DOI: 
10.3390/ijms23158307]

110     

Liu Q, Liu S, Chen L, Zhao Z, Du S, Dong Q, Xin Y, Xuan S. Role and effective therapeutic target of gut microbiota in 
NAFLD/NASH. Exp Ther Med 2019; 18: 1935-1944 [PMID: 31410156 DOI: 10.3892/etm.2019.7781]

111     

Xie C, Yagai T, Luo Y, Liang X, Chen T, Wang Q, Sun D, Zhao J, Ramakrishnan SK, Sun L, Jiang C, Xue X, Tian Y, 
Krausz KW, Patterson AD, Shah YM, Wu Y, Gonzalez FJ. Activation of intestinal hypoxia-inducible factor 2α during 
obesity contributes to hepatic steatosis. Nat Med 2017; 23: 1298-1308 [PMID: 29035368 DOI: 10.1038/nm.4412]

112     

Gorden DL, Myers DS, Ivanova PT, Fahy E, Maurya MR, Gupta S, Min J, Spann NJ, McDonald JG, Kelly SL, Duan J, 
Sullards MC, Leiker TJ, Barkley RM, Quehenberger O, Armando AM, Milne SB, Mathews TP, Armstrong MD, Li C, 
Melvin WV, Clements RH, Washington MK, Mendonsa AM, Witztum JL, Guan Z, Glass CK, Murphy RC, Dennis EA, 
Merrill AH Jr, Russell DW, Subramaniam S, Brown HA. Biomarkers of NAFLD progression: a lipidomics approach to an 
epidemic. J Lipid Res 2015; 56: 722-736 [PMID: 25598080 DOI: 10.1194/jlr.P056002]

113     

Luo Y, Yang S, Wu X, Takahashi S, Sun L, Cai J, Krausz KW, Guo X, Dias HB, Gavrilova O, Xie C, Jiang C, Liu W, 
Gonzalez FJ. Intestinal MYC modulates obesity-related metabolic dysfunction. Nat Metab 2021; 3: 923-939 [PMID: 
34211180 DOI: 10.1038/s42255-021-00421-8]

114     

Chen B, Sun L, Zeng G, Shen Z, Wang K, Yin L, Xu F, Wang P, Ding Y, Nie Q, Wu Q, Zhang Z, Xia J, Lin J, Luo Y, 
Cai J, Krausz KW, Zheng R, Xue Y, Zheng MH, Li Y, Yu C, Gonzalez FJ, Jiang C. Gut bacteria alleviate smoking-related 
NASH by degrading gut nicotine. Nature 2022; 610: 562-568 [PMID: 36261549 DOI: 10.1038/s41586-022-05299-4]

115     

Choi W, Namkung J, Hwang I, Kim H, Lim A, Park HJ, Lee HW, Han KH, Park S, Jeong JS, Bang G, Kim YH, Yadav 
VK, Karsenty G, Ju YS, Choi C, Suh JM, Park JY. Serotonin signals through a gut-liver axis to regulate hepatic steatosis. 
Nat Commun 2018; 9: 4824 [PMID: 30446669 DOI: 10.1038/s41467-018-07287-7]

116     

Yan T, Luo Y, Yan N, Hamada K, Zhao N, Xia Y, Wang P, Zhao C, Qi D, Yang S, Sun L, Cai J, Wang Q, Jiang C, 
Gavrilova O, Krausz KW, Patel DP, Yu X, Wu X, Hao H, Liu W, Qu A, Gonzalez FJ. Intestinal peroxisome proliferator-
activated receptor α-fatty acid-binding protein 1 axis modulates nonalcoholic steatohepatitis. Hepatology 2022 [PMID: 
35460276 DOI: 10.1002/hep.32538]

117     

Montagner A, Polizzi A, Fouché E, Ducheix S, Lippi Y, Lasserre F, Barquissau V, Régnier M, Lukowicz C, Benhamed 
F, Iroz A, Bertrand-Michel J, Al Saati T, Cano P, Mselli-Lakhal L, Mithieux G, Rajas F, Lagarrigue S, Pineau T, Loiseau 
N, Postic C, Langin D, Wahli W, Guillou H. Liver PPARα is crucial for whole-body fatty acid homeostasis and is 
protective against NAFLD. Gut 2016; 65: 1202-1214 [PMID: 26838599 DOI: 10.1136/gutjnl-2015-310798]

118     

Cheng D, Zinker BA, Luo Y, Shipkova P, De Oliveira CH, Krishna G, Brown EA, Boehm SL, Tirucherai GS, Gu H, Ma 
Z, Chu CH, Onorato JM, Kopcho LM, Ammar R, Smith J, Devasthale P, Lawrence RM, Stryker SA, Dierks EA, Azzara 
AV, Carayannopoulos L, Charles ED, Lentz KA, Gordon DA. MGAT2 inhibitor decreases liver fibrosis and inflammation 
in murine NASH models and reduces body weight in human adults with obesity. Cell Metab 2022; 34: 1732-1748.e5 
[PMID: 36323235 DOI: 10.1016/j.cmet.2022.10.007]

119     

Kim ER, Park JS, Kim JH, Oh JY, Oh IJ, Choi DH, Lee YS, Park IS, Kim S, Lee DH, Cheon JH, Bae JW, Lee M, Cho 
JW, An IB, Nam EJ, Yang SI, Lee MS, Bae SH, Lee YH. A GLP-1/GLP-2 receptor dual agonist to treat NASH: Targeting 
the gut-liver axis and microbiome. Hepatology 2022; 75: 1523-1538 [PMID: 34773257 DOI: 10.1002/hep.32235]

120     

Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R, Hazlehurst JM, Guo K; LEAN trial team, Abouda G, 
Aldersley MA, Stocken D, Gough SC, Tomlinson JW, Brown RM, Hübscher SG, Newsome PN. Liraglutide safety and 
efficacy in patients with non-alcoholic steatohepatitis (LEAN): a multicentre, double-blind, randomised, placebo-
controlled phase 2 study. Lancet 2016; 387: 679-690 [PMID: 26608256 DOI: 10.1016/S0140-6736(15)00803-X]

121     

Jiang Z, Zhao M, Voilquin L, Jung Y, Aikio MA, Sahai T, Dou FY, Roche AM, Carcamo-Orive I, Knowles JW, 
Wabitsch M, Appel EA, Maikawa CL, Camporez JP, Shulman GI, Tsai L, Rosen ED, Gardner CD, Spiegelman BM, 
Svensson KJ. Isthmin-1 is an adipokine that promotes glucose uptake and improves glucose tolerance and hepatic 
steatosis. Cell Metab 2021; 33: 1836-1852.e11 [PMID: 34348115 DOI: 10.1016/j.cmet.2021.07.010]

122     

Liu B, Xiang L, Ji J, Liu W, Chen Y, Xia M, Liu Y, Zhu P, Jin Y, Han Y, Lu J, Li X, Zheng M, Lu Y. Sparcl1 promotes 
nonalcoholic steatohepatitis progression in mice through upregulation of CCL2. J Clin Invest 2021; 131 [PMID: 34651580 
DOI: 10.1172/JCI144801]

123     

Hedjazifar S, Khatib Shahidi R, Hammarstedt A, Bonnet L, Church C, Boucher J, Blüher M, Smith U. The Novel 
Adipokine Gremlin 1 Antagonizes Insulin Action and Is Increased in Type 2 Diabetes and NAFLD/NASH. Diabetes 
2020; 69: 331-341 [PMID: 31882566 DOI: 10.2337/db19-0701]

124     

Zhang P, Chen Z, Kuang H, Liu T, Zhu J, Zhou L, Wang Q, Xiong X, Meng Z, Qiu X, Jacks R, Liu L, Li S, Lumeng CN, 
Li Q, Zhou X, Lin JD. Neuregulin 4 suppresses NASH-HCC development by restraining tumor-prone liver 
microenvironment. Cell Metab 2022; 34: 1359-1376.e7 [PMID: 35973424 DOI: 10.1016/j.cmet.2022.07.010]

125     

Gunasekar SK, Xie L, Sah R. SWELL signalling in adipocytes: can fat 'feel' fat? Adipocyte 2019; 8: 223-228 [PMID: 
31112068 DOI: 10.1080/21623945.2019.1612223]

126     

Zhang Y, Xie L, Gunasekar SK, Tong D, Mishra A, Gibson WJ, Wang C, Fidler T, Marthaler B, Klingelhutz A, Abel ED, 
Samuel I, Smith JK, Cao L, Sah R. SWELL1 is a regulator of adipocyte size, insulin signalling and glucose homeostasis. 
Nat Cell Biol 2017; 19: 504-517 [PMID: 28436964 DOI: 10.1038/ncb3514]

127     

Gunasekar SK, Xie L, Kumar A, Hong J, Chheda PR, Kang C, Kern DM, My-Ta C, Maurer J, Heebink J, Gerber EE, 
Grzesik WJ, Elliot-Hudson M, Zhang Y, Key P, Kulkarni CA, Beals JW, Smith GI, Samuel I, Smith JK, Nau P, Imai Y, 

128     

http://www.ncbi.nlm.nih.gov/pubmed/36220546
https://dx.doi.org/10.1016/j.molmet.2022.101611
http://www.ncbi.nlm.nih.gov/pubmed/30733403
https://dx.doi.org/10.1126/science.aav0558
http://www.ncbi.nlm.nih.gov/pubmed/35955434
https://dx.doi.org/10.3390/ijms23158307
http://www.ncbi.nlm.nih.gov/pubmed/31410156
https://dx.doi.org/10.3892/etm.2019.7781
http://www.ncbi.nlm.nih.gov/pubmed/29035368
https://dx.doi.org/10.1038/nm.4412
http://www.ncbi.nlm.nih.gov/pubmed/25598080
https://dx.doi.org/10.1194/jlr.P056002
http://www.ncbi.nlm.nih.gov/pubmed/34211180
https://dx.doi.org/10.1038/s42255-021-00421-8
http://www.ncbi.nlm.nih.gov/pubmed/36261549
https://dx.doi.org/10.1038/s41586-022-05299-4
http://www.ncbi.nlm.nih.gov/pubmed/30446669
https://dx.doi.org/10.1038/s41467-018-07287-7
http://www.ncbi.nlm.nih.gov/pubmed/35460276
https://dx.doi.org/10.1002/hep.32538
http://www.ncbi.nlm.nih.gov/pubmed/26838599
https://dx.doi.org/10.1136/gutjnl-2015-310798
http://www.ncbi.nlm.nih.gov/pubmed/36323235
https://dx.doi.org/10.1016/j.cmet.2022.10.007
http://www.ncbi.nlm.nih.gov/pubmed/34773257
https://dx.doi.org/10.1002/hep.32235
http://www.ncbi.nlm.nih.gov/pubmed/26608256
https://dx.doi.org/10.1016/S0140-6736(15)00803-X
http://www.ncbi.nlm.nih.gov/pubmed/34348115
https://dx.doi.org/10.1016/j.cmet.2021.07.010
http://www.ncbi.nlm.nih.gov/pubmed/34651580
https://dx.doi.org/10.1172/JCI144801
http://www.ncbi.nlm.nih.gov/pubmed/31882566
https://dx.doi.org/10.2337/db19-0701
http://www.ncbi.nlm.nih.gov/pubmed/35973424
https://dx.doi.org/10.1016/j.cmet.2022.07.010
http://www.ncbi.nlm.nih.gov/pubmed/31112068
https://dx.doi.org/10.1080/21623945.2019.1612223
http://www.ncbi.nlm.nih.gov/pubmed/28436964
https://dx.doi.org/10.1038/ncb3514


Wang GY et al. Basic study for NAFLD treatment

WJG https://www.wjgnet.com 95 January 7, 2023 Volume 29 Issue 1

Sheldon RD, Taylor EB, Lerner DJ, Norris AW, Klein S, Brohawn SG, Kerns R, Sah R. Small molecule SWELL1 
complex induction improves glycemic control and nonalcoholic fatty liver disease in murine Type 2 diabetes. Nat 
Commun 2022; 13: 784 [PMID: 35145074 DOI: 10.1038/s41467-022-28435-0]
Chakravarthy MV, Siddiqui MS, Forsgren MF, Sanyal AJ. Harnessing Muscle-Liver Crosstalk to Treat Nonalcoholic 
Steatohepatitis. Front Endocrinol (Lausanne) 2020; 11: 592373 [PMID: 33424768 DOI: 10.3389/fendo.2020.592373]

129     

Kuchay MS, Martínez-Montoro JI, Kaur P, Fernández-García JC, Ramos-Molina B. Non-alcoholic fatty liver disease-
related fibrosis and sarcopenia: An altered liver-muscle crosstalk leading to increased mortality risk. Ageing Res Rev 2022; 
80: 101696 [PMID: 35843589 DOI: 10.1016/j.arr.2022.101696]

130     

García PS, Cabbabe A, Kambadur R, Nicholas G, Csete M. Brief-reports: elevated myostatin levels in patients with liver 
disease: a potential contributor to skeletal muscle wasting. Anesth Analg 2010; 111: 707-709 [PMID: 20686014 DOI: 
10.1213/ANE.0b013e3181eac1c9]

131     

Zhang HJ, Zhang XF, Ma ZM, Pan LL, Chen Z, Han HW, Han CK, Zhuang XJ, Lu Y, Li XJ, Yang SY, Li XY. Irisin is 
inversely associated with intrahepatic triglyceride contents in obese adults. J Hepatol 2013; 59: 557-562 [PMID: 
23665283 DOI: 10.1016/j.jhep.2013.04.030]

132     

Li DJ, Sun SJ, Fu JT, Ouyang SX, Zhao QJ, Su L, Ji QX, Sun DY, Zhu JH, Zhang GY, Ma JW, Lan XT, Zhao Y, Tong J, 
Li GQ, Shen FM, Wang P. NAD(+)-boosting therapy alleviates nonalcoholic fatty liver disease via stimulating a novel 
exerkine Fndc5/irisin. Theranostics 2021; 11: 4381-4402 [PMID: 33754067 DOI: 10.7150/thno.53652]

133     

Gupta A, Andresen JL, Manan RS, Langer R. Nucleic acid delivery for therapeutic applications. Adv Drug Deliv Rev 
2021; 178: 113834 [PMID: 34492233 DOI: 10.1016/j.addr.2021.113834]

134     

Loomba R, Morgan E, Watts L, Xia S, Hannan LA, Geary RS, Baker BF, Bhanot S. Novel antisense inhibition of 
diacylglycerol O-acyltransferase 2 for treatment of non-alcoholic fatty liver disease: a multicentre, double-blind, 
randomised, placebo-controlled phase 2 trial. Lancet Gastroenterol Hepatol 2020; 5: 829-838 [PMID: 32553151 DOI: 
10.1016/S2468-1253(20)30186-2]

135     

Li Y, Pu S, Liu Q, Li R, Zhang J, Wu T, Chen L, Li H, Yang X, Zou M, Xiao J, Xie W, He J. An integrin-based 
nanoparticle that targets activated hepatic stellate cells and alleviates liver fibrosis. J Control Release 2019; 303: 77-90 
[PMID: 31004666 DOI: 10.1016/j.jconrel.2019.04.022]

136     

Kumar V, Xin X, Ma J, Tan C, Osna N, Mahato RI. Therapeutic targets, novel drugs, and delivery systems for diabetes 
associated NAFLD and liver fibrosis. Adv Drug Deliv Rev 2021; 176: 113888 [PMID: 34314787 DOI: 
10.1016/j.addr.2021.113888]

137     

Duriez M, Jacquet A, Hoet L, Roche S, Bock MD, Rocher C, Haussy G, Vigé X, Bocskei Z, Slavnic T, Martin V, 
Guillemot JC, Didier M, Kannt A, Orsini C, Mikol V, Fèvre AL. A 3D Human Liver Model of Nonalcoholic 
Steatohepatitis. J Clin Transl Hepatol 2020; 8: 359-370 [PMID: 33447518 DOI: 10.14218/JCTH.2020.00015]

138     

Lee J, Mun SJ, Shin Y, Lee S, Son MJ. Advances in liver organoids: model systems for liver disease. Arch Pharm Res 
2022; 45: 390-400 [PMID: 35661984 DOI: 10.1007/s12272-022-01390-6]

139     

http://www.ncbi.nlm.nih.gov/pubmed/35145074
https://dx.doi.org/10.1038/s41467-022-28435-0
http://www.ncbi.nlm.nih.gov/pubmed/33424768
https://dx.doi.org/10.3389/fendo.2020.592373
http://www.ncbi.nlm.nih.gov/pubmed/35843589
https://dx.doi.org/10.1016/j.arr.2022.101696
http://www.ncbi.nlm.nih.gov/pubmed/20686014
https://dx.doi.org/10.1213/ANE.0b013e3181eac1c9
http://www.ncbi.nlm.nih.gov/pubmed/23665283
https://dx.doi.org/10.1016/j.jhep.2013.04.030
http://www.ncbi.nlm.nih.gov/pubmed/33754067
https://dx.doi.org/10.7150/thno.53652
http://www.ncbi.nlm.nih.gov/pubmed/34492233
https://dx.doi.org/10.1016/j.addr.2021.113834
http://www.ncbi.nlm.nih.gov/pubmed/32553151
https://dx.doi.org/10.1016/S2468-1253(20)30186-2
http://www.ncbi.nlm.nih.gov/pubmed/31004666
https://dx.doi.org/10.1016/j.jconrel.2019.04.022
http://www.ncbi.nlm.nih.gov/pubmed/34314787
https://dx.doi.org/10.1016/j.addr.2021.113888
http://www.ncbi.nlm.nih.gov/pubmed/33447518
https://dx.doi.org/10.14218/JCTH.2020.00015
http://www.ncbi.nlm.nih.gov/pubmed/35661984
https://dx.doi.org/10.1007/s12272-022-01390-6


WJG https://www.wjgnet.com 96 January 7, 2023 Volume 29 Issue 1

World Journal of 

GastroenterologyW J G
Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol 2023 January 7; 29(1): 96-109

DOI: 10.3748/wjg.v29.i1.96 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

MINIREVIEWS

Vibrational spectroscopy – are we close to finding a solution for 
early pancreatic cancer diagnosis?

Krzysztof Szymoński, Łukasz Chmura, Ewelina Lipiec, Dariusz Adamek

Specialty type: Gastroenterology 
and hepatology

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

Peer-review model: Single blind

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

P-Reviewer: Susak YM, Ukraine; 
Zhao CF, China

Received: July 8, 2022 
Peer-review started: July 8, 2022 
First decision: September 26, 2022 
Revised: October 3, 2022 
Accepted: October 31, 2022 
Article in press: October 31, 2022 
Published online: January 7, 2023

Krzysztof Szymoński, Łukasz Chmura, Department of Pathomorphology, Jagiellonian University 
Medical College, Cracow 33-332, Poland

Krzysztof Szymoński, Łukasz Chmura, Dariusz Adamek, Department of Pathomorphology, 
University Hospital in Cracow, Cracow 31-501, Poland

Ewelina Lipiec, M. Smoluchowski Institute of Physics, Jagiellonian University, Cracow 30-348, 
Poland

Dariusz Adamek, Department of Neuropathology, Jagiellonian University Medical College, 
Cracow 33-332, Poland

Corresponding author: Krzysztof Szymoński, MD, Academic Research, Doctor, Researcher, 
Senior Researcher, Teaching Assistant, Department of Pathomorphology, Jagiellonian 
University Medical College, Grzegórzecka 16, Cracow 33-332, Poland.  
krzysztof.szymonski@uj.edu.pl

Abstract
Pancreatic cancer (PC) is an aggressive and lethal neoplasm, ranking seventh in 
the world for cancer deaths, with an overall 5-year survival rate of below 10%. 
The knowledge about PC pathogenesis is rapidly expanding. New aspects of 
tumor biology, including its molecular and morphological heterogeneity, have 
been reported to explain the complicated “cross-talk” that occurs between the 
cancer cells and the tumor stroma or the nature of pancreatic ductal adenocar-
cinoma-associated neural remodeling. Nevertheless, currently, there are no 
specific and sensitive diagnosis options for PC. Vibrational spectroscopy (VS) 
shows a promising role in the development of early diagnosis technology. In this 
review, we summarize recent reports about improvements in spectroscopic 
methodologies, briefly explain and highlight the drawbacks of each of them, and 
discuss available solutions. The important aspects of spectroscopic data 
evaluation with multivariate analysis and a convolutional neural network 
methodology are depicted. We conclude by presenting a study design for 
systemic verification of the VS-based methods in the diagnosis of PC.

Key Words: Spectroscopic cancer diagnosis; Raman spectroscopy; Pancreatic cancer 
diagnosis; DNA methylation; Liquid biopsy biomarkers; Convolutional neural networks
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Core Tip: Vibrational spectroscopy (VS) may become a major player in the development of early diagnosis 
technology for pancreatic cancer. As with every technique, VS has promising attributes as well as 
drawbacks. We summarize recent reports about improvements in spectroscopic methodologies, briefly 
explain and highlight the drawbacks of each of them, and discuss available solutions. Additionally, the 
important aspects of spectroscopic data evaluation with multivariate analysis and a convolutional neural 
network methodology are depicted.

Citation: Szymoński K, Chmura Ł, Lipiec E, Adamek D. Vibrational spectroscopy – are we close to finding a 
solution for early pancreatic cancer diagnosis? World J Gastroenterol 2023; 29(1): 96-109
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/96.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.96

INTRODUCTION
Pancreatic cancer (PC) is a very aggressive and lethal neoplasm, ranking seventh in the world for cancer 
deaths[1]. In 2020 there was an estimated number of 466003 new PC-related deaths worldwide[2]. 
Despite a better understanding of the nature of pancreatic tumors, 5-year survival rates have not 
improved and remain below 10%. Late-stage disease at diagnosis is a significant issue that contributes to 
poor overall survival rates. Another prognostically relevant, yet complex factor is related to the morpho-
logical and molecular heterogeneity of the tumor cells and the surrounding stroma. On one hand, the 
need for proper pathological evaluation with a detailed prognostic assessment is required, on the other, 
more importantly, the variability of PC leads to chemoresistance[3]. Moreover, differentiating PC from 
large tumors of the ampulla of Vater remains challenging[4]. Our previous article highlighted recent 
trends in PC pathology and research[3]. Vibrational spectroscopy (VS)-based methods will play 
prominent roles in the early diagnosis of PC (Figure 1). Detailed studies regarding the molecular nature 
of PC are required to reveal novel early and precise diagnostic technologies, thus improving survival 
rates.

EARLY DIAGNOSIS OF PC
The lack of specific and sensitive early diagnostic options for PC screening results in late-stage disease at 
the time of diagnosis and is one of the reasons for the poor overall PC survival rates. Out of the available 
options, serum antigen levels, such as carbohydrate antigen 19-9, are insufficient because of poor 
specificity and sensitivity for malignancy detection[5,6]. Some studies highlighted the usefulness of 
measuring interleukin-6 serum levels to differentiate pancreatic ductal adenocarcinoma (PDAC) from 
chronic or acute pancreatitis[7-9]. Recently, leukemia inhibitory factor was reported to be a promising 
serum biomarker of pancreatic malignancy[10], a monitoring indicator of treatment response[11-14], 
and a predictor of metastatic disease in PDAC patients[15].

LIQUID BIOPSY BIOMARKERS
Circulating tumor DNA
Recently, some new circulating biomarkers, particularly those associated with early-stage disease, have 
been intensely studied. These include a group of tumor nucleic acids in the patient's blood serum, such 
as circulating tumor DNA (ctDNA), cell-free DNA, cell-free RNA, circulating tumor cells, or 
extracellular vesicles (EVs) (Figure 2)[16]. Aberrant methylation markers specific for certain 
malignancies, including PDAC, were previously detected using genetic methods, such as next-
generation sequencing and droplet digital polymerase chain reaction[17-20], but the sensitivity of these 
methods is still low[20].

EVs
Both tumor and healthy cells release lipid-membrane vesicles, termed “extracellular vesicles”, into the 
bloodstream. EVs include oncosomes, apoptotic bodies, microvesicles, and exosomes of different sizes 
and biogenesis[21,22]. They have an established role in cancer cell communication and metastasis[23,
24]. EVs are released in a passive mode (apoptotic bodies) from dying cells (apoptosis, necrosis) or in an 
active mode (microvesicles, exosomes) from living cells[25]. They make up a large part of the ctDNA 
(single-strand DNA and double-strand DNA) in a liquid biopsy, but also carry other biomarkers, such 
as tumor protein antigens[26,27], or microRNA[28,29]. The cargo within an EV creates a unique spectro-

https://www.wjgnet.com/1007-9327/full/v29/i1/96.htm
https://dx.doi.org/10.3748/wjg.v29.i1.96
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Figure 1 Main trends in pancreatic cancer pathology and research aim to improve survival[3]. Poor pancreatic ductal adenocarcinoma (PDAC) 
prognosis for a patient is multifactorial, and the lack of sensitive and specific early diagnostic methods is one of the reasons. Another is the resistance to available 
therapeutic options, which is caused, among others, by the tumor's molecular and morphological heterogeneity. Detailed pathological reporting is crucial for targeted 
and personalized therapy. The development of new diagnostic methods, combined with a proper pathologic evaluation and spectroscopic profiling, lead to effective 
treatment and supposedly will increase PDAC patients’ survival rates; Adapted with permission from[3]. Citation: Szymoński K, Milian-Ciesielska K, Lipiec E, Adamek 
D. Current Pathology Model of Pancreatic Cancer. Cancers (Basel) 2022; 14: 2321. Copyright© The Authors 2020. Published by MDPI. The image may be 
redistributed without special permissions–source: https://www.mdpi.com/openaccess. PDAC: Pancreatic ductal adenocarcinoma; LIF: Leukemia inhibitory factor; IL-6: 
Interleukin-6; cfDNA: Cell-free DNA; FTIR: Fourier transform infrared spectroscopy; Raman: Raman spectroscopy; SERS: Surface-enhanced Raman spectroscopy; 
NGS: Next-generation sequencing; ICB: Immune checkpoint blockers; NRF2: Nuclear factor-erythroid factor 2-related factor 2; GEM: Gemcitabine; PANR: PDAC-
associated neural remodeling; CAFs: Cancer-associated fibroblasts; CSCs: Cancer stem cells; EGFR: Epithelial growth factor receptor.

Figure 2 Potential cancer biomarkers that are detectable using liquid biopsies[16]. Key biomarkers that are currently used in an attempt to detect 
early-stage cancer. Adapted with permission from[16]. Citation: Jaworski JJ, Morgan RD, Sivakumar S. Circulating Cell-Free Tumour DNA for Early Detection of 
Pancreatic Cancer. Cancers (Basel) 2020; 12: 3704. Copyright© The Authors 2020. Published by MDPI. The image may be redistributed without special 
permissions–source: https://www.mdpi.com/openaccess. ctDNA: Circulating tumor DNA; cfDNA: Cell-free DNA; cfRNA: Cell-free RNA; CTCs: Circulating tumor cells.

scopic fingerprint specific for certain tumors, including PDAC. The molecular characteristics that were 
obtained using VS, when combined with the use of convolutional neural networks (CNN), can be 
specified to pinpoint valuable information from the general all-in-one data, thus creating a tool for 
successful diagnosis.

https://www.mdpi.com/openaccess
https://www.mdpi.com/openaccess
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DNA methylation
DNA methylation plays an important role in the regulation of gene expression, and cellular differen-
tiation. Aberrant methylation is associated with the development and progression of various cancers[16,
30,31]. Moreover, these specific aberrations may act as cancer biomarkers, enabling early diagnosis. 
Standard methylation status evaluation techniques include bisulfite conversion assay, the sequencing or 
melting curve analysis, restricted enzymes-based assay, and affinity capture using methylated DNA 
binding proteins[31]. Some of these methods suffer from a laborious workflow and false positives. 
Others require specific reagents such as enzymes and binding proteins, which are costly and time-
consuming. Therefore, we will discuss the usefulness of label-free spectroscopic methods, such as 
surface-enhanced Raman spectroscopy (SERS), in DNA methylation status detection, and we will 
address potential issues that arise when using these techniques.

PDAC HETEROGENEITY AND CHEMORESISTANCE
PC is well known to be very heterogeneous in molecular and morphological phenotype. It is one of the 
reasons, aside from the lack of adequate early diagnosis methods, for patients’ poor prognosis, because 
current treatment options do not consider tumor heterogeneity and thus give insufficient results[32,33]. 
When designing studies based on PC diagnosis, one must differentiate the results concerning the 
histomorphological type of the tumor. This distinction is crucial for patient care, due to different 
molecular pathways governing the development and evolution of these tumors, as well as the prognosis 
assessment and potential treatment options[3]. In our previous study, we demonstrated that Raman 
spectroscopy (RS) is capable of detecting ampullary cancer in pancreatic tumor tissue slides[34]. A 
subsequent step could then differentiate between three groups of pancreatic tumors, specifically 
conventional PDAC (cPDAC), PDAC derived from intraductal papillary mucinous neoplasm (IPMC), 
and ampulla of Vater adenocarcinoma (AVAC). cPDAC is the most common form of PC developing via 
pancreatic intraepithelial neoplasia. It arises in the ductal epithelium localized in “normal” pancreatic 
tissue, sometimes with signs of chronic pancreatitis, or is combined with so-called “acinar-to-ductal 
metaplasia” regions. The KRAS mutation is the initiating event in this pathway of carcinogenesis[3]. 
IPMCs are carcinomas that arise from intraductal papillary mucinous neoplasms (IPMNs), cystic tumors 
that develop in the main or peripheral branches of pancreatic ducts. Guanine nucleotide-binding 
protein, alpha stimulating activity polypeptide proto-oncogene mutation, which is not found besides 
pancreatic tumors, plays a significant role in IPMN development[3]. The third relevant group, AVAC, is 
a cancer of the duodenal ampulla of Vater. AVAC tumors usually grow with large diameters and deeply 
infiltrate the pancreatic tissue. The histomorphological similarities of AVAC and cPDAC tumors often 
make them hard to distinguish from each other. Moreover, these tumors are treated clinically and 
diagnostically in the same way, but the latest reports suggest that they differ regarding the incidence of 
various prognostic factors, such as tumor differentiation, perineural invasion, venous invasion, or 
lymph node involvement[35]. The early occurrence of bile duct obstruction symptoms in IPMC or 
AVAC enables earlier diagnosis and thus may lead to a better prognosis. However, the reports 
supporting this are ambiguous[3]. Further subgrouping of PC tumors into morphologically distinct 
entities, such as large duct (cystic papillary), foamy glands, clear cell, adenosquamous, vacuolated-cell, 
or colloid, which are described in detail elsewhere[3], may benefit patients and clinicians, because of the 
different prognosis of some of these groups.

Recently, Mukhopadhyay et al[36] showed that the nuclear factor-erythroid 2–related factor 2 (NRF2) 
was responsible for gemcitabine chemoresistance, and the NRF2 expression level in PDAC tissues 
correlated with poor patient outcome. Another study by Patzak et al[37] described cytosolic 5’-
nucleotidase 1A (NT5C1A) as a mediator of this resistance by reducing intracellular gemcitabine 
metabolites and limiting its efficacy. Gemcitabine is a standard chemotherapeutic agent for PDAC. The 
tumor’s resistance to the therapy is among the main reasons for the drastically low 5-year survival rates 
of PC. Thus, recognizing this chemoresistance is of great importance. The utilization of VS is a step 
closer in this direction. VS may prove to be beneficial for identifying chemoresistant pancreatic tumors. 
More studies are required to evaluate NRF2 or/and NT5C1A expression levels in PDAC tissues, and 
compare them with spectroscopic data to identify spectral markers that correlate with gemcitabine 
chemoresistance. These studies will help select patients who might benefit from gemcitabine therapy.

Molecular spectroscopy can obtain all the information about the studied sample with a single 
measurement. There is no need for special labeling or selecting areas of interest that other genetic or 
biochemical methods may require. Analyzing spectral data plays a pivotal role. All data is ready for 
interpretation and provides information about the tumor, such as its subtype, differentiation level, 
specific chemoresistance, and other tumor-specific poor prognostic factors (hepatocyte nuclear factor-1B 
expression, or cancer stem cells). Whether or not we can decipher this information will determine the 
efficacy of this methodology in diagnostics.
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MOLECULAR SPECTROSCOPY
Molecular VS was confirmed to play an important role in the characterization of the chemical structure 
and composition of malignant tissues[38-41] and the analysis of human blood serum[42]. Due to high 
chemical selectivity, RS and infrared spectroscopy (IR) might evolve into efficient pancreatic malignancy 
screening tools[43]. These methodologies provide information about various biologically significant 
molecules and functional groups in a tumor including phospholipids and triglycerides, proteins, nucleic 
acids, phosphates, and carbohydrates. Electromagnetic radiation (photons) can be absorbed and/or 
scattered by a sample because the energy of phonon excitations and vibrations, as well as oscillations of 
functional groups in molecules correspond to the energy in the infrared region of the electromagnetic 
radiation spectrum. Therefore, the presence of functional groups in the analyte can be detected via 
interaction with light, providing information about the molecular structure and composition of the 
investigated sample. IR and RS take advantage of absorption and inelastic scattering, respectively. The 
results obtained using these methods indicate differences in metabolic pathways typical for various 
neoplasms. The main advantage of the molecular spectroscopic approach is collecting information about 
samples in a label-free and noninvasive manner. The potential of spectroscopic methods has not yet 
been fully explored in the investigation of PC. However, preliminary results are promising[34,44].

Raman hyperspectral mapping
RS is a VS method that can deliver a detailed molecular fingerprint of a studied sample almost real-time, 
without the need for special labeling. A technique called Raman hyperspectral mapping (RHM) 
provides high-resolution imaging at a relatively low cost compared to other well-established medical 
imaging techniques, such as magnetic resonance imaging (MRI)[43]. RHM relies on multiple 
measurements of adjacent “pixels” of tissue and integrating the resulting spectra into a single map 
image. Such imaging allows the selection of points of interest in the studied sample and precise 
distinction between particular tissue elements, such as cancer cells (with nuclei and cytoplasm) or the 
stroma compartment (Figure 3).

The RHM methodology of tissue samples usually involves slicing 2.5 μm thick tissue sections with a 
microtome from a standard formalin-fixed paraffin-embedded tissue block. Because glass gives 
substantial interference in the Raman readings, for the slide mounting, special calcium fluoride (CaF2) 
windows are used for the slide mounting instead. Another important aspect of RHM is the selection of 
the region of interest which is usually a part of the cancerous glands or stroma compartment. This 
should be completed by an experienced pathologist. Subsequently, a complete paraffin removal ought 
to be conducted involving a 12-h xylene bath and graded ethanol rehydration. On such preprocessed 
tissue slides, the Raman measurements can be performed. This methodology was already described in 
our previous paper on ampullary cancer detection with RHM[34].

RS is accurate, and the information obtained is characterized by good resolution. Nevertheless, RS 
requires a sophisticated methodology and equipment because the Raman effect is very weak in nature
[43,45]. Another drawback of RS is the substantial sample pre-processing, manual selection of points of 
interest, and further data analysis.

SERS
To augment the Raman signal strength, another method called SERS is used[43,45]. SERS is a label-free, 
ultrasensitive tool, capable of DNA methylation analysis. SERS utilizes the same physical phenomenon 
as RS (Raman effect), but the effect is significantly enhanced using specially synthesized plasmonic 
nanoparticles[46] into which the molecules (such as DNA) are absorbed [31]. Furthermore, SERS is 
efficient for liquid biopsy measurements, and it does not require special labeling. However, the 
production of nanoparticles requires an experienced team and a proper methodology.

The unique ability for such sensitivity of SERS is achieved via the use of plasmonic nanostructures 
(SERS substrates), between which so-called “hot spots” are localized. The traditional methodology of 
SERS measurements involved mixing the sample with gold (Au) nanoparticles (20-50 nm diameter). 
One method of SERS substrate production prepares Au nanoparticles via chemical reduction of 
tetrachloroauric (III) acid using trisodium citrate under specific reaction conditions according to the 
procedure described by Frens[46]. However, this synthesis method is characterized by random and 
nonuniform hot spot distribution, which leads to the poor reproducibility of SERS[31,47,48]. Another 
issue, especially regarding DNA methylation studies, is the difficulty distinguishing between DNA 
methylation signals and the adjacent nucleotide signals due to their similarity[49]. Additionally, 
surfactants and/or capping agents can affect signal purity[50]. Overcoming these issues is crucial to 
utilizing SERS for diagnostics largely based on DNA methylation analysis. To achieve this, a 
methodology of proper SERS substrate development is required. Such a substrate is characterized by a 
large Raman enhancement, regularly arranged hot spots, and an open and easily accessible surface 
topology[31]. Luo et al[31] proposed the use of a plasmonic gold nanohole array (PGNA) as a SERS 
substrate. Originally, the authors described the use of electron beam lithography (EBL) for the PGNA 
substrates production, but a focused ion beam (FIB) might be even better, due to its higher resolution
[51]. Both EBL and FIB can be used to obtain a periodic matrix of holes (plasmonic nano-holes array) in a 
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Figure 3 Spectroscopic mapping of ampullary adenocarcinoma[34]. A hematoxylin-eosin slide image of ampullary cancer tissue with superimposed 
Fourier transform infrared spectroscopy and Raman hyperspectral maps treated with hierarchical cluster analysis and averaged spectra with corresponding second 
derivatives from each cluster. Spectroscopic maps cover both cancerous (red circle) and noncancerous–stroma (green circle) tissue fragments. Adapted with 
permission from[34]. Citation: Szymoński K, Lipiec E, Sofińska K, Skirlińska-Nosek K, Milian-Ciesielska K, Szpor J, Czaja M, Seweryn S, Wilkosz N, Birarda G, 
Piccirilli F, Vaccari L, Szymoński M. Spectroscopic screening of pancreatic cancer. Clin Spect 2021; 3: 100016. Copyright© The Authors 2020. Published by 
ELSEVIER.

Au layer evaporated onto an atomically flat non-plasmonic substrate[31] (Figure 4).
SERS is characterized by a large amount of work required for substrate production, but the sample 

pre-processing is minimal. Raw blood serum samples can be analyzed, without requiring preselection 
by a specialist. This is a valuable asset in the search for a diagnostic option.

Attenuated total reflection Fourier transform infrared spectroscopy
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) is a complementary 
method to SERS and RS, which measures absorption as an infrared spectrum of a biochemical 
fingerprint. It is widely accessible, inexpensive, and easy to use and implement, while still providing 
substantial information about the sample being analyzed. ATR-FTIR is characterized by high sensitivity 
in biomedical diagnostics[52] and can detect spectral markers of many pathologies in physiological 
liquids such as saliva or blood serum. ATR-FTIR was used to detect lung[53], bile duct[54], ovary[55,
56], breast[57], and brain[58,59] tumors in the blood serum samples. In a study by Butler et al[59], the 
team described the methodology of using ATR-FTIR in an early screening of brain tumor patients with 
sensitivity and specificity of 93.2% and 92.8%, respectively. The high sensitivity of ATR-FTIR can be 
achieved due to the design of the instrumental set-up. In the ATR-FTIR, a sample droplet is placed on 
an internal reflection element (IRE), also called the ATR crystal. IREs with high refractive indexes, such 
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Figure 4 A schematic of a plasmonic gold nanohole array as a surface-enhanced Raman spectroscopy-active substrate used in the 
detection of DNA methylation[31]. Citation: Luo X, Xing Y, Galvan DD, Zheng E, Wu P, Cai C, Yu Q. Plasmonic Gold Nanohole Array for Surface-Enhanced 
Raman Scattering Detection of DNA Methylation. ACS Sens 2019; 4: 1534–1542. Copyright© The Authors 2020. Published by American Chemical Society.

as diamond, zinc selenide, germanium, or silicon are used. The incident IR beam is directed through the 
IRE and the resultant evanescent wave extends beyond the ATR crystal surface and penetrates the 
sample. As with SERS, there is no need for sample pre-processing or special labeling. No additional 
substrate production is required as well. However, achieving sensitive information about the samples, 
and their interpretation remains challenging. Employing CNNs to analyze ATR-FTIR data is a viable 
solution that has already shown success[59].

Molecular spectroscopy in diagnostics
Multiple studies have shown the usefulness of VS in the detection of DNA methylation status of cells, as 
well as other diagnostically important factors. For example, DNA methylation aberrations were 
successfully detected using SERS[31,49,60-62], and FTIR[63-69] methods. Recently, in an interesting 
study by Ho et al[70], the authors successfully utilized RS and deep neural networking that enabled 
culture-free serum bacteria identification and antibiotic susceptibility testing with about 97% accuracy. 
In other studies[71,72], RS and SERS were used to detect previously untraceable concentrations of 
biomarkers (matrix metalloproteinase 7, and mucin 4) in the serum of PDAC patients.

To date, no report has combined detecting aberrant DNA methylation markers of PDAC, obtained by 
analyzing patients' serum with the use of VS methods, specifically the ATR-FTIR combined with CNN 
classification. Although partial results are available and show promise, additional investigations are 
needed to support the combination of VS and CNN for PDAC detection.

Residual disease monitoring
Currently, there are no efficient methods of patient monitoring for minimal residual disease (MRD) in 
PC. Generally, postoperative surveillance methods, including monitoring of clinical symptoms, blood 
tumor markers, and computed tomography or MRI are used, but these methods lack sensitivity and 
specificity for MRD[73]. Recently, ctDNA detection using genetic methods in a liquid biopsy was highly 
advocated for MRD monitoring[73-76]. VS could be a better option for MRD monitoring compared to 
genetic mutation detection, because of VS’s ability to identify DNA methylation aberrations[20]. 
However, there are currently no data supporting this. Notably, as highlighted by Henriksen et al[77], 
surgical trauma elevates the serum ctDNA levels up to 4 wk after the surgery. This should be taken into 
consideration when designing a MRD monitoring study using liquid biopsy analysis.

MULTIVARIATE DATA ANALYSIS
In spectroscopic data evaluation, it is very important to draw proper conclusions. Therefore, various 
methods of multivariate analysis are used to help with data interpretation[78]. Hyperspectral mapping 
with K-means clustering and principal component analysis (PCA) is commonly performed to explore 
spectral variation[79-81]. Pre-processing of the spectroscopic data involves cosmic rays removal, 
baseline correction, and smoothing (adaptive multi-round smoothing based on the Savitzky-Golay 
filter). Minimal necessary operations are performed to explore marker bands of significant aspects, such 
as DNA methylation while preventing the loss of important spectral information. Multivariate analysis 
is carried out to reduce data dimensionality and extract the most important parameters from the 
acquired information. Some of these methods are briefly described below.
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Unsupervised hierarchical cluster analysis is a clustering algorithm designed to group the obtained 
spectra or to produce false-colored maps based on spectral similarity and variability.

PCA is based on a linear transformation of the data to a new space described by orthogonal axes, the 
so-called principal components. The most significant results are the “score” values, which represent the 
data in multidimensional space corresponding to the principal components, and the loading values, 
which identify the variables causing the data separation according to their influence on the scores. 
Additionally, the results of the PCA are complemented by the explained variance. The explained 
variance gives the percentage of the total variance of the original data set, which is explained by a 
certain principal component.

Partial least squares regression (PLSR) involves a linear transition of numerous original descriptors to 
a new variable space based on a small number of orthogonal factors (latent variables). In other words, 
PLSR allows the construction of predictive models when the factors are highly collinear. This analysis 
estimates unobservable variables as exact linear combinations of their empirical indicators. The 
estimated proxies are treated as substitutes for the latent variables. The selected case values capture 
most of the independent variables’ variance. This variance is used for predicting the dependent variable.

Non-negative matrix factorization (NMF) is a useful tool for the analysis of high-dimensional data. 
Besides detecting a compressed representation, NMF provides insights into the structure and features of 
the given data by extracting easily interpretable factors. With the use of NMF, basic spectral components 
for proteins, lipids, phospholipids, or nucleic acids can be compared.

All of these methods depend on human decision-making, although minimal. As a result, these 
methods might disturb and lose seemingly irrelevant data. To overcome this and enhance the sensitivity 
and specificity of spectral data interpretation, deep neural networks are used.

CNNs
RS is characterized by a very low strength of the measured effect (Raman effect) and is thus very 
sensitive to distortion factors, such as fluorescence, thermal noise, the quality of the measuring 
equipment, and research team experience. Removing noise artifacts requires various pre-processing 
methods on acquired spectra (i.e., cosmic rays removal, baseline correction, and smoothing). All of these 
depend on human input and definition. On one hand, this prevents automation, but on the other, some 
seemingly irrelevant data might be lost during the pre-processing. The successful use of CNNs in 
spectroscopic data evaluation and classification was shown in multiple studies[82,83] including those 
using RS[84], SERS[70,85], and ATR-FTIR[86]. As a source, the CNN is fed with raw spectral data, 
without human interaction-related pre-processing. This approach gives better results in classification 
than conventional methods[82] and makes the methodology more universal. CNN objectives should be 
clear and simple. Similarly, the proper selection of training data is of great importance. For each 
objective, different training sets should be created. All spectral results from each group are split (2:1) to 
form the training (two-thirds of data) and testing (one-third of data) datasets. Training datasets should 
include positive and negative cases, preferably with many variations. For example, when designing a 
training dataset for the CNN that will decide whether the results are from a malignant pancreatic tumor 
or not from a malignant pancreatic tumor, one might include cases from PC, but as a negative control 
also include malignancies of other sites (i.e., colorectal or breast carcinomas), and benign pancreatic 
entities (i.e., IPMN, mucinous cystic neoplasm, or groove pancreatitis).

There are some issues related to utilizing neural networks (NNs) with multiple layers (deep NNs), 
specifically very deep NNs. One obstacle is the vanishing/exploding gradient problem. A training 
process of a NN in simplest words usually involves updating the “weights” of the algorithm to better 
cope with the problem, that the NN is exposed to. A great benefit of a CNN is that it extracts features of 
the task on its own. Feature extraction is done using an optimization algorithm, such as “gradient 
descent”, which simply finds values of a function’s parameters to minimize the cost function. If 
gradients that update the weights shrink, the weights are no longer updated, and the learning stops. 
This is called a vanishing gradient problem. Similarly, if gradients grow, weights do not update 
reasonably, and the learning becomes unstable, resulting in the exploding gradient problem. The so-
called “skip connection” technique is utilized to overcome the vanishing/exploding gradient problem
[83,87]. This is the basis for a Residual Network CNN architecture[87]. Another issue of CNNs is data 
overfitting. When a model used to train the CNN is very complex, and there is a limited amount of 
learning data available, the CNN learns to know the training dataset well, but performs poorly against 
any new data (i.e., validating/testing dataset or the implementation data). To improve this shortcoming, 
proper data augmentation techniques might be needed. Usually, in spectral data analysis, augmentation 
requires making additional artificial spectra by small spectral shifting, expanding spectral range, adding 
Gaussian noise, or superimposing the spectra for each real result[83].



Szymoński K et al. Solution for early pancreatic cancer PC diagnosis

WJG https://www.wjgnet.com 104 January 7, 2023 Volume 29 Issue 1

Table 1 Drawbacks of spectroscopic-related methodologies, and proposed solutions

Methodology Issue Solution

Raman spectroscopy 
(random 
measurement points 
selection)

(1) Not differentiating the results with cancer subtype leads to mixed 
results; and (2) Mixing measurements of cancer cells or tumor stroma 
with pancreatitis, inflammation, necrosis, colloid, etc

(1) Results should be analyzed with regard to cancer 
subtype; (2) Raman hyperspectral mapping allows the 
selection of specific points of interest, whether cancer 
cells or tumor stroma areas; and (3) The selection 
should be done by an experienced pancreatic 
pathologist

SERS (1) Poor reproducibility, due to random and nonuniform hot spots 
distribution in nanostructures production[31,47,48]; (2) The distinction 
between methylation signals and those from adjacent nucleotides is 
difficult, because of their similarity[49]; and (3) Signal purity is affected 
by the use of surfactants and/or capping agents[50]

(1) PGNA as a SERS substrate; and (2) The use of a FIB 
to obtain a periodic matrix of holes (plasmonic nano-
holes array) in a gold layer evaporated on an atomically 
flat non-plasmonic substrate[31]

ATR-FTIR (1) Low sensitivity and specificity; (2) Human-dependent pre-
processing and analysis of spectral data; and (3) Not yet confirmed in 
pancreatic cancer diagnosis

To increase the sensitivity and specificity, and to limit 
the human intervention, convolutional neural networks 
are used

Multivariate data 
analysis

(1) Results might be disturbed by the human-dependant actions and 
seemingly irrelevant data will be lost; and (2) Losing data lowers the 
sensitivity and specificity of the method

Using of convolutional neural networks, which are fed 
with raw spectral data

CNN (1) Very deep neural networks are characterized by a 
vanishing/exploding gradient problem; and (2) Overfitting of the CNN 
trained on a limited amount of data

(1) The use of ResNet CNN architecture, with the use of 
so-called “skip connections”; and (2) Proper data 
augmentation to prevent overfitting and sensitize the 
CNN to deal with various “scenarios”

PGNA: Plasmonic gold nanohole array; FIB: Focused ion beam; SERS: Surface-enhanced Raman spectroscopy; ResNet: Residual Network; CNN: 
Convolutional neural networks; ATR-FTIR: Attenuated total reflection Fourier transform infrared spectroscopy.

CONCLUSION
When designing a study investigating VS methods in PC diagnosis, it is important to bear in mind a 
couple of aspects. First, the study is required to address all the drawbacks of RS, SERS, and ATR-FTIR 
methodology, described briefly above. Another crucial issue is the proper cooperation of multidiscip-
linary teams, including medical specialists, such as pathologists and clinicians, and spectroscopic 
specialists, such as physicists and chemists. For example, comparing PC cases with pancreatic neuroen-
docrine neoplasms is not reasonable because the malignancies represent different entities with very 
distinct pathways governing their initiation and progression, as much as patient survival. When dealing 
with PC, detailed knowledge of the tumor’s molecular and pathological nature is required. In particular, 
one should interpret the results of measurements in the context of PC subtypes and some other 
prognostic factors[3]. Proper analysis of measured spectroscopic data is impartant. For example, when 
conducting a RS on complex tissue samples, such as PC sections, the random spots of measurements 
will yield ambiguous results. The spectral data might be disturbed by numerous interfering phenomena, 
such as inflammation, tumor necrosis, or fibrosis. Additionally, the cytoplasmic and nuclear regions of 
cancer cells significantly differ as well. Interpretation of the PC stroma compartment, including the 
complicated cancer-stroma “cross-talk”, is another aspect to address[3]. Careful selection of regions of 
interest is important too. This should be done by a specialized pancreatic pathologist familiar with the 
spectroscopic methodology. Finally, in the search for a PC diagnostic tool, we look for universality and 
automation. Thus, the interpretation of spectral data obtained from liquid biopsy, which relies on 
human-dependent pre-processing is not a good path to follow. CNNs are invaluable here, but proper 
design and training is the key to success. With these aims, we designed a study that will compre-
hensively evaluate the potential of VS methods used in diagnosing PC, by systemically evaluating 
liquid biopsy samples (Figure 5). In conclusion, VS seems to be leading the way in the race, with most of 
the methodology drawbacks resolved, at least partially (Table 1).
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Figure 5 A Designed study regarding the diagnostic potential of vibrational spectroscopic methods used for diagnosing pancreatic 
cancer by systemically evaluating liquid biopsy samples. LIF: Leukemia inhibitory factor; RS: Raman spectroscopy; SERS: Surface-enhanced Raman 
spectroscopy; ATR-FTIR: Attenuated total reflection Fourier transform infrared spectroscopy; CNN: Convolutional neural network; NRF2: Nuclear factor-erythroid 
2–related factor 2; HNF1B: Hepatocyte nuclear factor-1B; PCA: Principal component analysis; HCA: Hierarchical clustering analysis; NMF: Non-negative matrix 
factorization.
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Abstract
Inflammatory bowel disease (IBD) is chronic inflammation of the gastrointestinal 
tract that has a high epidemiological prevalence worldwide. The increasing 
disease burden worldwide, lack of response to current biologic therapeutics, and 
treatment-related immunogenicity have led to major concerns regarding the 
clinical management of IBD patients and treatment efficacy. Understanding 
disease pathogenesis and disease-related molecular mechanisms is the most 
important goal in developing new and effective therapeutics. Sphingosine-1-
phosphate (S1P) receptor (S1PR) modulators form a class of oral small molecule 
drugs currently in clinical development for IBD have shown promising effects on 
disease improvement. S1P is a sphingosine-derived phospholipid that acts by 
binding to its receptor S1PR and is involved in the regulation of several biological 
processes including cell survival, differentiation, migration, proliferation, immune 
response, and lymphocyte trafficking. T lymphocytes play an important role in 
regulating inflammatory responses. In inflamed IBD tissue, an imbalance between 
T helper (Th) and regulatory T lymphocytes and Th cytokine levels was found. 
The S1P/S1PR signaling axis and metabolism have been linked to inflammatory 
responses in IBD. S1P modulators targeting S1PRs and S1P metabolism have been 
developed and shown to regulate inflammatory responses by affecting lympho-
cyte trafficking, lymphocyte number, lymphocyte activity, cytokine production, 
and contributing to gut barrier function.

Key Words: Inflammatory bowel disease; Sphingosine-1-phosphate; Intestinal inflamma-
tion; T helper 1/T helper 17; Sphingosine 1 phosphate; Modulators; Immune responses
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Core Tip: Recent literature has highlighted the use of novel oral small molecules, so-called sphingosine-1- 
phosphate (S1P) receptor modulators, in the therapeutic treatment of inflammatory bowel disease (IBD). 
Reviews and clinical trials have reported the safety profile and role of S1P modulators in alleviating IBD, 
but little information is available on their biological function. This is a comprehensive mini-review 
describing key biological mechanisms beyond the activity of S1P modulators reported in preclinical and 
clinical studies. The data from this study will contribute to the research field of developing therapeutic 
strategies in IBD based on the pathogenic biological background.

Citation: Tourkochristou E, Mouzaki A, Triantos C. Unveiling the biological role of sphingosine-1-phosphate 
receptor modulators in inflammatory bowel diseases. World J Gastroenterol 2023; 29(1): 110-125
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/110.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.110

INTRODUCTION
Inflammatory bowel disease (IBD) is a chronic inflammation of the gastrointestinal tract that includes 
two main forms: ulcerative colitis (UC) and Crohn’s disease (CD). IBD is thought to be mediated by 
dysregulation of the immune system, and its high epidemiological prevalence worldwide has led to 
great concern regarding the treatment and therapeutic management of patients[1]. Although current 
therapeutic agents have led to significant improvements in IBD in recent years, there is still a large 
percentage of patients who do not respond to these agents[2], and high immunogenicity has also been 
associated with monoclonal antibodies[3]. Sphingosine-1-phosphate (S1P) receptor modulators are 
novel oral small molecule drugs that have better prospects in terms of route of administration, pharma-
cokinetic properties, immunogenicity, manufacturing and cost compared to other biologic agents in IBD
[4]. S1P is a highly bioactive molecule that regulates important biological processes such as inflam-
mation, immune cell transport, and cell growth and transformation[5]. S1P level creates a gradient 
between blood and tissues, which contributes to the recruitment of immune cells and inflammatory 
mediators in tissues. S1P exerts its biological function by activating specific S1P receptors expressed by 
different cell types, initiating a signaling cascade that modulates lymphocyte migration, endothelial 
permeability, angiogenesis, cell proliferation, cell survival, apoptosis, and differentiation[6]. The 
components of S1P metabolism and S1P signaling have been associated with the regulation of immune 
responses and inflammation-related pathologies in the gastrointestinal tract. A number of agents 
targeting the inflammatory activity of sphingosine kinases (SphK1, SphK2) and S1P receptors are 
currently being tested in preclinical and clinical studies[5]. Amiselimod (MT-1303), etrasimod (APD-
334), ozanimod (RPC-1063), and KRP-203 (2-amino-2-1,3-propanediol hydrochloride) belong to the class 
of S1P modulators currently in clinical development for IBD, and they help prevent lymphocyte 
migration into the gut[3]. Gut T lymphocyte colonization is a critical factor in chronic gut inflammation, 
considering the role they play in inflammatory immune responses and immune cell interactions. 
Overexpression of SphK kinases and the SphK/S1P axis are associated with the regulation of inflam-
mation in the tumor microenvironment and mediate the development of gastric and colon cancer[7]. 
S1P receptor modulators (FTY720, ozanimod, etrasimod) have been proposed as therapeutics for 
gastrointestinal cancer due to their potential anti-inflammatory effects[8]. Elucidating the different 
mechanisms of action of therapeutics for IBD could be an important factor in selecting the right drug for 
the right patient.

In this brief review, we describe the main biological mechanisms of S1P receptor modulators in IBD 
and how these mechanisms might influence disease progression according to current experimental and 
clinical data.

ROLE OF T LYMPHOCYTES AND CYTOKINES IN INFLAMED IBD TISSUE 
T helper (Th) lymphocytes play a key role in modulating immune responses in the intestinal mucosa by 
secreting cytokines and influencing the activity and function of other immune cells[9]. In the context of 
immune homeostasis, the intestinal mucosa has inflammatory immune responses under control, which 
are regulated by a delicate balance of Th1, Th2, Th3, Th9, Th17, and regulatory T cells (Tregs)[10-12]. 
Naive T cells circulate through secondary lymphoid organs until they interact with antigen-presenting 
cells (APCs) (e.g., dendritic cells, macrophages, B cells) in the gut-associated lymphoid tissue, where 
they encounter their cognate antigen presented by APCs. This interaction leads to the activation and 
proliferation of T cells, which are also imprinted into a gut homing phenotype. Imprinted T cells express 
specific integrins and chemokine receptors to either settle in the small intestine or migrate to the colon
[13-15]. The extravasation process of T cell homing begins with the binding and rolling of T cells across 
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the endothelium, which is mediated by the binding of selectins and integrins on T cells to their ligands 
on endothelial cells. This binding slows down T cells and activates them through tissue-activated 
chemokines [C-X-C motif chemokine ligand 10 (CXCL10), chemokine ligand 25 (CCL25)]. Conforma-
tional changes of integrins during the interaction between T cells and endothelium lead to the arrest of 
activated T cells, followed by transmigration through the endothelium into the intestinal tissue 
(Figure 1).

The development of IBD has been linked to the synergistic effects of Th cell activity, cytokines, 
antimicrobial peptides, and endoplasmic reticulum (ER) stress[16-18], which initiate signaling cascades 
leading to the activation of key pro-inflammatory transcription factors, including nuclear factor-kappa B 
(NF-κB) and signal transducer and activator of transcription 3 (STAT3), which further amplify and 
integrate signals from various stimuli[19].

In IBD, an imbalance has been observed between pro- and anti-inflammatory cytokines, which are 
released by the intestinal mucosa and influence the duration and intensity of inflammatory responses
[20]. An accumulation of Th1 cells has been observed in IBD[21]. The proliferation and differentiation of 
Th1 cells is induced by interleukin 12 (IL-12)-secreting APCs[22]. Th1 cells produce interferon-gamma 
(IFN-γ) and tumor necrosis factor-alpha (TNF-α) cytokines, which can exacerbate chronic epithelial 
damage of the intestinal mucosa, as they are thought to control beta-catenin signaling of intestinal 
epithelial cells and limit their differentiation and proliferation during intestinal inflammation[23]. IFN-γ 
production in colitis has been shown to induce other cells of the innate immune system to secrete 
inflammatory cytokines, thereby increasing chronic inflammation[24]. A specific IFN-γ+ cytotoxic CD4+ 
T cell subset directly promotes apoptosis of intestinal epithelial cells and intestinal enteroids in an in 
vivo colitis model[25].

In UC, both IL-10 and IL-13 cytokines are significantly increased, but the anti-inflammatory activity 
of IL-10 is not sufficient to reduce the activity of IL-13. The latter is restricted to the inflamed areas of the 
intestinal mucosa and is associated with epithelial barrier damage, cell apoptosis, decreased mucosal 
repair rate, and alteration of tight junctions, which negatively affects mucosal permeability[26,27].

Th17 cells are another important player in intestinal inflammation. They produce the cytokines IL-17 
and IL-22, which are associated with the initiation of colitis, as they can trigger and amplify multiple 
inflammatory pathways. Th17 cells can also be converted to a Th1 cell phenotype in response to inflam-
matory cytokines (IL-12, IL-23)[28]. A disturbed Th17/Treg balance is thought to be responsible for the 
development of IBD. Th17 cells enhance inflammatory responses, while Tregs suppress intestinal 
inflammation and autoimmunity. Treg deficiency and an increase in Th17 activity have been observed 
in IBD[29].

The role of Th9 cells in mucosal inflammation has also been highlighted in experimental and human 
UC because expression of the transcription factor PU.1, a regulator of cellular communication, and 
secretion of IL-9 by Th9 cells can prevent the proliferation of intestinal epithelial cells and regulate the 
expression of several tight junction proteins. These factors promote the translocation of certain bacterial 
species to the intestine, leading to subsequent immune cell activation and inflammation of the intestinal 
mucosa[30].

Another pro-inflammatory type of T cells recently studied in CD are γδΤ cells[31]. The major subtype 
γδ2+ of γδΤ cells has pro-inflammatory activity after migrating into inflamed intestinal tissue, where it 
produces the inflammatory cytokines TNF-α and IL-17A and induces the secretion of IFN-γ from αβΤ 
cells[32].

A pathogenic mechanism mediated by CD8+ T cells in the development of IBD has also been 
proposed. During chronic inflammation, cytotoxic CD8+ T cells can disrupt the intestinal epithelial 
barrier by recognizing peptides derived from commensal bacteria on the major histocompatibility 
complex class I of epithelial cells and releasing the inflammatory cytokines IFN-γ and TNFα, which 
destroy the tight junctions of intestinal epithelial cells. When the epithelial barrier is disrupted, bacteria 
can invade the lamina propria and trigger an immune response mediated by innate immune cells (e.g., 
macrophages), which induces a strong pro-inflammatory milieu that drives CD8+ T cells toward Tc1 
cells or IFN+ Tregs and further exacerbates tissue damage[33]. In parallel, the decreased apoptosis of 
intestinal lamina propria T cells observed in IBD patients favors their pro-inflammatory effect on tissues
[34] (Figure 1).

BIOLOGY OF S1P METABOLISM AND SIGNALING IN IBD 
S1P is a sphingosine-derived phospholipid found in high concentration in blood and in lower concen-
tration in other tissues. Sphingolipids contain ceramides as a structural backbone with longer, amide-
linked acyl chains ranging from 14 to 36 carbon atoms in length[35]. Ceramide synthesized in the ER is 
hydrolyzed to sphingosine, which is then phosphorylated by SphKs (SphK1 and SphK2) to form S1P, an 
important regulator of inflammation[36]. S1P comprises several types of sphingolipids (S1P1-5) that act 
by binding to 5 G protein-coupled receptors (S1PR1-5) and by affecting key intracellular molecules that 
regulate gene transcription, including activation of the pro-inflammatory transcription factor NF-κB and 
inhibition of histone deacetylases (HDACs), which are epigenetic regulators of gene expression. 
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Figure 1 The role of T lymphocytes in inflamed Inflammatory bowel disease tissue. Naive T cells circulate through secondary lymphoid organs until 
they interact with antigen-presenting cells (APCs) (e.g., dendritic cells, macrophages, B cells) in gut-associated lymphoid tissue, where they encounter their cognate 
antigen presented by APCs. This interaction leads to T cell activation, proliferation, and differentiation. T cell homing begins with the binding and rolling of T cells 
across the endothelium, which is mediated by the binding of selectins and integrins on the T cells to their ligands expressed on the endothelial cells. This binding 
slows T cell activation by tissue-activated chemokines (C-X-C motif chemokine ligand 10, chemokine ligand 25). The development of inflammatory bowel disease 
(IBD) is associated with dysregulated activity of T helper (Th) cell subtypes. In IBD, an imbalance has been observed between pro- and anti-inflammatory cytokines 
released by the intestinal mucosa that influence the duration and intensity of inflammatory responses. In IBD, an accumulation of interleukin 12 (IL-12)-induced Th1 
cells was observed. Th1 cells produce interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α), which may enhance chronic epithelial injury of the 
intestinal mucosa. IL-10 secreted by regulatory T cells (Tregs) is not sufficient to counteract inflammatory activity in IBD. IL-13 secreted by Th2 cells is associated 
with epithelial barrier damage, decreased mucosal repair, and increased cell apoptosis. Th17 cells produce IL-17 and IL-22 cytokines that trigger multiple 
inflammatory pathways. Th17 cells can also be converted to a Th1 cell phenotype. A disturbed Th17/Treg balance is thought to be responsible for the development of 
IBD. Th9 cells can promote the translocation of intestinal bacteria and inflammation of the intestinal mucosa by expressing the transcription factor PU.1 and the 
cytokine IL-9. CD8+ T cells can disrupt the intestinal epithelial barrier by releasing IFN-γ and TNF-α and increase mucosal inflammation. APCs: Antigen-presenting 
cells; CXCL10: C-X-C motif chemokine ligand 10; CCL25: Chemokine ligand 25; GALT: Gut-associated lymphoid tissue; IL: Interleukin; IFN-γ: Interferon-gamma; 
TNF-α: Tumor necrosis factor-alpha; Th: T helper; Treg: T regulatory cells.

Abnormal S1P signaling has been demonstrated in preclinical colitis models, suggesting that targeting 
S1P production or interaction with S1PRs may alleviate colitis and reduce disease severity[37-39]. 
Metabolomic analysis of colon biopsies from IBD patients has revealed transcriptional and metabolic 
changes in sphingolipid metabolism that are thought to influence inflammation and intestinal mucosal 
integrity[40].

The SphK/S1PR network has been associated with the induction of inflammation-related 
transcription factors, including NF-κΒ[41] and forkhead box O[42]. The SphK/S1P axis has been shown 
to mediate inflammatory responses, induced by various pro-inflammatory effectors such as IL-1β and 
TNF-α[43,44]. Immune responses mediated by monocytes and macrophages also activate SphK/S1P 
signaling. Human monocytes express all five S1PRs[45], which have been shown to regulate monocyte 
chemotaxis and apoptosis[46]. Macrophage recruitment and manifestation of their anti-inflammatory 
properties have been shown to be modulated by increased activity of SphK1[47] (Figure 2). Increased 
expression of SphK1 has been demonstrated in IBD animal models and in human colon tissue from IBD 
patients, where it mediated colon damage during intestinal inflammation[48]. The SphK1/S1P/S1P1 
axis was suggested to be an important signaling link between NF-κΒ and STAT3 transcription factors in 
a colitis animal model, which may have a significant impact on the relationship between chronic inflam-
mation and colitis-associated cancer[49]. A possible role of sphingosine phosphate lyase (SPL), which 
degrades S1P, has been highlighted in colon carcinogenesis. SPL is expressed in differentiated 
enterocytes, Paneth cells, and inflammatory cells[50] and has been shown to be downregulated in colon 
carcinomas, resulting in increased S1P levels in neoplastic intestinal tissue[51].

S1P is a second messenger involved in the regulation of various biological processes and cellular 
activities, including cell survival, differentiation, migration, proliferation, immune response, trafficking 
of T and B cells, and cancer pathogenesis[52]. S1P also has a significant impact on the barrier function of 
the intestinal epithelium, as it has been shown in vitro to increase the concentration of E-cadherin, an 
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Figure 2 Targeting sphingosine-1-phosphate metabolism by sphingosine-1-phosphate modulators. Sphingosine kinases (SphK1/SphK2) 
phosphorylate sphingosine to form sphingosine-1-phosphate (S1P). S1P degradation is mediated by sphingosine phosphate lyase. Components of S1P metabolism 
are involved in inflammatory responses. The SphK/S1P receptor network is associated with the induction of inflammation-related transcription factors, including 
nuclear factor-kappa B and forkhead box O. The SphK/S1P axis has been shown to mediate inflammatory responses induced by pro-inflammatory cytokines 
interleukin 1-beta and tumor necrosis factor-alpha. Increased activity of SphK1 modulates the recruitment of macrophages and the manifestation of their anti-
inflammatory properties. S1P modulators targeting components of S1P metabolism contribute to the regulation of inflammatory immune responses. FOXO: Forkhead 
box O; IL: Interleukin; TNF-α: Tumor necrosis factor-alpha; NF-Κβ: Nuclear factor-kappa B; S1P: Sphingosine-1-phosphate; SPL: Sphingosine phosphate lyase.

important adherens junctions protein, thereby improving barrier integrity[53]. In vitro studies have also 
shown that S1P can improve intestinal barrier integrity by reducing TNF-α-dependent disruption[54]. 
S1P1 binds to S1PR1 to regulate the extravasation and migration of lymphocytes from peripheral 
lymphoid organs to other tissues. The controlled S1P/S1PR1-dependent mechanism is also responsible 
for preventing extensive trafficking of T lymphocytes into inflamed tissues after antigen-mediated T cell 
activation. The increased level of S1P in blood leads to the internalization of S1PR1, and the decrease in 
S1PR1 expression in lymph nodes and tissues allows T cells to interact with APCs[55]. The re-expression 
of S1PR1 on the surface of T lymphocytes after several hours causes them to migrate from the lymph 
node or tissue into the blood, where S1PR1 senses the increased S1P and regulates the transport of 
immune cells into the bloodstream[3]. Elevated S1P levels in colitis in vivo have been shown to activate 
the transcription factor STAT3 and the production of the NF-κΒ-regulated cytokine IL-6, initiating a 
signaling cascade that leads to the upregulation of S1PR1[56]. Increased levels of S1PR1 and SphK1 have 
been detected in the inflamed intestinal mucosa of patients with UC[57].

Small molecules acting as S1PR modulators can prevent lymphocyte invasion of inflamed tissues by 
the process described above. S1PR1 agonists can induce persistent lymphopenia by leading to internal-
ization and subsequent ubiquitination and proteasome degradation of the receptor. This prevents 
lymphocytes from leaving the lymph node because they cannot recognize S1P levels[55,58]. S1P2 acts as 
a pro-inflammatory factor and, together with S1P3, mediates vascular and intestinal vasoconstriction 
and fibrosis[59], and S1P2-S1P3 activity has been linked to NF-κΒ signaling, which is involved in 
cytokine production, cell survival, and inflammation[60]. In vitro and in vivo experiments have shown 
that the S1PR2 receptor can promote proliferation of intestinal epithelial cells and increase cell 
permeability, possibly by regulating the expression of SphK2, HDAC1, HDAC2, and the extracellular 
signalregulated protein kinase 1/2 (ERK1/2) pathway. Suppression of S1PR2 in the dextran sodium 
sulfate-induced colitis model has been shown to ameliorate pathological damage in the colon[61]. 
Rodent colitis induced by deoxycholic acid (DCA) has been associated with enhanced induction of 
S1PR2, which together with DCA-stimulated ERK1/2 protein kinases and released lysosomal cathepsin 
B, mediates the activation of NLR family pyrin domain containing 3 inflammasome formation[62]. 
S1P/S1PRs (1-3) can induce the expression of inflammatory mediators in rat intestinal smooth muscle 
cells, including IL-1 and cyclooxygenase-2 (COX-2) through activation of the transcription factor early 
growth response protein 1 and IL-6 through activation of the transcription factor STAT3[63]. S1P4 has 
an immunosuppressive function by inhibiting cytokine secretion and cytokine-driven proliferation of 
effector T lymphocytes and promoting secretion of the anti-inflammatory cytokine IL-10[64]. Expression 
of S1P4R4 on dendritic cells is associated with dendritic cell migration and cytokine production[65]. 
Expression of S1PR4 on dendritic cells is also involved in the regulation of Th17 cells and the production 
of IL-27, which promotes Treg-mediated suppression of CD8+ cytotoxic T cells. Migration of 
neutrophils from inflamed tissues to draining lymph nodes is promoted by S1PR4[66]. S1P5 may have 
an impact on immune regulation, considering its expression on endothelial cells within the blood-brain 
barrier[52] and the link between S1P5 expression and regulation of natural killer cell number[67].
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S1PRs have been highlighted as important research targets in IBD because they regulate leukocyte 
migration and differentiation, endothelial function, and their interaction with immune cells, 
contributing to the development of intestinal inflammation[68]. S1P signaling triggered by S1P binding 
to S1PR, has been shown to mediate and regulate pro-inflammatory responses, including the pro-
inflammatory TNF-α pathway, which is currently a therapeutic target in IBD[5]. Sphingolipid-
metabolizing enzymes (SphK1, SphK2) are expressed by all cells of the gastrointestinal tract as well as 
immune cells, and the SphK/S1P/S1PRs signaling axis mediates both normal and pathogenic inflam-
matory responses by influencing lymphocyte trafficking and activation of cytokine signaling. Novel 
agents acting as SphK inhibitors and S1PRs antagonists are being evaluated in preclinical and clinical 
studies for their effect in ameliorating SphK/S1P/S1PRs-mediated exacerbation of inflammation in IBD
[5]. Expression of S1PR1 and SP1R4 on T cells and expression of S1PR2 on lymphatic endothelial cells 
(LECs) regulate the migration of T cells through LECs and into lymphatic vessels and lymph nodes. 
S1PR1 and S1PR4 act differently in modulating T cell motility and binding to the adhesion molecule 
vascular cell adhesion protein 1 (VCAM-1). Deficiency of S1PR4 has been associated with disruption of 
the composition of peritoneal B cell populations and decreased immunoglobulin A levels in inflam-
matory colitis in vivo[69]. S1RP2 expression is increased in vascular endothelial cells in response to 
microbial components and the pro-inflammatory cytokine TNF-α[70]. S1PR2 regulates the layer 
structure and permeability of LECs as well as the expression of adherens junction proteins via the ERK 
signaling pathway[71]. Activated S1PR3 has been shown to induce the expression of the enzyme COX-2, 
an inflammatory mediator, in vascular smooth muscle cells through its interaction with calcium-
dependent protein kinase C and Src tyrosines[72]. Increased activation of COX-2 and high inflammatory 
intensity were associated with increased S1P formation in a colitis animal model[39]. The effect of 
SphK/S1P/S1PR signaling on linking chronic inflammation and cancer development in the 
gastrointestinal tract has highlighted the important role of S1PR modulators in malignancies in IBD[7]. 
FTY720, a SphK1 and S1PR inhibitor, was proposed as an anticancer agent in gastrointestinal cancer 
cells because it led to the deactivation of cancer-related downstream signaling pathways (ERK1/2, Act, 
c-Myc, β-catenin), which enhanced pro-apoptotic activity and tumor regression. FTY720 regulates 
inflammation by inducing S1PR degradation, inhibiting SphK1 activity and expression, and disrupting 
pro-inflammatory NF-κB/IL-6/STAT3 signaling[7]. S1PRs may be mediators of inflammatory responses 
in the tumor microenvironment by exerting functions on the transport and activity of innate immune 
system cells[8]. S1PR1 is associated with macrophage recruitment, apoptosis and anti-inflammatory 
responses, dendritic cell transport and inhibition of IFN-α secretion, neutrophil and eosinophil/mast 
cell recruitment, monocyte transport and natural killer cell egress from the lymph nodes. S1PR2 
enhances antibody-mediated phagocytosis by macrophages and regulates monocyte migration. S1PR3 
and S1PR4 regulate monocyte and neutrophil recruitment. S1PR3 is involved in dendritic cell-mediated 
maturation, promotion of Th1 response, and suppression of Tregs. S1PR5 is related to natural killer cell 
exit from the bone marrow and monocyte trafficking[8]. S1PR modulators tested in preclinical and 
clinical studies (e.g., JTE013, mocravimod, amiselimod, ozanimod, etrasimod, FTY720) have shown a 
promising role as immunomodulators in the prevention of chronic inflammation and the treatment of 
inflammatory gastrointestinal cancers[8].

S1P/S1PR MODULATORS IN IBD: BIOLOGICAL MECHANISMS AND EFFECTS ON 
DISEASE COURSE 
The development of oral small molecules targeting S1P/S1PR signaling and metabolism has shown 
great promise in the therapeutic area of IBD, followed by two decades of monoclonal antibodies. S1P 
modulators are advantageous in IBD therapy due to their low molecular weight, oral administration, 
low immunogenicity, rapid action, and inexpensive production. An important mechanism of action of 
S1P receptor modulators is that they antagonize S1P1 receptors on lymphocytes, thereby inhibiting their 
migration from secondary lymphoid organs to the periphery, resulting in a decrease in the number of 
circulating lymphocytes, including autoreactive T cells, thus causing immunomodulation[73]. Another 
indirect function of S1P drugs in IBD is to affect S1P metabolism by being able to inhibit the activity of 
components of S1P metabolism (Figure 2). Several novel selective S1P modulators are currently in 
development and are being evaluated for efficacy and safety profile in preclinical and clinical studies 
(Table 1 and Figure 3).

BIOLOGICAL FUNCTION OF S1P/S1PR MODULATORS AND PHASE OF CLINICAL 
DEVELOPMENT IN IBD
Amiselimod (MT-1303)
Amiselimod (MT-1303) is an oral selective modulator of the S1P1 receptor that is converted in vivo by 
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Table 1 Sphingosine-1-phosphate modulators and mechanism of action in inflammatory bowel disease

S1P 
modulator Mechanism of action in IBD Developmental 

phase Ref.

Amiselimod 
(MT-1303)

Modulator of the S1P1 receptor→ S1P1; Internalization into lymphocytes→↓migration to 
the periphery; ↓Infiltration of pro-inflammatory Th1/Th17 cells into the colon; ↑Tregs in 
mesenteric lymph nodes

Phase IIa [73-75]

Fingolimod 
(FTY720)

Specific inhibitor of S1PR1; Interferes with S1P signaling→↓lymphocyte entry into lymph 
nodes; ↑CD4+CD25+FOXP3+ T cells, ↑CD25, FOXP3 expression, Treg activity; ↑
Immunosuppressive cytokines IL-10 and TGF-β and CTLA-4→↑Treg-mediated 
immunomodulation; ↓Pro-inflammatory signaling (IL-12p70, Th1 cytokines); ↓Pro-inflam-
matory signals on dendritic cells→↑activity of CD4+CD25+ Tregs

Preclinical studies, 
not tested in 
humans

[76-83]

Etrasimod 
(APD-334)

Agonist of S1P1, partial agonist of S1P4/S1P5; Lymphopenia, ↓mucosal thickness, immune 
cell infiltration, expression of T-cell and monocyte markers; ↓Pro-inflammatory cytokines 
TNF-α, IL-1β, IL-6, and IL-17A, ↑anti-inflammatory IL-10

Phase II/III NCT03996369, 
NCT03945188, 
NCT03950232, 
NCT04173273[84-86]

Ozanimod 
(RPC-1063)

Selective S1P1 and S1P5 receptor agonist; ↓T cell migration→↓peripheral lymphocytes↑S1P1 
receptor internalization and degradation; ↓Circulating B and CCR7+ T lymphocytes→↓
inflammation; ↓Mononuclear cell infiltrate and mucosal thickness

Phase II/III NCT03440385, 
NCT03464097, 
NCT03467958, 
NCT03440372[87-92]

KRP-203 Modulator of S1P1 receptor, partial agonist of S1PR3 receptor; Lymphopenia, ↑homing of 
lymphocytes to peripheral lymph nodes; ↓Infiltration of inflammatory cells in the lamina 
propria of the intestine; ↓CD4+ T and B220+ B cells in peripheral blood and in the lamina 
propria of the colon; ↓Peripheral naive and central memory CD4+ and CD8+ T cells and B 
cells; ↑Lymphocytes in mesenteric lymph nodes and spleen; ↓Pro-inflammatory cytokines 
IFN-γ, TNF-α, and IL-12 in the lamina propria of the colon

Phase II [93-96]

LCL351 SphK1 inhibitor→↓S1P production; ↓Neutrophil infiltration into sites of inflammation, ↓
inflammatory marker TNF-α; Altered S1P levels and ↓neutrophil chemoattractants CXCL1 
and CXCL2→↓leukocyte recruitment to sites of inflammation

Preclinical studies [43,97]

ABC747080 
and 
ABC294640

Inhibitors of SphKs→↓S1P formation, SphK activity; ↓TNF-α-induced activation of NF-Κβ; ↓
Effects of TNF-α on leukocyte recruitment and TNF-α- mediated increase in adhesion 
protein expression levels; ↓Pro-inflammatory cytokines (TNF-α, IL-1β, IFN-γ, IL-6) in colon 
tissue

Preclinical studies [98]

DOP and THI S1P lyase inhibitors; Peripheral lymphopenia, ↓CD4+ and CD8+ T cells; ↓Pro-inflammatory 
cytokines, including TNF-α, IL-6, IL-12, IFN-γ and IL-17; ↓S1PR1 expression on T 
lymphocytes; Depletion of late immature T cells (CD4+CD8+ double positive) and mature 
CD4+CD8- and CD4-CD8+ single positive cells

Preclinical studies [99,100]

W-061 S1P receptor agonist; ↓Lymphocyte migration to the spleen and lamina propria, pro-inflam-
matory Th1 and Th17 cells in the lamina propria→ prevention of changes in intestinal 
mucosal architecture

Preclinical studies [101]

SEW2871 S1P1 agonist; Mild inflammatory cell infiltration, ↓CD4+ T cells in the lamina propria of the 
colon; ↓Pro-inflammatory cytokines TNF-α and IFN-γ were significantly reduced in colonic 
tissues; Improved intestinal barrier function, ↑typical tight junction protein expression and 
distribution in the intestinal epithelium; ↓Apoptosis of intestinal epithelial cells→ 
restoration of colon tissue injury

Preclinical studies [102,103]

CCR7: C-C chemokine receptor type 7; CTLA-4: Cytotoxic T-lymphocyte–associated antigen 4; CXCL: C-X-C motif chemokine ligand; FOXP3: Forkhead 
box P3; IBD: Inflammatory bowel disease; IFN-γ: Interferon-gamma; IL: Interleukin; NF-κB: Nuclear factor-kappa B; S1P: Sphingosine 1 phosphate; S1PR: 
Sphingosine 1 phosphate receptor; SphKs: Sphingosine kinases; TGF-β: Transforming growth factor-beta; Th: T helper; TNF-α: Tumor necrosis factor-alpha; 
Tregs: Regulatory T cells.

SphKs to its active metabolite MT-1303 phosphate (MT1303-P)[73]. The effect of MT-1303 on chronic 
colitis was studied in immunodeficient SCID mice induced by adoptive transfer of CD4+CD45RBhigh T 
cells from BALB/c mice, an animal model for IBD. Oral administration of MT-1303 proved effective in 
the IBD mouse model and comparable to the effect of an anti-mTNF-α monoclonal antibody. MT-1303 
significantly inhibited the infiltration of Th1 and Th17 cells into the colon by inducing the internal-
ization of S1P1 into lymphocytes from lymph nodes and preventing their migration to the periphery. 
MT-1303 treatment also showed an effect on the migration of Tregs in normal mice by leading to an 
increased number of Tregs and an increased proportion of Tregs in mesenteric lymph nodes[74]. MT-
1303 is currently enrolled and completed in a multicenter, randomized, double-blind, placebo-
controlled, parallel-group, phase IIa study comparing amiselimod 0.4 mg administration to placebo over 
a 14-wk treatment period to evaluate safety, tolerability, and efficacy in patients with moderate-to-
severe active Crohn’s disease. MT-1303 treatment proved no better than placebo in eliciting a clinical 
response and was well tolerated, with no new safety concerns[75].
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Figure 3 Sphingosine-1-phosphate receptor modulators in preclinical and clinical studies in inflammatory bowel disease. Sphingosine-1-
phosphate (S1P) receptors (S1PRs) have been highlighted as important research targets in inflammatory bowel disease (IBD). S1PRs are expressed on immune 
cells and lymphatic endothelial cells. Binding of S1P to S1PR regulates a variety of biological processes, including cell survival, differentiation, migration, proliferation, 
immune response, trafficking of T and B cells, and intestinal epithelial barrier function. Several novel, selective S1PR modulators are currently being tested in IBD and 
contribute to the amelioration of the inflammatory process in inflamed intestinal tissue by regulating immune cell concentration, activity, trafficking, and cytokine 
secretion, as well as intestinal barrier function and integrity. S1P: Sphingosine 1 phosphate; S1PR: Sphingosine 1 phosphate receptor; IBD: Inflammatory bowel 
disease; Th: T helper; Tregs: Regulatory T cells.

Fingolimod (FTY720)
Fingolimod (FTY720) is a specific inhibitor of S1PR1, which is a synthetic sphingosine analog (2-amino-
2-2-(4-octylphenyl) ethyl-1,3-propanediol hydrochloride) of myriocin[76]. The main mechanism of 
action of FTY720 involves the induction of lymph node homing or sequestration of T cells. FTY720 is 
phosphorylated by SphK2[77] in vivo, and FTY720 phosphate can act as an S1P agonist that activates 
four of the five known G-protein-coupled S1PRs (S1P1, 3, 4, 5). S1PR1 and S1PR4 are mainly expressed 
on T and B lymphocytes. FTY720 interferes with S1P signaling, impeding lymphocyte entry into lymph 
nodes and thus delaying their subsequent return to the circulation[78]. FTY720 has not been shown to 
impair the activation, expansion, and differentiation of T cells to memory phenotypes, nor does it 
induce cell apoptosis[78-80]. FTY720 can effectively treat Th1-mediated colitis in mice by strongly 
affecting the activity of Tregs in vivo. Specifically, FTY720 administration in colitis mice was associated 
with increased numbers of CD4+CD25+FOXP3+ T cells and induction of CD25 and FOXP3 expression 
in CD4+ T cells. The immunosuppressive cytokines IL-10 and TGF-β, as well as CTLA-4, a receptor 
mediating the immunomodulatory function of Tregs, were also upregulated in the presence of FTY720. 
The therapeutic effect of FTY720 on ameliorating intestinal inflammation was associated with the 
downregulation of pro-inflammatory signals such as IL-12p70 and Th1 cytokines. It was suggested that 
FTY720-induced downregulation of pro-inflammatory signals on dendritic cells might contribute to the 
enhanced activity of CD4+CD25+ Tregs[81]. Although FTY720 has been approved by the Food and 
Drug Administration for the treatment of relapsing multiple sclerosis[82], it has not been tested in IBD 
patients because some adverse events (e.g., elevated liver enzymes) have been noted[83].

Etrasimod (APD-334)
Etrasimod (APD-334) is a next-generation synthetic S1P receptor modulator that acts as a full agonist of 
human S1P1 and a partial agonist of S1P4 and S1P5[84]. Treatment with APD-334 in colitis mice resulted 
in dose-dependent lymphopenia, decreased mucosal thickness, and immune cell infiltration by 
significantly reducing the expression of T cell and monocyte markers. T cell and/or monocyte-derived 
proinflammatory cytokines TNF-α, IL-1β, IL-6, and IL-17A were also significantly reduced in APD-334-
treated mice, and there was a dose-dependent increase in the anti-inflammatory cytokine IL-10 after 
APD-334 administration[85]. APD-334 has been enrolled in phase II/III clinical trials in patients with 
UC. In the Phase-2 OASIS study in patients with moderately-to-severely active UC with prior failure or 
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intolerance of conventional or biologic therapy, administration of 2 mg APD-334 resulted in significant 
improvement in clinical symptoms, followed by clinical remission and endoscopic improvement, with 
no serious life-threatening adverse events or death[86]. Moderately to severely active UC patients are 
currently enrolled in the ELEVATE phase III trial (NCT03996369, NCT03945188, NCT03950232). An 
ongoing phase II/III trial (CULTIVATE, NCT04173273) is recruiting 1265 patients with CD to evaluate 
the safety and efficacy of APD-334.

Ozanimod (RPC-1063)
Ozanimod (RPC-1063) is a small molecule, selective S1P1 and S1P5 receptor agonist. RPC-1063 can bind 
to S1P1 and S1P5 receptors, limiting the migration of T cells from peripheral lymphoid organs and 
reducing the number of peripheral lymphocytes[87]. The exact mechanism of action in alleviating IBD 
has not yet been determined. Administration of RPC-1063 in three models of autoimmune disease 
(experimental autoimmune encephalitis, 2,4,6-trinitrobenzenesulfonic acid colitis, and CD4+CD45RBhi 
T-cell adoptive transfer colitis) has shown that it induces internalization and degradation of the S1P1 
receptor, leading to a reduction in circulating B and CCR7+ T lymphocytes[88], which in turn leads to a 
reduction in inflammation. The potential benefit of RPC-1063 for CD patients was also highlighted in a 
spontaneous ileitis mouse model, in which treatment with RPC-1063 resulted in a reduction in 
mononuclear infiltrate and mucosal thickness[89]. RPC-1063 has completed phase II/III clinical trials in 
patients with moderate to severe UC in which it demonstrated improved clinical, endoscopic and 
histologic outcomes, including reduction in rectal bleeding scores, maintenance of clinical remission, 
mucosal healing, histologic and durable remission. Based on the good safety profile and efficacy results, 
RPC-1063 was approved by regulatory authorities for the treatment of moderate to severe UC[90,91]. 
Histologic improvements, endoscopic remission, and a good safety profile were also reported in a phase 
II trial evaluating RPC-1063 in moderate-to-severe CD patients[92], and placebo-controlled phase III 
trials of RPC-1063 in patients with moderate-to-severe active CD are ongoing (NCT03440385, 
NCT03464097, NCT03467958, NCT03440372).

KRP-203 (2-amino-2-1,3-propanediol hydrochloride)
KRP-203 is a selective S1P1 modulator with a molecular structure similar to that of FTY720. Like 
FTY720, it induces lymphopenia by decreasing the number of lymphocytes in peripheral blood and 
promoting lymphocyte homing to peripheral lymph nodes[93]. KRP-203 is phosphorylated in vivo by 
SphK2. The phosphate metabolite (KRP-203 phosphate) is the active molecule that targets the S1P1 
receptor and acts as a partial agonist for the human S1P3 receptor[94]. The treatment efficacy of KRP-203 
in chronic colitis was investigated using a IL-10 gene-deficient (IL-10-/-) mouse model. Mice treated with 
KRP-203 showed significantly reduced severity of colitis, reduced thickness of the colonic wall, reduced 
expansion of glandular crypts, and reduced infiltration of inflammatory cells in the lamina propria of 
the intestine. Administration of KRP-203 to colitis mice significantly decreased the number of CD4+T 
and B220+B cells in the peripheral blood and lamina propria of the colon and increased the number of 
lymphocytes in the mesenteric lymph nodes and spleen. After treatment with KRP-203 in colitis mice, 
the production of the pro-inflammatory cytokines IFN-γ, TNF-α, and IL-12 by lymphocytes in the 
lamina propria of the colon was significantly reduced[95]. KRP-203 was tested for its safety, tolerability, 
and efficacy in patients with moderately active 5-aminosalicylate-refractory UC, where it resulted in 
significant reductions in peripheral naive and central memory CD4+ and CD8+ T cells and B cells. KRP-
203 was also found to be safe and well tolerated and resulted in clinical remission (NCT01375179)[96].

LCL351 (L-erythro-2-N-(1’-carboxamidino)-sphingosine hydrochloride)
LCL351 is a selective inhibitor of SphK1, which plays a role in S1P production. SphK1 can be activated 
in response to TNF-α and induce the expression of COX-2 and the production of prostaglandin E2[43]. 
SphK inhibitors, including LCL351, act via a two-way mechanism. They can either cause competitive 
inhibition of kinase activity or lead to proteolysis of SphK1. LCL351 showed efficacy in reducing inflam-
mation in DSS-induced colitis in mice. LCL351 had a longer residence time in colon tissue than in blood 
without causing cell death. Treatment of colitis mice with LC351 blocked the infiltration of neutrophils 
into inflammatory sites and slightly attenuated the induction of TNF-α. The altered S1P levels mediated 
by LCL351, together with the reduction of neutrophil chemoattractants CXCL1 and CXCL2, may help 
prevent leukocyte recruitment to sites of inflammation and keep immune cells in the circulation[97].

ABC747080 (4-2-4-(4-chlorophenyl)thiazol-2-ylcarbamoyl-vinyl-2-methoxy-phenyl ester) and 
ABC294640 (3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide)
ABC747080 and ABC294640 are small molecules that act as selective inhibitors of SphKs and have been 
studied in mouse models of UC. These SphK inhibitors decreased cellular S1P formation in human 
endothelial cells and rat intestinal epithelial cells in vitro and caused a dose-dependent suppression of 
the activity of SphK. Treatment of fibroblasts with ABC294640 resulted in inhibition of TNF-α- induced 
NF-κΒ activation. Treatment with the SphK inhibitors ABC747080 or ABC294640 SphK in vitro was 
associated with attenuation of the effects of TNF-α on leukocyte recruitment, including TNF-α- mediated 
increases in adhesion protein (ICAM-1, VCAM-1) expression levels. Addition of ABC747080 or 
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ABC294640 to TNF-α-treated rat intestinal epithelial cells and human endothelial cell lines inhibited 
TNF-α-mediated induction of COX-2 activity, measured as production of PGE2. ABC294640 was also 
associated with decreased levels of pro-inflammatory cytokines (TNF-α, IL-1β, IFN-γ, IL-6) in colonic 
tissue of mice with colitis. The favorable modulation of inflammatory mediators, including S1P, NF-κB, 
TNF-α, VCAM-1, ICAM-1, COX-2, IL-1β, IFN-γ, and IL-6 by SphK targeting, suggests that the anti-IBD 
activity of SphK modulators is associated with SphK inhibition and decreased S1P synthesis[98].

DOP (4-deoxypyridoxine hydrochloride) and THI (2-acetyl-4-(tetrahydroxybutyl)imidazole) SPL 
inhibitors
DOP (4-deoxypyridoxine hydrochloride) and THI (2-acetyl-4-(tetrahydroxybutyl)imidazole) are small 
molecules that target S1P lyase (SPL), an enzyme that, together with phosphatases, tightly regulates S1P 
levels and keeps them low in tissues[99]. The potential anti-inflammatory effects of these SPL inhibitors 
on IBD were investigated in a TNF-driven mouse model of chronic ileitis with CD features. Mice treated 
with SPL inhibitors DOP and THI showed peripheral lymphopenia characterized by decreased numbers 
of CD4+ and CD8+ T cells. DOP treatment was also associated with a reduction in ileal mRNA 
transcripts of pro-inflammatory cytokines, including TNF, IL-6, IL-12, IFN-γ, and IL-17, resulting in 
attenuation of active (granulocytic) inflammation, chronic (lymphocytic/monocytic) inflammation, and 
overall inflammatory indices. DOP SPL inhibitor treatment resulted in downregulated S1PR1 surface 
expression on lymphocytes. DOP treatment was associated with promotion of thymic atrophy, 
depletion of late immature T cells (CD4+CD8+ double-positive) and mature CD4+CD8- and CD4-CD8+ 
single positive cells. It has therefore been suggested that the impairment of T cell maturation and thymic 
activity mediated by SPL inhibitors may significantly impair the anti-inflammatory effects of SPL 
inhibitors in IBD[100].

W-061
W-061 is an S1P receptor agonist that has been shown to bind all human S1P receptors except S1PR2. 
The therapeutic effect of W-061 on IBD was tested in a mouse model of DSS-induced colitis. Adminis-
tration of W-061 to colitis mice suppressed the migration of lymphocytes to the spleen and lamina 
propria and induced their homing to secondary lymphoid tissues (mesenteric lymph nodes, Peyer’s 
patches). Specifically, W-061 inhibited the migration of pro-inflammatory Th1 and Th17 cells into the 
lamina propria, prevented changes in intestinal mucosal architecture, and ameliorated the acute exacer-
bation of colitis[101].

SEW2871
SEW2871, a selective S1P1 agonist, was administered to IL10-/- colitis mice to investigate its function in 
alleviating chronic inflammation in IBD, as its protective effect on the development of colitis was 
demonstrated[102]. Treatment with SEW2871 resulted in mild infiltration of inflammatory cells, a 
reduced inflammatory score, and a decrease in CD4+ T cells in the lamina propria of the colon. The 
levels of pro-inflammatory cytokines TNF-α and IFN-γ were significantly reduced in the colon tissue of 
SEW2871-treated mice. A beneficial effect of SEW2871 on gut barrier function was also highlighted in 
this study. SEW2871 treatment prevented colonic permeability in IL-10-/- mice and promoted the typical 
expression and distribution of tight junction proteins in the intestinal epithelium. A possible beneficial 
effect of SEW2871 on the healing of colon tissue injury was observed, as SEW2871 reduced apoptosis of 
intestinal epithelial cells[103].

CONCLUSION
The development of IBD is mediated by dysregulated immune responses that initiate and maintain a 
vicious cycle of chronic inflammation. Understanding the immunopathogenesis of IBD is of great 
clinical importance for the development of effective therapeutics targeting these immunological 
pathogenic mechanisms. S1P modulators are orally administered small molecules that show promise in 
alleviating chronic inflammation and clinical symptoms in IBD patients. Their therapeutic efficacy is 
based on the fact that they regulate immune cell trafficking at sites of inflammation and are involved in 
immune cell interaction, cytokine production and pro-inflammatory signaling, as well as contributing to 
gut barrier function. The S1P receptor agonists etrasimod and ozanimod have shown favorable efficacy 
and safety profiles in UC and CD, patients respectively, and have significantly improved the clinical and 
endoscopic characteristics of IBD patients[104]. Ozanimod is being studied in ongoing phase III trials for 
CD (NCT03440372, NCT03440385, and NCT03464097) and UC (NCT02435992 and NCT02531126). Phase 
III trials (NCT03996369, NCT03945188, NCT03950232) are currently ongoing to evaluate etrasimod in 
patients with UC and a phase II-III trial (NCT04173273) is ongoing for etrasimod in CD. Although 
ozanimod has been proposed as first-line therapy in IBD, its appropriate positioning in the therapeutic 
algorithm for the treatment of UC treatment has not yet been defined, while its potential therapeutic 
activity in CD remains to be clarified[105]. KRP-203 has been shown to be safe and well tolerated in UC 
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patients without reaching the relevant threshold for efficacy, indicating the need for improved study 
design and recruitment of a larger population[96]. Determining the appropriate treatment duration of 
S1P modulators may pose another problem in their therapeutic use in IBD, considering that an 
increased risk of progressive multifocal leukoencephalopathy was observed during treatment with 
ozanimod and fingolimod, which was associated with a longer treatment duration in patients with 
multiple sclerosis[104,106,107]. The satisfactory efficacy and safety profile of S1P modulators in clinical 
trials, combined with their structure and advantageous production characteristics underscores their 
novel perspective for the treatment of IBD. Ongoing studies need to further elucidate their positioning 
within current treatment algorithms, their potential as combination therapies, and potential complic-
ations associated with their treatment regimens.
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Abstract
The metabolic syndrome as a consequence of the obesity pandemic resulted in a 
substantial increase in the prevalence of metabolic-associated fatty live disease 
(MAFLD) and type 2 diabetes mellitus (T2DM). Because of the similarity in 
pathobiology shared between T2DM and MAFLD, both disorders coexist in many 
patients and may potentiate the disease-related outcomes with rapid progression 
and increased complications of the individual diseases. In fact, awareness about 
this coexistence and the risk of complications are often overlooked by both 
hepatologists and diabetologists. Management of these individual disorders in a 
patient should be addressed wholistically using an appropriate multidisciplinary 
team approach involving both the specialists and, when necessary, liaising with 
dieticians and surgeons. This comprehensive review is to compile the current 
evidence from a diabetologist's perspective on MAFLD and T2DM and to suggest 
optimal management strategies.

Key Words: Metabolic syndrome; Metabolic-associated fatty liver disease; Type 2 diabetes 
mellitus; Nonalcoholic fatty liver disease; Nonalcoholic steatohepatitis; Diabetology 
perspective; Obesity
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Core Tip: The prevalence of metabolic-associated fatty live disease (MAFLD) and type 2 diabetes mellitus 
(T2DM) has increased exponentially as a consequence of the obesity pandemic across the globe. The 
pathobiology of T2DM and MAFLD are similar because both these disorders occur as a consequence of 
metabolic syndrome, and often coexist in many patients potentiating adverse outcomes and progression of 
individual diseases. However, the awareness about this coexistence is still inadequate even among hepato-
logists and diabetologists. A multidisciplinary team approach involving both the specialists is crucial in 
the optimal and wholistic management of both the disorders which is the theme of this comprehensive 
review.

Citation: Jeeyavudeen MS, Khan SKA, Fouda S, Pappachan JM. Management of metabolic-associated fatty liver 
disease: The diabetology perspective. World J Gastroenterol 2023; 29(1): 126-143
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/126.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.126

INTRODUCTION
The global prevalence of obesity is increasing daily because of adverse lifestyles such as overcon-
sumption of a high-energy diet and lack of adequate physical activity. This is associated with various 
metabolic disorders, particularly metabolic-associated fatty liver disease (MAFLD) and type 2 diabetes 
mellitus (T2DM). MAFLD, previously termed as nonalcoholic fatty liver disease (NAFLD), is now 
identified as the most common cause of chronic liver disease in the world, affecting more than 30% of 
the global population[1].

Due to the similarity in pathogenesis, MAFLD is often associated with other lifestyle-related 
disorders such as hypertension, dyslipidemia, and most importantly T2DM, which significantly 
increases cardiovascular disease (CVD). MAFLD has also been found to be associated with excess risk of 
extrahepatic cancers, gallstones, gastro-oesophageal reflux disease, hypothyroidism, urolithiasis, 
chronic kidney disease (CKD), depression and worse maternal and foetal outcomes during pregnancy
[2]. MAFLD is also associated with a substantial increase in cardiovascular morbidity and mortality, 
with a 3.5 times higher risk of heart failure and 1.93 times excess risk of all-cause CVD mortality as per 
recent study data in patients with T2DM[3].

In fact, the new definition for disease (MAFLD) was proposed in 2020 by replacing the old 
terminology NAFLD to reflect its highly remarkable link to metabolic syndrome (MetS) and the 
consequences such as T2DM[4]. While NAFLD was originally defined based on the imaging and/or 
histological evidence of steatosis in the absence of significant alcohol consumption and the exclusion of 
hepatitis from other etiologies, MAFLD diagnosis requires only the presence of metabolic dysfunction in 
persons with steatosis, and does not need excluding other etiologies of hepatitis. When MAFLD/ 
NAFLD only involves liver steatosis without significant damage to the hepatocytes, nonalcoholic steato-
hepatitis (NASH) involves inflammation of liver cells with varying degrees of hepatocyte destruction, 
which may lead on the cirrhosis and end stage liver failure[5].

The prevalence of MAFLD in patients with T2DM varies widely in the published literature, with a 
recent study reporting a rate of 68% among those with obesity and T2DM[4]. The global epidemiologic 
data suggests that the pooled prevalence of T2DM in those with MAFLD is 22.5%, with 43.6% of those 
with advanced disease (NASH)[5]. Therefore, management strategies for each disease entity should 
definitely address the coexistence of MAFLD and T2DM, for optimal disease outcomes. In this evidence-
based review, we update the management of MAFLD with due consideration of the interlink between 
MAFLD and diabetes to enable physicians to approach patients having better diagnostic and 
therapeutic perspectives.

To compile the best and most up-to-date evidence, we performed a PubMed search using the MeSH 
terms/key words: “metabolic-associated fatty liver disease/MAFLD”, “nonalcoholic fatty liver 
disease/NAFLD”, “type 2 diabetes mellitus/T2DM/T2D”, “diabetes/diabetology/ diabetologist”, 
“obesity” “nonalcoholic steatohepatitis/NASH”, “metabolic syndrome/ MetS”, “fatty liver”, 
“steatosis”, “pathophysiology”, “lifestyle intervention”, “exercise”, “diet”, “pharmacotherapy”, 
“bariatric/metabolic surgery”, “pregnancy”, “children”, and “elderly/ old age”. The last date of search 
was 25th November 2022 and we used a Boolean search strategy using terms ‘AND’ or ‘OR’ where 
necessary to limit the search output. We limited the use of published literature in English language 
preferably from the most recent clinical guidelines, systematic reviews, randomised controlled trials, 
and high-quality review articles to procure the best available evidence on the topic of discussion while 
writing this narrative review paper.
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MAFLD AND DIABETES: THE PATHOBIOLOGICAL INTERLINK
MetS, which encompasses central adiposity, insulin resistance, hypertension and atherogenic dyslip-
idemia, is the common consequence of obesity. MAFLD is considered as the hepatic manifestation of 
MetS, and has a bidirectional and solid relationship with other comorbidities[6]. T2DM, the 
predominant sequel of MetS, is therefore commonly associated with MAFLD and vice versa because of 
the similarity in pathogenesis. Various genetic predisposing factors, insulin resistance (IR), proath-
erogenic dyslipidemia [low levels of high-density lipoprotein cholesterol (HDL-C) as well as elevated 
concentrations of very low-density lipoproteins, triglycerides, and apolipoprotein B100], and alterations 
in gut microbiota resulting in intestinal dysbiosis are implicated in the development MAFLD[7].

IR, the key factor in the development of both disorders, grossly alters the hepatic glucose and lipid 
metabolism[7-9]. Fasting hyperglycemia as a consequence of IR and postprandial hyperglycemia from 
the inability of the liver to store glucose as glycogen are both implicated in the development of hepatic 
steatosis. IR also increases the de novo lipogenesis and triglyceride production in the liver as a result of 
carbohydrate-rich diet in experimental models[10]. Increased liver fat, in turn, reduces hepatic insulin 
clearance, insulin sensitivity and augments total body insulin resistance[11]. These factors aggravate the 
risk of T2DM, and in those with pre-existing T2DM, a worsening of the disease. Advanced stages of 
MAFLD such as NASH and cirrhosis can increase the risk of development and worsening of T2DM[5,
12-14]. Therefore, without addressing both the disease states, we cannot manage patients with MAFLD 
and T2DM. Figure 1 demonstrates the pathobiological interlink between T2DM and MAFLD.

DIAGNOSTIC EVALUATION FOR MAFLD IN THE PRESENCE OF METS AND DIABETES 
By definition, MAFLD is associated with the accumulation of fat in > 5% of hepatocytes on histological 
evaluation or using imaging evidence of > 5.6% of liver fat on magnetic resonance spectroscopy[12-14]. 
Various professional bodies such as the American Association for the Study of Liver Diseases (AASLD)
[13], European Association for the Study of the Liver (EASL)[12], the American Association of Clinical 
Endocrinology (AACE)[14], and the American Diabetes Association (ADA)[15], recommend screening 
for MAFLD in patients with diabetes. While the EASL guideline recommends screening patients using 
liver function tests (LFT) and/or ultrasound scan in all cases with obesity/MetS/T2DM, the AASLD 
suggests screening only those with a high index of suspicion for MAFLD or NASH because of the 
uncertainties about the diagnosis, treatment, and the natural history of the disease. The AASLD also 
recommends non-invasive screening strategies like NAFLD fibrosis score, fibrosis-4 (FIB-4) score, or 
transient elastography (TE) for the evaluation of risk of liver fibrosis.

Based on grade B, intermediate/high strength of evidence, the latest guideline by AACE in 2022 
recommends that more rigorous screening strategy should be considered for patients with T2DM using 
FIB-4 score, even if they have normal LFTs[14]. This guideline also advises that clinicians should 
consider screening for MAFLD and advanced fibrosis in those with obesity and/or features of MetS, 
prediabetes, and those with liver steatosis on imaging study and/or high liver transaminase levels > 6 
mo as they have "high risk" for advanced fibrosis. Those with intermediate to high FIB-4 scores are 
considered "high risk" and should be recommended a liver stiffness measurement by TE or enhanced 
lifer fibrosis (ELF) test[14].

The most validated and cost-effective screening test to assess the risk of fibrosis, to identify advanced 
disease and liver-related outcomes in MAFLD is the vibration controlled transient elastography[14]. The 
most accurate imaging technique, magnetic resonance elastography, should be reserved for selected 
cases because of the cost implications. Alternative tests such as shear wave elastography and steatosis, 
activity and fibrosis (SAF) score and NAFLD activity scoring (NAS) system are also useful for screening 
and risk stratification. The AACE guidelines (2022) also suggests considering screening for patients with 
type 1 diabetes mellitus (T1DM), using FIB-4 to exclude MAFLD with clinically significant fibrosis 
(stages F2-F4) in presence of obesity, features of MetS, deranged LFTs with transaminase levels (> 30 
U/L), or liver steatosis on imaging studies.

Because of the close association of MAFLD with diabetes and the risk of worsening of either condition 
among the sufferers, all patients with one of these disease entities should be evaluated for the other 
disease and regularly monitored using clinical and biochemical markers for each condition. Patients 
with either T2DM or T1DM and cardiometabolic risk factors and/or elevated transaminases (> 30 U/L) 
should be further risk stratified using the FIB-4 scoring, TE, and/or ELF test to exclude advanced liver 
disease related to MAFLD[14]. Those with persistently elevated liver transaminases and/or the presence 
of steatosis upon imaging evaluation and categorized as intermediate or high risk based on 
biochemistry and/or imaging should be referred to a hepatologist for further assessment. Liver biopsy 
is now considered only rarely in the diagnostic evaluation of MAFLD because of the invasiveness of the 
test, the high risk of complications, and the availability of high quality non-invasive diagnostic 
strategies in recent years for all categories of patients[14,16-18]. Sequential testing for MAFLD using 
blood test and non-invasive testing does reduce the number of liver biopsies required for the 
confirmation. In the data from the STELLAR studies, sequential testing alone had a reasonable 
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Figure 1 Pathobiological link between metabolic-associated fatty live disease and type 2 diabetes mellitus. Metabolic-associated fatty live 
disease (MAFLD) may increase the risk for hyperglycemia and dyslipidemia and cause β-cell dysfunction leading to insulin resistance and type 2 diabetes which in 
turn may aggravate MAFLD progression to nonalcoholic steatohepatitis and fibrosis. IR: Insulin resistance; MAFLD: Metabolic-associated fatty live disease; TG: 
Triglycerides.

specificity and sensitivity with area under the curve between 0.75 to 0.80 to discriminate advanced 
fibrosis in MAFLD patients[19]. Our recommendations are in line with AACE/AASLD 2022 guidelines 
where liver biopsy is required only for intermediate to high-risk fibrosis patients or NASH diagnosis or 
exclude other coexisting diseases[14]. Bariatric surgery provides an opportunity to perform liver biopsy 
and can be potentially utilised, if the diagnosis of MAFLD is uncertain (with the other non-invasive 
tests) prior to the procedure, while being performed for the management of obesity.

MANAGEMENT APPROACH TO MAFLD
Lifestyle interventions
Being a metabolic disorder having significant pathogenic association with adverse lifestyles, including 
dietary energy imbalance and sedentary behaviors, main strategies in the management of MAFLD 
should be tailored around lifestyle interventions and behavioral adaptations. However, the likelihood of 
success with these measures is often modest because of lack of adherence and therefore, physicians are 
often forced to opt for pharmacotherapeutic interventions. Considering the lack of availability of many 
approved therapeutic agents for the treatment of MAFLD, and the well-proven additional benefits such 
as improvement of prediabetes/diabetes, cardiometabolic risks, and the improvement physical and 
emotional quality of life, the importance of lifestyle interventions cannot be underscored.

The most recent AACE guidelines (2022) reinforces the importance of lifestyle interventions as part of 
the standard care for patients with MAFLD and obesity, MetS, diabetes/prediabetes, hypertension, 
dyslipidemia, and CVD[14]. Lifestyle intervention-related weight loss of 3%-5% has shown to improve 
steatosis[13], with a reversal of hepatic IR[20]. The resolution of NASH in a proportion of cases with 
improved liver inflammation has been observed with 7%-10% weight reduction[21]. Further, fibrosis 
regression has been observed in those losing > 10% body weight by lifestyle changes[21,22]. However, 
approximately 70% of these clinical trials only achieved the target weight loss of 5% from lack of 
compliance and poor adherence to these weight management strategies.

Dietary interventions
Various nutritional interventions targeting a weight loss ≥ 5% has shown to be effective in the 
management of MAFLD[14,23,24]. Aim of all forms of nutritional interventions for MAFLD is to reduce 
the proportion of macronutrient content of the diet to achieve total energy deficit by restricting intake of 
simple carbohydrates, saturated fat, and added sugars, along with adoption of healthier eating options 
like a Mediterranean diet. Recent research data also suggests that intermittent fasting and time-
restricted eating behavior are associated with improvement of MAFLD[25,26].

Nutritional intervention with energy restricted anti-inflammatory diets are also associated with 
reduction of inflammation along with better MAFLD outcomes in a recent randomized controlled trial
[27]. The trial also showed significant improvements in body weight (-7.1%), visceral adiposity (-22.3%), 
metabolic parameters [homeostatic model assessment of IR (HOMA-IR): 15.5%; cholesterol: -5.3%; low-
density lipoprotein cholesterol (LDL-C): -4.6%; and triglycerides: -12.2%], and various biomarkers of 
inflammation. Strict nutritional interventions for MAFLD have also been found to be associated with 
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improvements of CVD risk (blood pressure and QRISK2), metabolic health [fasting glucose, glycated 
hemoglobin (HbA1c), and insulin levels], body composition and quality of life along with improved 
liver-related outcomes[18,28]. However, the long-term effects and the sustainability of these nutritional 
interventions are still not clear in the absence of sufficiently long-term follow-up scientific research data. 
Although various dietary regimens are available starting from low carbohydrate/very low 
carbohydrate diet, ketogenic diet and Mediterranean diet, the ultimate goal for all these dietary 
regimens is to aim for calorie deficiency due to restriction of macronutrient (sugar and saturated fat). Of 
all the dietary regimens, the evidence base is strongest for the low glycaemic index Mediterranean diet 
which has shown to reduce the NAFLD score (median score: -4.14, 95%CI; -6.78, -1.49) when compared 
to the regular diet within six months duration[29]. Mediterranean diet also has cardiovascular 
protection property. Due to multiple health benefits with the Mediterranean diet, several professional 
societies recommend it as the preferred first line approach for MAFLD patients[12,14].

Exercise interventions
Physical activity is associated with improved muscle metabolism, resulting in energy dissipation and 
negative energy balance, especially with a calorie-restricted dietary intake. Exercise interventions have 
been demonstrated to significantly improve the liver transaminases regardless of the age, although 
more profound benefits have been observed in younger adults[30]. Along with improvements in 
MAFLD, various exercise programs have also been associated with improvements in metabolic 
parameters such as plasma levels of glucose, insulin, HbA1c, LDL-C, triglycerides, and HOMA-IR[31,
32].

Apart from improvements in metabolic parameters, exercise interventions are also expected to 
improve all-cause morbidity and mortality associated with MAFLD. Both aerobic exercise and resistance 
training exercise result in reduction in the intrahepatic triglycerides (IHTG) content. In a randomised 
control trial from Thailand, a 12-wk regimen of moderate intensity aerobic exercise resulted in similar 
reduction of intrahepatic fat and improvement of insulin resistance in MAFLD patients when compared 
with resistance exercise and dietary modification[33]. A metanalysis involving six studies with 94 
participants suggest that having a structured regimen results in greater reduction of IHTG and body 
weight[34]. Hence regular aerobic physical activity for 150-300 min/week of moderate-intensity or 75-
150 min/week of vigorous-intensity coupled with some resistance training, aiming for a weight loss of > 
5% in patients with MAFLD, can improve other comorbidities such as hypertension, diabetes, 
obstructive sleep apnea, dyslipidemia, CVD and possibly mortality[14,18,35]. Exercise interventions 
should ideally be coupled with nutritional changes to achieve hypocaloric energy balance to improve all 
these benefits. However, a recent Cochrane review concluded that there is considerable uncertainty in 
the evidence for benefits achieved by such interventions as the trials were of short follow-up duration of 
2-24 mo[36]. Patients should be followed up for at least eight years to arrive at meaningful conclusions 
from these trials. Finally maintaining compliance in any chronic disorder is always challenging, 
different models like health behavioural model and protectional motivation theory have been proposed 
to improve the compliance, but all the models highlight the importance of explaining the effectiveness 
of the lifestyle changes to the patient and emphasising the importance of maintaining the target 
achieved for prevention of progression of MAFLD[37].

PHARMACOTHERAPY FOR MAFLD
Although multiple clinical trials on the pharmacotherapy for MAFLD have been completed to date, 
there are no drugs approved by the United States Food and Drug Administration (FDA) for the 
management of the disease. Most of the therapeutic agents used currently in clinical practice are based 
on low-moderate certainty of evidence or expert recommendations though we can expect some very 
promising molecules soon. Figure 2 shows the major sites of action of the drugs currently used in the 
management of MAFLD.

Insulin sensitizers 
Pioglitazone: Pioglitazone belongs to the thiazolidinedione group of antidiabetic drugs, and acts as a 
peroxisome proliferator-activated receptor gamma agonist which modulates the insulin sensitivity in 
liver, muscles, and adipose tissues, having a marked improvement of IR[38]. Based on grade A and high 
strength evidence, pioglitazone is currently recommended for treatment of MAFLD when there is 
evidence of NASH (raised transaminases and/or suggestive non-invasive tests) in presence of T2DM[14,
18,39]. Significant improvement in NASH without worsening of fibrosis was seen with the use of 
pioglitazone dose of 45 mg daily (relative risk: 2.64, 95%CI: 1.36; 5.12). An HbA1c reduction ranging 
from 1%-1.6% has been observed with neutral cardiovascular (CV) safety profile in patients with T2DM 
treated with pioglitazone though the use of the molecule is now less common owing to the availability 
of newer antidiabetic medications with better CV benefits[40]. Weight gain potential, probable risks of 
worsening heart failure and diabetic maculopathy from fluid retention and elevated fracture risk are the 
hindrances for widespread use of pioglitazone in clinical practice. The association between pioglitazone 
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Figure 2 Major sites of action of drugs currently used in the treatment of metabolic-associated fatty live disease. Various medications 
targeting comorbidities that coexist with metabolic-associated fatty live disease are used to treat symptomatic patients. The asterisk indicates adipocyte action is not 
shown. GLP-1RA: Glucagon-like insulinotropic peptide-1 receptor agonist; SGLT-2: Sodium glucose cotransporter-2.

and bladder cancer is controversial. FDA has issued safety warning and advise against the use of 
pioglitazone in patients with active bladder cancer and to exercise caution when used in patient with 
previous history of bladder cancer[41]. In a meta-analysis of 26 studies, the hazard ratio for developing 
bladder cancer in patient with type 2 diabetes with pioglitazone exposure was 1.07 (95%CI: 0.96-1.18) 
and was not statistically significant with the number needed to treat for one patient to develop bladder 
cancer was 899 to 6380 individuals[42]. Hence detailed history about the bladder symptoms if present, 
warrants further investigation before the start of the medication.

Metformin: Historically, metformin has been the drug of first choice in managing patients with T2DM 
over the past few decades and continues to be the first-line agent even today. By reducing hepatic 
gluconeogenesis and increasing skeletal muscle uptake of glucose, metformin improves insulin 
sensitivity and ameliorates IR. Metformin therapy in patients with MAFLD has been associated with 
therapeutic benefits such as alanine transaminase (ALT) and aspartate transaminase (AST) reductions of 
-2.84 (95%CI: -11.09 to 5.28) and -2.39 (95%CI: -7.55, 2.49), respectively, along with improvements in 
other biological indicators like lipid abnormalities and body mass index (BMI)[43]. In patients with 
T2DM and MAFLD, metformin therapy and lifestyle intervention were associated with a mean weight 
loss of 4.3%-7.9%, leading to improvements in hepatic IR and glycemic control[44], though the drug had 
no efficacy in improving NASH histology[7,45]. Due to the lack of evidence for benefits, the AACE 
guidelines (2022) do not recommend metformin therapy for patients with NASH though the treatment 
for diabetes with the drug may be continued in patients with MAFLD and NASH. In the absence of 
sufficient clinical data on the use of the drug in T1DM and MAFLD, metformin therapy may not be 
recommended in such patients though the drug may be continued in those already using it.

Incretin mimetics 
Incretins are gastrointestinal (GI) mucosal hormones secreted in response to the presence of nutrient 
stimuli in the GI lumen. Glucagon-like insulinotropic peptide-1 (GLP-1) and glucose-dependent 
insulinotropic polypeptide (GIP) are the two gut hormones in this class, and both these molecules 
possess profound multisystemic effects on human energy balance, insulin pharmacokinetic and 
dynamic equilibrium, and metabolic homeostasis. Pharmacological manipulation of incretin physiology 
has been an area of immense global scientific research input over the past three decades that revolu-
tionized not only diabetes therapeutics but also the knowledge regarding mechanisms of origin and 
evolution of a variety of metabolic and multiorgan disorders affecting human health[46,47].

The endogenously secreted GLP-1 is rapidly degraded by the gastrointestinal luminal protease 
enzyme dipeptidyl peptidase-4 (DPP-4) with the termination of its biological effects soon after secretion
[48], with a very short elimination half-life of ≈2 min[49]. To augment the biological effects (incretin 
effects), and thereby improve the actions of incretin hormones, several drug molecules (incretin 
mimetics) belonging to GLP-1 receptor agonist (GLP-1RA) and DPP-4 inhibitor classes were 
subsequently developed in the early part of twenty-first century making a major paradigm shift in the 
management of T2DM. By augmenting the endogenous insulin production and modulating satiety, 
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these molecules alter the pathobiology of T2DM with weight loss potential (GLP-1RAs) or weight 
neutrality (DPP-4 inhibitors) making them favorite drug choices to diabetologists. Cardiovascular 
morbidity and mortality benefits of some of the GLP-1RAs make them more attractive choices than 
other antidiabetic molecules, especially because of the CVD risks associated with diabetes.

GLP-1RAs: There are several molecules of this class currently available in the market, and newer drug 
molecules are under development. Exenatide, Liraglutide, Lixisenatide, Dulaglutide, Semaglutide, and 
Albiglutide are the widely available molecules in the GLP-1RA class. The new recent agent added to this 
group is Tirzepatide which also possesses GIP agonist property in addition to much higher weight loss 
potential and improvement of HbA1c in individuals with T2DM[50]. The mean HbA1c reduction 
achieved with different GLP-1RAs ranges from 0.66%-2.3%[50,51], while the mean weight loss attained 
varies from 2.0-11.4 kg (with Tirzepatide having maximum effect)[51,52].

Along with significant improvements in body weight and glycemic control, treatment with GLP-
1RAs is also associated with improvement of cardiometabolic parameters like reduction of blood 
pressure, positive changes in adverse lipid profile (reduction of LDL-C and triglyceride and increase in 
HDL-C) and reduction of proteinuria, making this antidiabetic medication class a very desirable option 
for physicians[53]. Many of these benefits are also highly useful in managing patients with MAFLD, 
especially with diabetes.

Weight loss and the improvements in diabetes control and lipid abnormalities associated with GLP-
1RA therapy may be the reasons for improvement of MAFLD. Based on grade A, high strength of 
evidence, the 2022 AACE guidelines recommends GLP-1RA therapy for patients with T2DM and 
biopsy-proven NASH, encouraging clinicians to consider the drug when there is high suspicion of 
NASH (high transaminases and positive non-invasive tests) and to offer these molecules for 
cardiometabolic benefits in presence of T2DM and MAFLD[14]. Judicious use of GLP-1RAs, in 
particular the long acting, once weekly molecules such as Dulaglutide and Semaglutide, are expected to 
improve the composite outcomes such as the activity scores, transaminases and progression of disease. 
A recent meta-analysis showed improvements in AST [weight mean difference (WMD) = -3.29 IU/L, 
95%CI: -5.98, -0.61 IU/L, P = 0.02) , ALT (WMD = -9.92 IU/L, 95%CI: -19.89, 0.05 IU/L, P = 0.05), and 
GGT (WMD = -12.38 IU/L, 95%CI: -15.69, -9.07 IU/L, P < 0.00001) and reduction in FIB-4 score (WMD = 
-0.15, 95%CI: -0.29, 0.00, P = 0.05) when compared to placebo favoring use of GLP-1RAs for treatment of 
MAFLD[54]. Even though there is not enough data on the benefit of Tirzepatide in managing MAFLD, 
the drug must be associated with more profound effects considering remarkable improvements in 
cardiometabolic parameters, BMI, and diabetes control with this agent. Although GLP-1RA therapy is 
associated with improvements in body weight, total insulin requirements and cardiometabolic 
parameters in patients with T1DM[55], which might potentially benefit coexisting MAFLD, recommend-
ations cannot be made in the absence of adequate scientific proof. GI intolerance in the form of nausea, 
vomiting and constipation (occasionally diarrhea and abdominal pain) are common side effects of this 
class of medications, with a discontinuation rate of 5%-10% within a few weeks of therapy (though 
clinical trials report only < 5%) observed in clinical practice[56]. Higher discontinuation rates of up to 
47% being reported after 12 mo and 70% by 24 mo of treatment in some reports, mostly from lack of 
adequate benefit and cost implications[57].

DPP-4 inhibitors: DPP-4 inhibitors are useful for the management of T2DM with the added advantage 
of weight neutrality when compared to many other oral hypoglycemic agents. A recent meta-analysis 
showed an overall HbA1c reduction of -0.53% compared to placebo with slightly better benefit in Asians 
compared to Whites (-0.62% vs -0.49%) when this drug class was used as monotherapy in T2DM[58]. 
However, this class of medications is not recommended by the recent AACE guidelines for MAFLD 
because of lack of evidence on benefits except in managing patients with coexistent T2DM. Reinforcing 
these recommendations, a recent meta-analysis also did not show beneficial effects on the biochemical 
and imaging parameters of MAFLD in patients treated with DPP4 inhibitors[54].

Sodium glucose cotransporter-2 inhibitors
Sodium glucose cotransporter-2 inhibitors (SGLT-2i) are available for the management of T2DM for 
nearly a decade. Noninsulin dependent glucose lowering effect with the added advantage of energy 
deficit induced by glycosuria make this class of drugs unique with positive cardiometabolic outcomes 
and modest weight loss potential. Empagliflozin, Canagliflozin, Dapagliflozin and Ertugliflozin are the 
common agents in this class available widely in the global market, with few other molecules available in 
Asia and several ones under development now. Although the AACE guidelines (2022) suggested a lack 
of evidence of benefit in treating steatohepatitis[14], a more recent systematic review showed 
remarkable benefits with the use of SGLT-2i[54]. They observed improvements in AST (WMD = -2.31 
IU/L, 95%CI: -3.16, -1.47 IU/L, P < 0.00001), ALT (WMD = -5.93 IU/L, 95%CI: -7.70, -4.16 IU/L, P < 
0.00001), and GGT (WMD = -6.49 IU/L, 95%CI: -11.09, -1.89 IU/L, P = 0.006) and reduction in FIB-4 
score (WMD = -0.21, 95%CI: -0.40, -0.03, P = 0.02) when compared to placebo favoring the use of SGLT-
2i in the management of MAFLD especially in the presence of T2DM and cardiometabolic disease.
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Other antidiabetic agents
The AACE guidelines (2022) do not recommend treatment of NASH patients with antidiabetic agents 
such as metformin, DPP-4 inhibitors, acarbose, and insulins because of the lack of evidence for their use 
on improving hepatocyte necrosis and inflammation[14]. However, these agents may be continued to 
manage T2DM optimally in these patients. Sulphonylureas are to be used with caution as some of these 
medications are metabolized by the liver.

Lipid lowering drugs
Dyslipidemia, whether it is primary or secondary, is associated with a significantly higher risk of 
worsening of MAFLD because of metabolic dysregulation and abnormal lipid handling by the liver. 
Hence, the treatment of dyslipidemia is part of the routine management of MAFLD. Statins are useful in 
patients for the improvement of cardiometabolic outcomes, and treatment may also slow down the 
disease process[59,60]. Most recent data suggests that statin treatment is associated with a reduction in 
the steatosis grade and NAS score[61]. Therefore, statin therapy should be considered in all patients, 
including those with compensated cirrhosis, except when the transaminase levels are > 3 times the 
upper limit of normal[60]. Although Omega-3 fatty acids and fenofibrate were found to offer potential 
benefits in patients with hypertriglyceridemia and MAFLD in a recent small clinical trial[62], firm 
conclusions cannot be reached without large-scale studies. Pro-protein convertase subtilisin/kexin type 
9 inhibitors are used to treat hypercholesterolemia in patients with statin intolerance or in those unable 
to achieve target reduction of LDL-C with tolerated doses of statins. Although these drugs are very 
useful for CVD protection in patients with uncontrolled dyslipidemia on conventional therapy without 
affecting diabetes management[63], there is not enough data on their use in patients with MAFLD to 
suggest recommendations for use.

Vitamin E
α-tocopherol has been found to be useful in reducing liver transaminases with improvements in 
histological parameters of NASH, including ballooning, inflammation, and steatohepatitis in adults[64]. 
PIVEN study utilised a two by two factorial study design to evaluate the efficacy of α-tocopherol, at a 
dosage of 800 international units daily and pioglitazone in patients with biopsy proven NASH without 
diabetes[64]. At the end of 96 wk, patients on vitamin E therapy showed improvement in NASH as 
assessed by liver biopsy when compared to placebo (43% vs 19%, P = 0.001). The long-term efficacy of 
vitamin E to delay the progression of NASH is yet to be determined and there are some reports of 
increased all-cause mortality with high dose vitamin E but this is not proven and a meta-analysis have 
failed to confirm this association[65]. Also, we have to bear in mind that high dose vitamin E is 
associated with worsening insulin resistance; therefore, the drug is not recommended in patients with 
T2DM and those with advanced fibrosis[14].

Anti-obesity pharmacotherapy
Orlistat: Orlistat is a pancreatic and gastric lipase inhibitor that reduces dietary fat absorption and 
consequently causes energy malabsorption. The efficacy and side effects depend on the dietary fat 
content, and the discontinuation rate is high because of steatorrhea in those consuming high-fat diets. 
Conflicting results were observed in the review of clinical trials examining the efficacy of orlistat in a 
recent meta-analysis which showed improvements in transaminases and steatosis (on ultrasonographic 
imaging) in a few trials where drug use resulted in weight loss, between 5%-10%, with improvements in 
insulin resistance also[65]. The common drug dose is 120 mg three times daily, and steatorrhea may 
result in discontinuation in up to 25% of patients.

A meta-analysis of 330 patients with MAFLD treatment with orlistat showed marked improvements 
in the BMI (mean difference = -1.97; P = 0.02), reduction of ALT, and improvement of insulin resistance 
but with no significant changes to the liver fibrosis score[66]. A randomized, placebo-controlled clinical 
trial from Israel noted a higher reversal rate of fatty liver (24% vs 17%) in orlistat-treated group for 24 
wk compared to the control group[67]. Similarly, orlistat treatment for 24 wk significantly reduced liver 
fat content as compared to the routine treatment. In an open label parallel group study of 170 patient 
who were either enrolled into orlistat or conventional care in 1:1.5 proportion, showed that the level of 
fat content decreased to a greater extent in the orlistat treated patients compared to the conventional 
care, which was [-5.45% vs -1.96%, where < 0.001 [intention to treat (ITT) analysis] and -6.66% vs -2.68%, 
P < 0.001 [per-protocol (PP) analysis][68]. Higher rates of improvement in steatosis grades were seen in 
the orlistat treatment group [45.6% vs 22.5% (ITT analysis), 57.4% vs 30.3% (PP analysis), both P < 0.001]
[68]. In the same study, multivariate logistic regression analysis showed that the benefit of orlistat 
treatment was an independent source of improvement of steatosis. In experimental animal models, 
orlistat has shown protective and therapeutic effects against high-fat diet-induced MAFLD via 
modulation of signaling pathways involved in improved metabolism, especially the Nrf2 signaling 
pathway[69]. In experimental studies, orlistat treatment in high fat diet-fed rats up-regulated several 
antioxidant enzymes, down-regulated cell death and inflammation and apoptosis in the testis and thus, 
ameliorated testicular dysfunction[70]. Overall, these data suggest that orlistat could influence the 
metabolism of patients, and this may offer therapeutic benefits against MAFLD.
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Lesser studied anti-obesity medications: The less studied anti-obesity medications in MAFLD are 
phentermine-topiramate, naltrexone-bupropion and lorcaserin. These agents have predominant central 
action on pathways to control appetite and craving for food. Although weight loss benefit with these 
agents is similar or, in some cases, more than orlistat but these agents are fraught with cardiovascular 
complication. Hence, these agents are less preferred compared to the recent GLP-1RAs which have a 
better cardiovascular safety profile. In a post-hoc analysis, extended-release naltrexone-bupropion 
combination promoted improvement in FIB-4 score with no statistical change in the ALT when treated 
for six months[71]. In another study, lorcaserin treatment for six months improved fatty liver index and 
reduced energy intake without affecting lean mass[72]. More studies are needed specifically in MAFLD 
patients to clarify these agents' efficacy across various stages of MAFLD.

Other drugs used in the management of MAFLD 
Obeticholic acid: Obeticholic acid (OCA), or 6α-ethyl-chenodeoxycholic acid, is a semisynthetic 
chemical compound that mimics bile acid (BA), chenodeoxycholic acid (CDCA) and is the first farnesoid 
X receptor (FXR) agonist to be approved by the FDA and European medicine agency (EMA) for primary 
biliary cholangitis also known as "Ocaliva"[73]. BA binds through G-protein-coupled BA receptor 
(TGR5/Gpbar-1) and activates the nuclear receptor (FXR), which regulates lipid and glucose 
metabolism. Hence, FXRs showcase an ideal target for managing MAFLD by modulating the 
homeostasis of cholesterol, triglyceride, glucose, energy, and BA synthesis[74]. OCA binds FXR with 
100-fold affinity compared to its natural ligand CDCA and proves to be a practical analog of BA[75]. A 
phase 2 study on 64 humans showed that OCA administration (dose of 25 or 50 mg) for 6 wk increased 
insulin sensitivity, and reduced liver inflammation and fibrosis biomarkers in patients with MAFLD 
and T2DM[76]. In this double-blind, placebo-controlled, proof-of-concept study, patients were treated 
with either placebo (23 people), 25 mg OCA (20 people), or 50 mg OCA (21 people) once daily for 6 wk. 
Insulin sensitivity was measured by a 2-stage hyperinsulinemic-euglycemic insulin clamp before and 
after the 6-wk treatment period along with liver enzymes, fibroblast growth factor 19, lipid analytes, 7α-
hydroxy-4-cholesten-3-one (a BA precursor), endogenous BAs, and markers of liver fibrosis. The insulin 
sensitivity increased by 28.0% and 20.1% from baseline in the group (20 people) treated with 25 mg 
OCA (P = 0.019) and in the group (21 people) treated with 50 mg OCA (P = 0.060) respectively. In the 
combined OCA groups, insulin sensitivity increased by 24.5% (P = 0.011) with a decrease of 5.5% in the 
placebo group[76]. In animal models, OCA treatment resulted in increased weight loss and improved 
insulin sensitivity in rabbits[77]. Similarly, OCA treatment improved the metabolic profile in MAFLD 
rats [Zucker (fa/fa) rats], while reducing visceral adiposity and hepatic steatosis[78]. Along similar 
lines, OCA treatment markedly affected the gene expression profile involved in hepatic lipotoxicity, 
including fatty acid synthesis, lipogenesis and gluconeogenesis genes[78]. In the FLINT trial, which 
involved 283 patients randomly assigned to receive OCA 25 mg daily or placebo for 72 wk showed 35% 
of patients treated with OCA showed marked reduction in fibrosis compared to 19% of patients treated 
with placebo[79]. These findings indicate that OCA would be a potential treatment option for patients 
with MAFLD, considering that OCA treatment improves the metabolic profile and reduces fatty liver 
and fibrosis. It should be noted that OCA is effective in obesity and type 2 diabetes patients, but the 
long-term safety data and also head-to-head comparison with other newer antidiabetic agents are still 
awaited.

Aldafermin: Aldafermin, also known as M70 or NGM282, is an analog of fibroblast growth factor 19 
(FGF19), a human gut hormone secreted from the ileum in response to activation of FXR. This hormone 
is essential for bile acids, carbohydrates, and energy metabolism[80,81]. Elevations of primary and 
secondary bile acid in circulation are linked with primary liver disease[82]. It has been reported that 
FGF19, upon FXR activation, acts on the FGFR1c-KLB and FGFR4-KLB receptor complex on hepatocytes 
to block bile acids synthesis. Aldafermin, the FGF19 analog, acts similar way on this receptor complex. 
Upon activation, FGFR1c-KLB receptor suppresses the CYP7A1 expression. This gene encodes an 
enzyme, cholesterol 7a-hydroxylase, which is the first and a rate-limiting enzyme for the de novo 
synthesis of bile acids. In the phase 2 study of 176 patients with NASH and fibrosis (biopsy-confirmed) 
and increased fat in the liver (> 8% by magnetic resonance imaging-proton density fat fraction), it has 
been shown to have a significant reduction in the serum bile acid level[83]. These patients were 
administered with aldafermin 0.3 mg (23 patients), 1 mg (49 patients), 3 mg (49 patients), 6 mg (28 
patients) or placebo (27 patients) for 12 wk. Similarly, 62 patients with PSC and > 1.5× upper limit of 
normally increased alkaline phosphatase were administered with 1 mg (21 patients), 3 mg (21 patients) 
aldafermin, or placebo (20 patients) for 12 wk. Serum bile acid profile and neoepitope-specific N-
terminal pro-peptide of type III collagen or Pro-C3 (a direct measure of fibrogenesis) were measured for 
metabolic and cholestatic liver diseases. The results suggested that treatment with aldafermin caused 
dose-dependent reductions in serum bile acids, including deoxycholic acid, lithocholic acid, glycodeoxy-
cholic acid, glycochenodeoxycholic acid, and glycocholic acid in patients with metabolic and cholestatic 
liver diseases[84]. In addition, the treatment of aldafermin resulted in the reduction of glycine-
conjugated bile acids but not the taurine-conjugated bile acids. Overall, these findings suggest the 
possibility of using aldafermin for 24 wk as a treatment option for fatty liver disease, fibrosis regression, 
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and resolution of NASH and stage 2 or stage 3 fibrosis.

Silymarin: Silymarin, extracted from the medicinal plant Silybum marianum, is a complex mixture of 
different flavonolignan isomers. Silymarin possesses an antioxidative effect and is mainly due to an 
isomer silybin diastereomers that is 50% of the mixture. Silybin undergoes biotransformation, forming 
glucuronide derivatives[85]. The mechanism of action of this drug on MAFLD involves antioxidative, 
choleretic, antifibrotic, regenerative, anti-inflammatory, and immunomodulatory effects[86]. Silymarin 
is now known as an antioxidant for reducing lipogenesis by downregulating the fatty acid synthase, 
peroxisome proliferator-activated receptor γ, and acetyl-CoA carboxylase[87,88]. MAFLD-induced 
insulin resistance and steatosis can be reduced by Silymarin which has shown the potential to restore 
the insulin action pathway through insulin receptor substrate-1/PI3K/Akt[89]. In a metanalysis 
involving 587 patients mostly from randomized controlled trials, results showed that Silymarin 
significantly decreased the AST and ALT levels more than the control group[90]. In a randomized, 
double-blind, placebo-controlled trial in NASH patients who had NAFLD activity scores of 4 or more, 
an intake of 700 mg per day of Silymarin for 48 wk caused a significant reduction in liver fibrosis[91]. 
Collectively, these studies have demonstrated that Silymarin is a safe drug, even at high doses, well 
tolerated, and it improves the functions of liver enzymes, activates liver metabolism, reduces oxidative 
stress, total cholesterol synthesis, and endothelial dysfunction in patients with MAFLD, but long-term 
data on different MAFLD stages are yet to come[92].

BARIATRIC PROCEDURES AND MAFLD
Metabolic surgery
One of the effective means of obtaining durable weight loss is through surgical intervention in obese 
people. It aims not only for weight loss but includes improvements in incretin profiles, insulin secretion, 
and insulin sensitivity; hence it is a promising tool for MAFLD management. Two commonly used 
bariatric or metabolic surgeries are Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG). The 
fundal portion of the stomach is surgically removed during SG, whereas RYGB entails making a small 
pouch; this new pouch is then connected to the small intestine. While both surgical procedures result in 
decreased stomach volume, decreased production of acid, and changed gut hormones, RYGB involves 
architectural reorganization of the gastrointestinal tract, potentially impacting bile acid reabsorption
[93]. As the primary bile acids (PBA) are made and conjugated in the liver, excreted in the intestine, 
deconjugated and/or transformed to secondary bile acids (SBA) by the gut microbiota, and recycled 
through reabsorption in the terminal ileum, changes in stomach due to the RYGB leads reorganization 
of the microbiota leading to change in PBA and SBA composition[94]. It was shown that MAFLD 
patients' serum had more PBA/SBA ratio compared to healthy people[94]. According to the AACE 
recent guidelines, metabolic surgeries are reserved for patients with MAFLD and BMI 35 kg/m2 

especially if they have type 2 diabetes mellitus (level of recommendation grade B)[14]. It can be used as 
an opportunity for liver biopsy for histologic staging of liver fibrosis for further prognosis.

Endo-barrier treatment
Many bariatric surgeries come with certain complications and limitations, including anastomotic 
disruption leading to leaks and fistulae, stomal stenosis, dumping syndrome, etc. The endoscopically 
implanted and removably attached duodenal-jejunal sleeve bypass (DJSB) or EndoBarrier® (GI 
Dynamics Inc., Lexington MA) can also be used for the same purpose. It is anchored in the initial section 
of the duodenum, where it is connected to a 60-cm long polymer sleeve by a nitinol stent anchor. The 
sleeve shields the proximal upper small intestine's mucosa from food that has been swallowed. DJSB 
offers functional similarities with RYGB as it mimics some of the physiological effects. These include 
food excluded from the proximal small intestine, and pancreatic and biliary secretions mixed together 
after food has passed through the sleeve. Endo-barrier treatment has been shown to promote significant 
weight loss in a patient with obesity and type 2 diabetes who are otherwise eligible for bariatric surgery 
but declined due to personal choice. Over the 12-mo study period, the weight loss was 15 kg (95%CI: 
0.62-29.38; P < 0.05) and BMI 4.9 kg/m2 (95%CI: 1.1-8.7; P < 0.005), the confidence intervals are wide as 
expected for a small sample size of forty five patients[95]. The major limitation of the endo-barrier 
therapy is the attended complication like gastrointestinal intolerance, bleeding, and liver abscess. 
Although this can be reduced by improving the dietary compliance following the procedure and there 
are ongoing trials on how these complications can be effectively reduced so that endo-barrier can be a 
safe option for MAFLD management who fail medical therapy and decline surgery.

Bariatric endoscopy 
Obese patient who undergoes bariatric surgery may need to demonstrate initial weight loss for pre-
operative surgery optimization of metabolic profile for safe surgical outcome. Most of these patients can 
get benefit from endoscopic therapy. In a study of individuals with obesity and MAFLD, bariatric 
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endoscopy improved analytical and ultrasound parameters of insulin resistance, hepatic fat, and 
hypertriglyceridemia[96]. It can be suggested during short-term follow-up as an efficient and secure 
option, but the long-term benefits are yet to come as these are relatively newer modalities.

A broad approach for the management and referral system pathway for patients with MAFLD is 
shown in the Figure 3.

SPECIAL POPULATIONS WITH MAFLD
Pregnancy and MAFLD
Pregnancy-related liver diseases occur in a trimester-specific fashion, as there is biotransformation of 
almost the whole body in pregnant women throughout the pregnancy. Developments of primary liver 
diseases are common during pregnancy. MAFLD in pregnancy can result in the development of various 
health issues in the mother, such as complications of hypertension, postpartum hemorrhage, and 
premature birth of the baby[97]. In a multicentric prospective study from Korea, Lee et al[98] showed 
that 18.4% (112/608) women had MAFLD during their early pregnancy, and MALFD is an independent 
risk factor in the development of gestational diabetes mellitus (GDM; 36/608). The participants with 
GDM development showed higher prevalence of radiological steatosis (55.6% vs 16.1%; P < 0.001) and 
higher fatty liver index (40.0 vs 10.7; P < 0.001) and hepatic steatosis index (35.5 vs 29.0; P < 0.001)[98]. In 
utero, MAFLD exposed children have a greater risk of obesity at an early age and pediatric MAFLD 
development[99].

Management of MAFLD during pregnancy is a multi-model approach to control complications, 
which should recognize the population at high risk and control hyperglycemia, prevent excessive 
weight gain, and avoid the development of GDM. To our best knowledge, there is no single specific 
medication for the treatment of MAFLD during pregnancy. Managing weight and lifestyle during the 
postpartum period is mandatory for reversing the MAFLD effects and avoiding complications during 
the next pregnancy. Study conducted in 316 individuals (not only pregnant women), exercise without 
loss of weight significantly lowered intrahepatic lipid content (SMD: -0.76, 95%CI: -1.04, -0.48) and ALT 
concentration (SMD: -0.52, 95%CI: -0.90, -0.14), AST content (SMD: -0.68, 95%CI: -1.21, -0.15), LDL-C 
concentration (SMD: -0.34, 95%CI: -0.66, -0.02), and triglycerides content (SMD: -0.59, 95%CI: -1.16, -0.02)
[100]. Hence, pregnant women with MAFLD should be encouraged to exercise regularly within the safe 
limit to improve the metabolic profile with proper guidance from the expert obstetric team.

Children and MAFLD
Due to a lack of recognition, screening, and appreciation of complications associated with MAFLD, the 
disease often remains undiagnosed among children. In a study of 2256 children with 715 children 
overweight, MAFLD was diagnosed in 23% among 715 with overweight (P < 0.01)[101]. As pediatric 
treatment options are limited due to inadequate number of clinical trials and insufficient knowledge, the 
overall goal is to improve the life quality of children and reduce liver morbidity and mortality. Lifestyle 
management is one of the best ways to manage MAFLD in children. In a study of 84 children of the age 
group between 3 and 18.8 years, over two years, with proper diet and physical exercise, participants 
who lost 5% or more of body weight had more significant improvements in the level of ALT when 
compared with the participants with < 5% weight loss (-35 ± 33 vs -20 ± 20 IU/L, respectively; P < 0.05)
[102].

Elderly individuals and MAFLD
Between 40-50 years of age in males and 60-69 years in females, the prevalence of fatty liver is high and 
seems slightly low in older (> 70 years) cohorts. Hypertension, diabetes, hyperlipidemia, and obesity 
risk factors for MAFLD development are higher in elderly individuals. The diagnosis and management 
strategies are challenging in the elderly with other age-related comorbidities[103]. For the management 
of MAFLD, the underlying etiology must be treated parallel to other diseases including obesity, 
hyperlipidemia, and IR. Lifestyle modifications and pharmacological treatment are the two methods 
considered safe for managing MAFLD in elderly individuals. In a study with 261 elderly individuals for 
52 wk, 72 (25%) achieved steatohepatitis resolution, 138 (47%) reduced NAS score, and 56 (19%) 
achieved fibrosis regression. During last week, 88 subjects (30%) reduced ≥ 5% of their weight. Degree of 
weight loss and improvements in all NASH-related histologic parameters are independently associated 
(odds ratios = 1.1-2.0; P < 0.01). A major proportion of participants with ≥ 5% loss in weight had [51 of 
88 (58%)] NASH resolution and a 2-point reduction in NAS [72 of 88 (82%)] than participants with < 5% 
of loss in their weight (P < 0.001)[104]. In some elderly patients, these modifications might be 
incompatible. So, it is necessary to ensure that the introduced dietary instructions are not excessively 
aggressive and provide adequate nutrition to the elderly. Currently, no particular drug is approved for 
the treatment of MAFLD in the elderly. Therefore, there are no specific recommendations for drug usage 
in elderly individuals with MAFLD alone, but if they have concomitant T2DM, metformin, GLP-1RAs 
and SGLT-2i are the best available options.
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Figure 3 Management and referral system pathway for patient with metabolic associated fatty liver disease. Multidisciplinary treatment 
approach involving dietician, physiotherapist, psychologist, diabetologist and hepatologist. In resource constrained setting, referral to individual specialist based on 
the predominant effect due to metabolic-associated fatty live disease as per the pathway. GLP-1RA: Glucagon-like insulinotropic peptide-1 receptor agonist; SGLT-2i: 
Sodium glucose cotransporter-2 inhibitors; CVD: Cardiovascular disease; HF: Heart failure; BMI: Body mass index.

EMERGING CONCEPTS
MAFLD is a significant cause of chronic liver disease with reported increase in hepatocellular carcinoma 
(HCC), and a leading contributor to various systemic complications such as T2DM, CVD, and CKD. A 
certain degree of uncertainty is present regarding the natural history and prognosis of MAFLD. In some 
patients, the long evolution time for MAFLD progression from steatohepatitis to fibrosis is noted, but 
some progress faster from cirrhosis to hepatocellular carcinoma[105]. The exact reason for the 
development of HCC among MAFLD patients remains uncertain to date. When compared with chronic 
hepatitis C infection, the cumulative incidence of MAFLD patient developing HCC is lower (4% vs 2.5%) 
at 1 year and (30% vs 11%) at 5 years[106]. Moreover, patients with MAFLD has a tendency to develop 
HCC even without cirrhosis and the risk is five times when compared those with chronic hepatitis C 
infection[107]. As these patients without cirrhosis are not in the surveillance program, they tend to 
present with bigger tumours with reduced median survival[108]. Recent data suggest that patients who 
develop HCC due to MAFLD cirrhosis live longer than hepatitis C related HCC after curative treatment
[109]. Liver transplantation is used either for end stage liver disease or HCC due to MAFLD. The 
transplant related mortality and morbidity is high compared to the HCC due to other aetiologies such as 
very high BMI and MAFLD related cardiovascular complications[110]. But it is interesting to note that 
post-transplant 5-year survival rate is not different between MAFLD and non-MALFD aetiology 
because the lower risk of graft failure balances the higher risk of sepsis and cardiovascular disease in 
MAFLD patients when compared to other aetiology[111].

More clinical trials involving different ethnicity having divergent gene pools are required to get 
insights into the contribution of the genetic basis of MAFLD and the genetic basis of successful 
treatment outcomes and failure in treatment. The effect of environmental factors should also be a 
primary focus of work in the next decade. The growing human population and the environmental 
impact have dramatically changed human life. Especially lifestyle diseases are emerging in this decade 
due to the impact of the environment on human life. Future studies also need to be focused on 
understanding this phenomenon.
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Table 1 Management of metabolic-associated fatty liver disease directed against the risk factors

No Disease/condition Directed therapy Supportive therapies

1 Overweight and 
obesity

Anti-obesity drugs, Bariatric surgery, lifestyle intervention 
(Calorie-restriction, dietary pattern, etc.)

MAFLD: Newer agents targeting on cellular inflammation 
and oxidative stress.

2 T2DM Hypoglycemic agents like Metformin, GLP-1RAs, SGLT-2i, 
Thiazolidinediones and DPP-4 inhibitors

Fibrotic MAFLD: Potential future anti-fibrotic agents.

3 > 2 metabolic risks Modulators of metabolism (Farnesoid X receptor agonsit, 
Peroxisome proliferator-activated receptor, fibroblast growth 
receptors, statins, aspirin)

Cirrhosis Complications: Control portal hypertension and 
bacterial peritonitis prophylaxis. End-stage liver diseases: 
Liver transplantation.

T2DM: Type 2 diabetes mellitus; GLP-1RA: Glucagon-like insulinotropic peptide-1 receptor agonist; SGLT-2i: Sodium glucose cotransporter-2 inhibitors; 
DPP-4: Dipeptidyl peptidase-4; MAFLD: Metabolic-associated fatty live disease.

Different pharmacological approaches are tried to reduce the risk of MAFLD. However, current 
strategies remain ineffective. The asymptomatic time intervals in MAFLD and NASH progression to 
cirrhosis and ultimately a liver failure and gaps in knowledge regarding modifiers of the disease 
contribute to significant challenges in the drug design for the clinical trials. The application of 
nanoparticles for drug delivery demonstrated potentially promising for enhancing drug bioavailability 
for MAFLD treatment. Various types of liver-targeting nanoparticles are exploited for MAFLD 
management[112].

Table 1 shows a summary of therapeutic strategy for MAFLD targeting risk factors.

CONCLUSION
MAFLD is a growing global health burden among the population with high susceptibility to obesity and 
insulin resistance. Notably, MAFLD is the most common cause of chronic liver disease in children and 
adolescents, exhibited by fatty liver disease and severe fibrosis. The most effective prevention strategy 
for MAFLD is lifestyle modification. Considering the prevalence and its impact, several novel therapies, 
including several novel therapeutic and surgical approaches, are currently under investigation. Pharma-
cological interventions, including treatment with antidiabetic medications, and anti-obesity drugs, can 
be considered for MAFLD patients but should be chosen wisely on a case-to-case basis. In addition, 
bariatric surgeries aimed to obtain durable weight loss are options for MAFLD patients who either fail 
medical management or have associated comorbidities. Novel approaches in drug delivery would be 
ideal for managing MAFLD in the future. We need to improve the knowledge of the personalized 
treatment options with targeted drugs, which would be effective in that subset of patients who fail or 
have difficulty adhering to the routine management pathways.
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Abstract
Minimal hepatic encephalopathy (MHE) is a frequent neurological and psychiatric 
complication of liver cirrhosis. The precise pathogenesis of MHE is complicated 
and has yet to be fully elucidated. Studies in cirrhotic patients and experimental 
animals with MHE have indicated that gut microbiota dysbiosis induces systemic 
inflammation, hyperammonemia, and endotoxemia, subsequently leading to 
neuroinammation in the brain via the gut-liver-brain axis. Related mechanisms 
initiated by gut microbiota dysbiosis have significant roles in MHE pathogenesis. 
The currently available therapeutic strategies for MHE in clinical practice, 
including lactulose, rifaximin, probiotics, synbiotics, and fecal microbiota 
transplantation, exert their effects mainly by modulating gut microbiota dysbiosis. 
Microbiome therapies for MHE have shown promised efficacy and safety; how-
ever, several controversies and challenges regarding their clinical use deserve to 
be intensively discussed. We have summarized the latest research ndings 
concerning the roles of gut microbiota dysbiosis in the pathogenesis of MHE via 
the gut-liver-brain axis as well as the potential mechanisms by which microbiome 
therapies regulate gut microbiota dysbiosis in MHE patients.

Key Words: Gut microbiota; Minimal hepatic encephalopathy; Gut-liver-brain axis; 
Pathogenesis; Therapeutics
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Core Tip: Minimal hepatic encephalopathy (MHE) is a common neuropsychiatric complication of liver 
cirrhosis. Gut microbiota dysbiosis has an essential role in the pathogenesis of MHE via the gut-liver-brain 
axis. Current therapeutic strategies for MHE are based on the modulation of gut microbiota dysbiosis. This 
review presents the recent evidence on the roles of gut microbiota dysbiosis in the pathogenesis and 
treatment of MHE via the gut-liver-brain axis.

Citation: Luo M, Xin RJ, Hu FR, Yao L, Hu SJ, Bai FH. Role of gut microbiota in the pathogenesis and 
therapeutics of minimal hepatic encephalopathy via the gut-liver-brain axis. World J Gastroenterol 2023; 29(1): 
144-156
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/144.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.144

INTRODUCTION
Hepatic encephalopathy (HE) is a central nervous system complication of chronic liver disease or portal 
systemic shunting that is characterized by a broad range of neuropsychiatric symptoms[1]. Depending 
on the severity of clinical manifestations, HE can be classified as overt or covert, such as minimal HE 
(MHE) and West Haven grade I HE[1]. Overt HE (OHE) exhibits obvious neurological and psychiatric 
manifestations, such as flapping tremors, drowsiness, and sometimes coma[2]. In contrast, MHE 
presents with slight cognitive deficits in the executive function, including psychomotor speed, response 
inhibition, and working memory, with no clinical evidence of OHE[3]. MHE is diagnosed using 
neurophysiological and psychometric tests, and its prevalence range from approximately 30% to 70% in 
different populations with liver cirrhosis[1,3,4]. MHE compromises daily functions, affects the health-
related quality of life, and increases the risk of progression to OHE[5,6].

The exact pathogenesis of MHE is complex and not completely understood. Furthermore, the 
pathophysiological basis of MHE is multifactorial, with ammonia, inammation, and endotoxins 
considered causative factors[7]. Recently, gut microbiota dysbiosis has been demonstrated to be 
associated with hyperammonemia, systemic inflammation, neuroinammation, and endotoxemia in 
cirrhotic patients and experimental animals with MHE[8-11]. With decompensated liver cirrhosis and 
hepatic dysfunction, dysbiotic gut microbiota and its metabolites cross the impaired intestinal barrier 
and induce hyperammonemia, systemic inflammation, and endotoxemia, which influence the 
permeability of the blood-brain barrier (BBB), resulting in neuroinammation and low-grade edema in 
the cerebrum and contributing to central nervous system dysfunction[7]. It has been increasingly 
recognized that gut microbiota dysbiosis is the predominant factor accounting for MHE pathogenesis 
via the gut-liver-brain axis[12,13]. Furthermore, an increasing number of clinical studies have shown 
that currently available therapies for MHE patients, including lactulose, probiotics, synbiotics, rifaximin, 
and fecal microbiota transplantation (FMT), improve cognitive dysfunction through the modulation of 
gut microbiota dysbiosis[14-17].

Although several published reviews have elucidated the involvement of gut microbiota dysbiosis in 
the pathogenesis and treatment of HE, no specific review has focused on this involvement in MHE[13,
18-20]. Therefore, this review aimed to comprehensively elucidate the roles of gut microbiota in MHE 
pathogenesis via the gut-liver-brain axis and systematically analyze the underlying mechanisms linked 
with microbiome therapies to modulate gut microbiota dysbiosis in cirrhotic patients with MHE.

GUT MICROBIOTA DYSBIOSIS IN MHE
Small intestinal bacterial overgrowth (SIBO) is a pathological dysregulation of gut microbiota, charac-
terized by excessive bacteria and/or abnormal bacterial composition in the small intestine. Approx-
imately 48% to 73% of cirrhotic patients have SIBO[21]. Intestinal immune dysfunction, intestinal 
dysmotility, and decreased bile acid synthesis are implicated in the pathogenesis of SIBO[22]. SIBO is 
closely associated with the severity of advanced liver cirrhosis, and it has been validated as a signicant 
risk factor for MHE[23,24]. In MHE patients, the gut microbiota dysbiosis resulting from the SIBO has 
been characterized by lower bacterial diversity, decreased autochthonous beneficial bacteria, and 
increased pathogenic Gram-negative bacteria[8,14,25]. The gut microbiota dysbiosis in cirrhotic patients 
with MHE is summarized in Table 1. Notably, Bajaj et al[26] found that MHE patients have higher 
abundances of Enterococcus and Veillonella and a lower abundance of Roseburia in the gut mucosal 
microbiota; these signatures are significantly different from those of the fecal microbiota. It is 
hypothesized that the adherence and overgrowth of pathogenic bacteria in the gut mucosal microbiota, 
rather than the fecal microbiota, might be implicated in the pathogenesis of bacterial translocation.
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Table 1 Clinical studies of gut microbiota dysbiosis in cirrhotic patients with minimal hepatic encephalopathy

Ref. Nationality Number of 
patients

Etiology of 
cirrhosis

MHE 
diagnosis Sample Method Microbiota alteration

Zhang et 
al[8]

China 51 AIH, HBV, 
PBC, alcohol

NCT-A DST Stool 16S rRNA 
pyrosequencing

Enriched Streptococcus salivarius

Wang et 
al[14]

China 98 HBV, HCV, 
others

NCT-A DST Stool 16S rRNA 
sequencing

Enriched Proteobacteria, especially Pasteurel-
laceae Haemophilus and Alcaligenaceae 
Parasutterella

Luo et al
[29]

China 143 HBV PHES Stool 16S rRNA 
sequencing

Enriched Streptococcus salivarius and 
Veillonella

Liu et al
[76]

China 55 HBV, HCV, 
alcohol, others

NCT-A 
BAEP

Stool Stool bacterial 
culture

Overgrowth of E. coli and Staphylococcus 
spp.

Bajaj et al
[27]

United States 97 HCV, alcohol, 
NASH, others

ICT PHES Stool Shotgun 
metagenomic 
sequencing

Alistipes ihumii, Prevotella copri, and 
Eubacterium spp. were higher, while Entero-
coccus spp. were uniquely lower in MHE 
diagnosed by ICT

Bajaj et al
[28]

United States 247 HCV, alcohol, 
NASH, others

PHES ICT 
Stroop

Stool Multi-tagged 
sequencing

Enriched Lactobacillaceae

AIH: Autoimmune hepatitis; HBV: Hepatitis B virus; HCV: Hepatitis C virus; PBC: Primary biliary cirrhosis; NASH: Non-alcoholic steatohepatitis; NCT-A: 
Number connection test-A; DST: Digit symbol test; ICT: Inhibitory control test; PHES: Psychometric hepatic encephalopathy score; MHE: Minimal hepatic 
encephalopathy.

Because of the lack of uniform criteria for diagnosing MHE, the results of the currently available 
diagnostic methods for MHE are inconsistent in clinical practice. Specific signatures of fecal microbiota 
correspond to unique cognitive impairments determined by different diagnostic methods for MHE, 
including the psychometric hepatic encephalopathy score, inhibitory control test, and EncephalApp 
Stroop test (Table 1). For example, the abundances of Enterococcus and Streptococcus were higher in 
cirrhotic patients with MHE diagnosed by the psychometric hepatic encephalopathy score only; 
however, the abundances of Prevotella copri, Eggerthela, and Alistipes spp. were higher in those with MHE 
diagnosed by the inhibitory control test only[27]. Of note, the Lactobacillaceae abundance was also higher 
in fecal samples of MHE patients, regardless of MHE testing; therefore, this might be able to be used as 
a substitution for MHE testing[28].

Gut microbiota signatures of MHE patients vary depending on the etiology of liver cirrhosis. In a 
Chinese cohort with cirrhosis, the abundances of Streptococcaceae and Veillonellaceae were overrep-
resented in cirrhotic patients, and MHE patients had a higher abundance of Streptococcus salivarius[8]. 
Moreover, Streptococcus salivarius was also enriched in the gut microbiome of patients with MHE due to 
hepatitis B-associated liver cirrhosis, especially in those with sleep disturbances[29]. In contrast, in a 
cohort with cirrhosis in the United States, the fecal Lactobacillaceae abundance was higher in MHE 
patients; however, the abundance of fecal Lachnospiraceae genera, such as Clostridium XIVb and Rumino-
coccus, was correlated with better cognitive function independent of clinical variables[28]. Additionally, 
another study in the United States revealed that a higher Veillonellaceae abundance was found in the 
fecal microbiota of MHE patients, and that Porphyromonadaceae and Alcaligeneceae were positively 
associated with cognitive dysfunction in MHE[30]. The altered gut microbiota in Chinese MHE patients 
differs from that of MHE patients in the United States because the primary etiology of liver cirrhosis in 
the Chinese population is hepatitis B; however, in the United States, hepatitis C and excessive alcohol 
consumption are the predominant etiologies[31,32].

GUT-LIVER-BRAIN AXIS IN MHE
Bacterial translocation
In healthy individuals, the characteristic structure and immune system of the intestinal mucosa can 
prevent bacteria and their byproducts from entering the systemic circulation. In patients with liver 
cirrhosis, the SIBO decreases the synthesis of secondary bile acids by inhibiting the activation of 
Farnesoid X receptor and Takeda G protein-coupled receptor, which reduces intestinal immunoglobulin 
A levels and further compromises the immune function of the intestinal mucosa[33,34]. Moreover, the 
SIBO induces decreased synthesis of antimicrobial peptide and activates mucosal immune responses, 
resulting in intestinal inflammation and impaired intestinal epithelium integrity[35]. Furthermore, the 
SIBO increases the permeability of epithelial intercellular junctions via the down-regulation of tight 
junction protein expressions[36]. These potential mechanisms induce a “leaky gut” which facilitates the 
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transfer of pathogenic bacteria and their metabolites from the intestinal tract to the circulatory system, 
resulting in systemic inammation (Figure 1).

Systemic inflammation
Translocated bacteria and their products, such as pathogen-associated molecular patterns, are 
transported to the liver through the portal vein. At the molecular level, pathogen-associated molecular 
patterns are recognized by Toll-like receptors and cytoplasmic nucleotide-binding oligomerization 
domain-like receptors, and primarily stimulate hepatic Kupffer cells through the activation of MyD88-
dependent and NF-κB signaling pathways[37,38]. Innate immune responses in the liver are triggered, 
resulting in liver damage, with the release of damage-associated molecular patterns and the production 
of proinflammatory cytokines and chemokines (Figure 1)[37,38]. MHE patients present the systemic 
proinflammatory environment reflected by increased circulatory levels of proinflammatory cytokines 
such as tumor necrosis factor-alpha (TNF-α), interleukins (ILs), and interferon, and chemokines such as 
CCL20, CXCL13 and CX3CL1[39].

In experimental mice with MHE, higher abundances of Staphylococcaceae, Enterobacteriaceae, and 
Lactobacillaceae in the large intestine and of Staphylococcaceae, Streptococcaceae, and Enterobacteriaceae in the 
small intestine were associated with systemic inflammation along with higher circulating concentrations 
of TNF-α and IL-1β[10]. Similarly, the abundances of Enterobacteriaceae, Fusobacteriaceae, and Veillonel-
laceae were positively associated with higher serum concentrations of IL-2, IL-13, and IL-23 in cirrhotic 
patients with MHE, and these increased cytokines were signicantly correlated with MHE severity[30]. 
Furthermore, the association between MHE severity and increased proinflammatory cytokines has been 
demonstrated to be independent of the severity of liver cirrhosis and ammonia levels, suggesting that 
systemic inflammation with its proinflammatory cytokines is potentially implicated in the development 
of MHE[40].

Blood-brain barrier permeability
The blood-brain barrier is composed of capillary endothelial cells surrounded by capillary basement 
membrane and astrocytic perivascular endfeet. The BBB separates the systemic circulation and brain, 
prevents the entry of potentially harmful substances into the brain, and maintains the homeostasis of 
the brain microenvironment. Circulating proinammatory cytokines cannot directly cross the BBB and 
exert their effects on the brain. However, these cytokines, including TNF-α, ILs, and interferon, down-
regulate the expression of endothelial tight junction proteins, compromise cerebrovascular endothelial 
cells, activate astrocytes to an inflammatory reactive state, and alter BBB receptor expression and 
transport pathways, which consequently impair BBB integrity and further increase BBB permeability 
(Figure 2)[41,42]. Through the aforementioned mechanisms, the proinammatory signaling, which is 
initiated by systemic inflammation, crosses the damaged BBB and underlies the neuroinflammatory 
response that develops in the cerebrum.

Neuroinflammation
Neuroinflammation refers to a series of inflammatory response processes characterized by microglial 
activation and proinflammatory cytokine production in the cerebrum[43]. The proinammatory 
signaling, originating from systemic inflammation and crossing the BBB, induces microglial activation, 
stimulates Toll-like receptors, and activates NF-κB and myeloid protein-dependent pathways to 
produce proinflammatory mediators in the cerebrum[41]. Neuroinflammation interferes with 
neurotransmission, affects neuronal function, and induces low-grade cerebral edema in concert with 
hyperammonemia (Figure 2)[43]. Balzano et al[44] found that MHE rats experienced not only increased 
serum levels of prostaglandin E2, IL-6, and IL-17 but also microglial activation with increased mRNA 
expression of TNF-α and IL-1β in the hippocampus, which indicated the existence of both systemic 
inflammation and neuroinammation in MHE. Additionally, Enterobacteriaceae in the cecum and 
Staphylococcaceae in the small intestine are linked to serum proinammatory cytokines and neuroinflam-
mation in cirrhotic mice[10]. Moreover, germ-free mice colonized with feces from MHE patients 
containing high abundances of Enterobacteriaceae, Staphylococcaceae, and Streptococcaceae had remarkable 
microglial activation and neuroinflammation[9]. Therefore, neuroinflammation is closely associated 
with gut microbiota dysbiosis in experimental animal models of MHE.

In contrast, the neuroinflammation in MHE patients has not been extensively studied. Postmortem 
examination of cerebral specimens from MHE patients showed that mRNA expressions of TNF-α, IL-1β, 
and IL-6 remained unchanged in the cerebral cortex, although genes related to microglial activation 
were upregulated[45,46]. Current evidence of the involvement of gut microbiota dysbiosis in the 
pathogenesis of neuroinammation has been derived from experimental animal models of MHE; 
however, related studies of MHE patients are lacking. Magnetic resonance imaging (MRI) has been 
successfully used to quantify the manganese deposition in the brain and noradrenaline in MHE rats[47,
48]. It is presumed that cerebral MRI examinations of MHE patients could facilitate further research 
concerning the involvement of gut microbiota dysbiosis in the pathogenesis of neuroinammation.
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Figure 1 On the background of liver cirrhosis with hepatic dysfunction, dysbiotic gut microbiota and its byproducts including ammonia 
and endotoxin cross the impaired intestinal barrier, stimulate innate immune responses in the liver, and lead to systemic inflammation, 
hyperammonemia, and endotoxemia. TNF-α: Tumor necrosis factor-alpha; ILs: Interleukins; IFN: Interferon.

Hyperammonemia 
Ammonia, an important causative agent of MHE, is predominantly derived from the degradation of 
amino acids and urea by the gut bacteria. Urea hydrolysis is catalyzed by urease, an enzyme mainly 
produced by Gram-negative Enterobacteriaceae[49]. In MHE patients, an increased abundance of Strepto-
coccus salivarius is associated with hyperammonemia because Streptococcus salivarius has a considerable 
number of urea catabolite genes that activate urease activity, facilitating ammonia production and 
accumulation, leading to further hyperammonemia[8,29,50]. Streptococcus salivarius might be a potential 
therapeutic target for ammonia-lowering strategies in MHE patients.

Hyperammonemia induces a leaky BBB, promotes glutamine accumulation in astrocytes, and leads to 
astrocyte swelling and subsequent low-grade cerebral edema that influences neurotransmission 
(Figure 2)[51,52]. Similar to systemic inflammation, chronic hyperammonemia induces microglial 
activation with the increased production of TNF-α, IL-1β, and IL-6 and impaired glutamatergic and 
GABAergic neurotransmission, resulting in cognitive deficits in MHE rats[53,54]. Moreover, treating 
MHE rats with anti-TNF-α, which does not cross the BBB, attenuated systemic inflammation, alleviated 
hyperammonemia-induced neuroinflammation, and ameliorated neurotransmission and cognitive 
function[44]. Experimental animal evidence indicated that hyperammonemia might be exerted in 
concert with systemic inflammation to drive the development of neuroinflammation.

Endotoxemia
Endotoxins, also known as lipopolysaccharides, are components of the outer membrane of Gram-
negative bacteria. In patients with liver cirrhosis, serum endotoxin levels are increased and correlated 
with MHE severity, and functional modules associated with endotoxin production are abundant in the 
gut microbiome of MHE patients[11,29]. Several studies reported that increased endotoxin production 
was related to a higher Veillonella abundance in MHE patients[55,56]. Due to the impaired intestinal 
barrier and portal-systemic shunting, endotoxins enter the systemic circulation and cause endotoxemia 
with increased production of pro-inflammatory cytokines (Figure 1)[57]. Similar to pro-inflammatory 
cytokines, endotoxin is also unable to cross the BBB. Nevertheless, endotoxin stimulates microglia to 
release TNF-α, IL-1β, and reactive oxygen species, which increases the permeability of BBB tight 



Luo et al. Gut microbiota in MHE via gut-liver-brain axis

WJG https://www.wjgnet.com 149 January 7, 2023 Volume 29 Issue 1

Figure 2 Systemic inflammation, hyperammonemia, and endotoxemia influence the permeability of the blood-brain barrier, resulting in 
neuroinflammation and low-grade cerebral edema, contributing to the pathogenesis of minimal hepatic encephalopathy. TNF-α: Tumor 
necrosis factor-alpha.

junctions[58]. Peripheral lipopolysaccharide injection induces microglial hyperactivation, increases 
mRNA expressions of TNF-α, IL-1β, and IL-10 in the cerebral cortex, and impairs glutamate 
transmission, resulting in memory and learning deficits in mice[59,60]. Based on the synergistic effect of 
hyperammonemia, peripheral lipopolysaccharide injection induced cytotoxic brain swelling and a 
subsequent pre-coma status in cirrhotic rats[61]. However, the exact mechanism of the interaction 
between hyperammonemia and endotoxemia in the pathogenesis of MHE remains unclear and requires 
further research.

MICROBIOME THERAPEUTICS FOR MHE
The majority of current therapeutic strategies for MHE in clinical practice exert their effects through 
modulation of gut microbiota dysbiosis. These microbiome therapies, including lactulose, rifaximin, 
probiotics, synbiotics, and FMT, alter the composition and function of the gut microbiota, inhibit 
pathogenic bacterial overgrowth, increase the abundance of beneficial bacteria, and reduce the 
production and absorption of ammonia (Table 2).

Lactulose
Lactulose, the standard therapy for MHE, is considered a prebiotic. A multicenter, randomized, 
controlled trial in China suggested that lactulose reduces ammonia production and absorption by 
inhibiting the growth of ammonia-producing bacteria, such as Streptococcus salivarius, and facilitates the 
growth of beneficial saccharolytic bacteria, such as Bidobacterium and Lactobacillus[14]. Moreover, 
several studies have revealed that lactulose reduces the serum concentrations of TNF-α, ILs, and 
endotoxins by inhibiting SIBO and bacterial translocation, thus improving cognitive dysfunction of 
MHE patients[11,62,63].

Despite lactulose treatment for MHE patients, there was still an increased gut microbiota dysbiosis 
with a lower cirrhosis dysbiosis ratio and enriched Gram-negative bacteria such as Enterobacteriaceae and 
Bacteroidaceae[64]. Similarly, Sarangi et al[65] indicated that lactulose did not significantly influence 
bacterial diversity, species richness, or taxa abundance in the gut microbiome of cirrhotic patients with 
MHE. Moreover, lactulose withdrawal only decreased the Faecalibacterium abundance and did not 
remarkably alter the gut microbiota composition[24]. These studies suggest that alterations in the gut 
microbiota function, rather than changes in the gut microbiota composition, may be associated with the 
therapeutic effects of lactulose in MHE patients.
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Table 2 Clinical Studies of gut microbiota modulation in cirrhotic patients with minimal hepatic encephalopathy

Ref. Design Patients Duration Sample Method Microbiota alteration Therapeutic effect

Lactulose

Wang et al
[14]

Multi-centre, 
open-label, 
randomized 
controlled trial

lactulose (n = 67), 
control (n = 31)

60 d Stool 16S rRNA 
sequencing

Higher abundances of Bacteroidetes, 
Firmicutes, Actinobacteria, and Proteo-
bacteria were in non-responders for 
lactulose

Significantly 
ameliorated MHE

Rifaximin

Bajaj et al
[56]

Controlled 
clinical trial

MHE patients 
before/after 
rifaximin (n = 20)

8 wk Stool Multi-tagged 
pyrosequencing, 
GC/LC-MS

Modest decrease in Veillonellaceae 
and increase in Eubacteriaceae, with 
significant changes in metabolite 
correlations

Significant 
improvement in 
endotoxemia and 
cognition

Probiotics

Lactobacillus GG

Bajaj et al
[74]

Randomized 
phase I, placebo-
controlled trial

Probiotic (n = 
14), placebo (n = 
16)

8 wk Stool Multi-tagged 
pyrosequencing, 
GC/LC-MS

Decreased Enterobacteriaceae and 
increased Lachnospiraceae and 
Clostridiales Incertae Sedis XIV, with 
significant alterations in metabolite 
correlations with amino acid and 
secondary bile acid metabolism

Attenuated 
endotoxemia and 
decreased TNF-α 
without change in 
cognition

Probiotics

Clostridium butyricum combined with Bidobacterium infantis

Xia et al
[73]

Randomized 
controlled trial

Probiotic (n = 
30), placebo (n = 
37)

3 mo Stool 16S rRNA 
sequencing

Increased Clostridium cluster I and 
Bidobacterium, decreased Enterobac-
teriaceae and Enterococcus

Reduced ammonia 
and improved 
cognition

Escherichia coli Nissle 1917 strain

Manzhalii 
et al[75]

Single-centre, 
open-label, 
randomized trial

Probiotic (n = 
15), lactulose (n = 
15), rifaximin (n 
= 15)

1 mo Stool 16S rRNA 
sequencing

Normalized Bifidobacterium and 
Lactobacilli abundance

Reduced ammonia 
and pro-inflam-
matory cytokines 
and improved 
cognition

Rifaximin plus probiotic

Zuo et al
[84]

Controlled 
clinical trial

Rifaximin (n = 7), 
rifaximin plus 
probiotic (n = 7)

4 wk Stool 16S rRNA 
sequencing

Both treatments alone reduced the 
overall microbiome diversity, with 
decreased Streptococcus and 
Faecalibacterium, Clostridium and 
increased Lactobacillus

Rifaximin plus 
probiotics showed a 
more apparent 
effect

Rifaximin plus lactulose

Schulz et 
al[72]

Randomized 
controlled trial

Rifaximin (n = 1), 
rifaximin plus 
lactulose (n = 4)

3 mo Stool 16S rRNA 
sequencing

Rifaximin with or without lactulose 
did not affect microbiota 
composition

MHE improvement 
with rifaximin 
lasted after the end 
of treatment

Synbiotics

Probiotics plus fermentable fiber

Liu et al
[76]

Controlled 
clinical trial

Synbiotic (n = 
20), fermentable 
fiber (n = 20), 
placebo (n = 15)

30 d Stool Stool quantitative 
bacteriological 
culture

Significant increase in non-urease-
producing Lactobacillus species

Reduced ammonia 
and endotoxemia 
levels, reversal in 
50% of MHE 
patients

GC/LC-MS: Gas chromatography/liquid chromatography-mass spectrometry; TNF-α: Tumor necrosis factor-alpha; MHE: Minimal hepatic 
encephalopathy.

Rifaximin
Rifaximin is an oral semisynthetic and nonsystemic antibiotic that inhibits transcription and RNA 
synthesis by binding to the β-subunit of bacterial RNA polymerase, with lower gastrointestinal 
absorption and better antimicrobial activity[66]. As an antibiotic, rifaximin also reduced pro-inflam-
matory cytokines and attenuated systemic and intestinal inflammation in a mouse model of MHE[10]. 
Similarly, rifaximin-α inhibited serum neutrophil TLR-4 expression, decreased TNF-α and IL levels, and 
ameliorated MHE in cirrhotic patients[67].
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A systematic review and meta-analysis showed that rifaximin is an effective and safe therapy for 
SIBO with a higher overall eradication rate[68]. In a mouse model of MHE, rifaximin therapy decreased 
intestinal ammonia production and serum IL-1β and IL-6 Levels by altering the gut microbiota function 
with increased secondary bile acids and decreased deconjugation without altering the gut microbiota 
composition[69]. Similarly, several clinical studies revealed that rifaximin attenuated hyperammonemia 
and endotoxemia in patients with MHE and resulted in significant changes in gut metabolites with 
modest alterations in gut microbiota composition, such as decreased Streptococcus and Veillonella 
abundance[56,70,71]. Furthermore, long-term treatment with rifaximin with or without lactulose did not 
affect the gut microbiota composition over a period of 3 mo in cirrhotic patients with MHE[72]. The 
results of these studies further support the theory that rifaximin treats MHE by modulating the 
metabolic function of the gut microbiota rather than gut microbiota composition, similar to the 
mechanism of lactulose treatment for MHE.

Probiotics 
Probiotics, which are added to yogurt or consumed as food supplements, are live bacteria with various 
health benefits. Treatment with probiotics containing B. infantis and C. butyricum increased Bifidobac-
terium and Clostridium cluster I abundances and decreased Enterococcus and Enterobacteriaceae 
abundances, thereby significantly lowering serum ammonia levels of patients with hepatitis B-
associated liver cirrhosis[73]. Additionally, the probiotic Lactobacillus GG increased Clostridiales XIV and 
Lachnospiraceae abundances, decreased the Enterobacteriaceae abundance, and decreased serum 
endotoxemia and TNF-α levels, resulting in alterations in metabolites associated with amino acid and 
secondary bile acid metabolism[74]. Moreover, the probiotic Escherichia coli Nissle strain reduced the 
levels of ammonia and pro-inflammatory cytokines, normalized Lactobacilli and Bifidobacterium 
abundances, and improved the cognitive function of MHE patients[75]. A systematic review of 19 trials 
showed that probiotics increased beneficial bacteria such as Lactobacillus and Bidobacterium, decreased 
SIBO and endotoxemia, and reversed MHE without affecting systemic inflammation[15]. Compared 
with other modalities, including lactulose, rifaximin, and L-ornithine-aspartate, probiotics have similar 
therapeutic effects on MHE reversal and OHE prevention, and no signicant differences were observed 
in the gut microbiota composition when probiotics and lactulose were compared[15,73]. Probiotics are 
regarded as alternative therapies for MHE. In contrast to lactulose and rifaximin, probiotics have 
therapeutic effects on MHE by altering the gut microbiota composition. Because of the complicated 
interconnections within the gut microbiome, a single change in the gut microbiota composition may 
have an unexpected effect or no effect at all. The interactions among supplemental probiotics, autoch-
thonous beneficial bacteria, and pathogenic bacteria in the intestinal tract remain to be determined.

Synbiotics
Synbiotics are a combination of probiotics and prebiotics. It is hypothesized that synbiotics improve the 
effectiveness of probiotics in the human intestine. A synbiotic containing probiotics and fermentable 
fibers significantly increased the nonurease-producing Lactobacillus abundance, decreased serum 
ammonia levels, and reversed MHE in cirrhotic patients[76]. Moreover, a combination of Bifidobacterium 
longum and fructo-oligosaccharide, which is another symbiotic, decreased serum ammonia levels and 
improved the cognitive function of MHE patients[77]. A systematic review revealed that synbiotic 
supplementation decreased SIBO, increased beneficial commensal bacteria such as Lactobacillus and 
Bifidobacterium, reduced blood ammonia and endotoxin levels, and decreased the risk of MHE 
recurrence[15]. Both a synbiotic and a prebiotic alone reduced ammonia and endotoxin levels, decreased 
the fecal Escherichia coli abundance, and reversed MHE; however, the synbiotic did not show better 
efficacy than the prebiotic alone[76]. Compared with prebiotics and probiotics used alone, the clinical 
benets of synbiotics have yet to be demonstrated.

Fecal microbiota transplantation
FMT refers to the process of transferring fecal bacteria from healthy donors to patients with gut 
microbiota dysbiosis[78]. FMT is an effective therapy for Clostridioides difficile infection and inflam-
matory bowel diseases[78,79]. In germ-free mice colonized with feces from MHE patients, FMT 
modulated gut microbiota dysbiosis and ameliorated microglial activation and neuroinflammation 
independent of active liver inflammation[9]. In cirrhotic patients with MHE, oral FMT capsules 
increased Ruminococcaceae and Bidobacteriaceae abundances, decreased Streptococcaceae and Veillonel-
laceae abundances, and reduced serum IL-6 and lipopolysaccharide-binding protein[17]. Furthermore, 
long-term treatment with FMT increased Burkholderiaceae abundance and decreased Acidaminoccocaceae 
abundance, which prevented HE recurrence and improved cognitive function during the follow-up[80]. 
The role of FMT in preventing OHE recurrence by modulating gut microbiota dysbiosis has been 
demonstrated; however, no clinical trial regarding the FMT for MHE treatment has been reported so far. 
It could be presumed that FMT is a potential and effective microbiome therapy for MHE; this would 
require rigorous clinical trials for verification.

Clinical studies of FMT for MHE have used different routes, doses, and dosing times. Owing to these 
differences, uniform criteria for selecting ideal FMT donors are lacking, and the optimal FMT dosing 
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regimen remains unclear. Moreover, the identification of pathogens in FMT donors is difficult. FMT is 
associated with Shigatoxin-producing Escherichia coli, extended-spectrum-β-lactamase-producing 
Escherichia coli, and enteropathogenic Escherichia coli infections due to the lack of donor screening[81,82]. 
Patients with liver cirrhosis are vulnerable to infection because of their weakened immune systems; 
therefore, rigorous screening and selection of FMT donors would improve FMT safety for patients with 
MHE.

Challenges and controversies
One major challenge of microbiome therapies for MHE is that host factors, dietary habits, and long-term 
medications may influence the gut microbiome of MHE. Ruminococcus gnavus and Streptococcus salivarius 
were the predictors of response to rifaximin treatment, and a higher abundance of Bacteroidetes, 
Firmicutes, Actinobacteria, and Proteobacteria could predict poor response to lactulose treatment[14,83]. 
Moreover, patients with MHE caused by non-alcoholic cirrhosis responded better to the treatment with 
rifaximin plus probiotics because they presented a significant decrease in ammonia-producing bacteria 
genera, such as Clostridium and Streptococcus[84]. Before the microbiome therapies, the baseline 
signatures of gut microbiota are identified to match the appropriate microbiome therapies, and gut 
microbiota biomarkers are explored to predict the therapeutic effects. Based on the different baseline 
compositions of gut microbiota, targeted and personalized microbiome therapies might be potentially 
effective strategies for MHE treatment.

Furthermore, cirrhosis is a chronic liver disease, and gut microbiota dysbiosis caused by liver 
cirrhosis may persist for a long time and require maintenance treatment. However, most microbiome 
therapeutics are currently single and short-term therapies. After probiotic yogurt supplementation for 
more than 2 mo, patients with liver cirrhosis had significant MHE reversal rates and excellent 
compliance; moreover, the potential for long-term compliance existed[85]. Additionally, MHE 
amelioration with rifaximin treatment for more than 3 mo lasted after the end of treatment, thus 
indicating a long-term effect on the metabolic function of the gut microbiota[72]. The efficacy and safety 
of long-term microbiome therapies for MHE require multicenter studies with large populations.

Another related challenge is that rifaximin, a validated antibiotic for MHE, potentially increases 
antibiotic resistance in liver cirrhosis. A large European cohort study of patients with liver cirrhosis 
revealed a significant increase in the prevalence of multidrug-resistant bacteria from 29% to 38% during 
the past decade[86]. Moreover, Chang et al[87] reported that rifampin-resistant staphylococcal isolates 
appeared after rifaximin treatment and disappeared during the short term in cirrhotic patients. Prophy-
lactic use of rifaximin did not alter the diversity and composition of gut microbiota or the overall 
resistance over 12 wk[88]. Rifaximin has not induced significant bacterial resistance and has shown 
active antimicrobial activity against most bacteria. Multi-drug resistant bacteria should be monitored 
when using rifaximin in MHE patients, especially in cirrhotic patients previously treated with 
antibiotics.

CONCLUSION
Gut microbiota dysbiosis initiates the pathophysiological mechanisms of hyperammonemia, systemic 
inflammation, and endotoxemia, which contribute to neuroinammation via the gut-liver-brain axis in 
MHE. Currently available strategies for MHE treatment mainly involve the modulation of gut 
microbiota dysbiosis. In the future, based on the specific microbial signatures identified, personalized 
and targeted microbiome therapies with optimal regimens and doses may improve the efficacy and 
safety of MHE treatments.
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Abstract
The role of endoscopic ultrasound (EUS) in the last two decades has shifted from 
a diagnostic tool to an important therapeutic tool treating mainly pancreato-
biliary disorders. In recent years, its applications for treating pancreatic diseases 
have broadened, including the implementation of radiofrequency ablation (RFA), 
which has been traditionally used for treating solid tumors. In this critical in-
depth review, we summarized all the papers throughout the literature regarding 
EUS-RFA for pancreatic neuroendocrine neoplasms, adenocarcinoma, and 
pancreatic cystic lesions. Overall, for pancreatic neuroendocrine neoplasms we 
identified 16 papers that reported 96 patients who underwent EUS-RFA, with 
acceptable adverse events that were rated mild to moderate and a high complete 
radiological resolution rate of 90%. For pancreatic adenocarcinoma, we identified 
8 papers with 121 patients. Adverse events occurred in 13% of patients, mostly 
rated mild. However, no clear survival benefit was demonstrated. For pancreatic 
cystic lesions, we identified 4 papers with 38 patients. The adverse events were 
mostly mild and occurred in 9.1% of patients, and complete or partial radiological 
resolution of the cysts was reported in 36.8%. Notably, the procedure was 
technically feasible for most of the patients. Nevertheless, a long road remains 
before this technique finds its definite place in guidelines due to several contro-
versies. EUS-RFA for pancreatic tumors seems to be safe and effective, especially 
for pancreatic neuroendocrine neoplasms, but multicenter prospective trials are 
needed to consider this treatment as a gold standard.

Key Words: Endoscopic ultrasound; Radiofrequency ablation; Efficacy; Safety; Pancreas; 
Tumors
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Core Tip: Endoscopic ultrasound guided radiofrequency ablation has been increasingly implemented in the 
treatment of pancreatic neoplasms. We reviewed the role of endoscopic ultrasound guided radiofrequency 
ablation in the treatment of pancreatic neuroendocrine tumors, unresectable pancreatic adenocarcinoma, 
and pancreatic cystic lesions, focusing on efficacy, safety, and controversies. We found that endoscopic 
ultrasound guided radiofrequency ablation was feasible with an excellent technical success, acceptable 
adverse events, and a beneficial effect for pancreatic neuroendocrine tumors, mainly on insulinoma. While 
its effect on pancreatic adenocarcinoma and cystic lesions is promising, more studies are needed to better 
explore its role.

Citation: Khoury T, Sbeit W, Napoléon B. Endoscopic ultrasound guided radiofrequency ablation for pancreatic 
tumors: A critical review focusing on safety, efficacy and controversies. World J Gastroenterol 2023; 29(1): 157-
170
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/157.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.157

INTRODUCTION
In the recent years, endoscopic ultrasound (EUS) transformed from a diagnostic tool to an important 
therapeutic tool, especially for pancreato-biliary diseases[1]. Among the therapeutic options is radiofre-
quency ablation (RFA). RFA is a low-risk minimally invasive procedure that delivers heat waves (in the 
range of 350-500 kHz), with a high temperature ranging between 60 °C-100 °C that subsequently causes 
burning of the tumorous tissue. The effect is mediated via coagulation necrosis, leading to irreversible 
cellular damage and apoptosis, without significantly affecting the normal surrounding tissue[2]. Safety 
and effectiveness of EUS-RFA of the pancreatic tissue were evaluated in porcine models, which showed 
beneficial effects[3-6]. Moreover, RFA should have an anti-cancer effect induced by immunomodulatory 
activity[7]. RFA was shown previously to be a feasible and safe ablative therapeutic option for liver 
tumors[8]. With the invention of dedicated needles, RFA has recently been used more under EUS for the 
treatment of pancreatic neuroendocrine neoplasms (pNENs), pancreatic adenocarcinoma or pancreatic 
cystic lesions (PCL). However, the data in this field is still emerging. In this current review, we provided 
a critical in-depth overview of the most updated data of EUS-RFA for pancreatic tumors with a focus on 
safety, efficacy and controversies.

Literature search
A search for studies published before September 2022 was performed in the PubMed databases with the 
keywords EUS or endoscopic ultrasound with radiofrequency ablation and any of the following: 
Pancreatic neuroendocrine tumor or neoplasm, pancreatic functional neuroendocrine tumor or 
neoplasm, pancreatic non-functional neuroendocrine tumor or neoplasm, insulinoma, carcinoma or 
adenocarcinoma of pancreas, pancreatic tumor or neoplasm, pancreatic cystic lesions or neoplasms, 
pancreatic cysts, cysts of the pancreas, mucinous pancreatic cysts, pancreatic serous cystadenoma, 
intraductal papillary mucinous neoplasm, mucinous cyst, treatment or therapeutic and intervention. 
The search was restricted to articles in the English language and included prospective, retrospective, 
randomized controlled studies, case series and case reports. Moreover, the bibliographic section of the 
selected articles as well as the systematic and narrative articles on the topic were manually searched for 
further relevant articles. Review articles, presented abstracts and posters, position papers and guidelines 
were not included. Subsequently, we reviewed and summarized all the data on EUS-guided 
intervention for solid and cystic pancreatic neoplasms focusing on technical success, safety and efficacy.

Study definitions
Technical success was defined by the successful completion of the procedure (introduction of the RFA 
probe through EUS channel and induction of thermal current to the pancreatic lesions). Safety was 
defined by any adverse event (AE) that appeared during the procedure or after and that should be 
secondary to the EUS-RFA. Efficacy was defined as the complete or partial radiological resolution of the 
pancreatic tumor. Complete response was defined by total destruction of the lesion, while partial 
response was defined by 75%-90% destruction of the lesion. The longest follow-up period was used to 
report efficacy in studies that reported more than one follow-up time point. Pooled data for AE was 
calculated by the overall number of AE divided by the total number of EUS-RFA sessions. Procedure 
related AE was defined according to the American Society of Gastrointestinal Endoscopy classification
[9] as follow: (1) Mild AE: Post-procedure medical consultation, unplanned hospitalization or hospital 
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stay prolongation for less than 3 nights; (2) Moderate AE: Unplanned anesthesia, unplanned hospital-
ization or hospital stay prolongation for 4-10 nights, admission to intensive care unit for 1 night, blood 
transfusion, interventional radiology or endoscopic treatment for AE secondary to the procedure; and 
(3) Severe AE: Unplanned admission or hospital stay prolongation for > 10 nights, intensive care stay for 
> 1 night, surgery needed for an AE related to the procedure, permanent disability and death related to 
the procedure[9]. The more recent AGREE classification was not used in these trials, and it was not 
possible retrospectively to find the data that would have been necessary to grade the AE. Pooled 
radiological response was calculated by the overall number of complete or partial radiological response 
divided by the total number of patients included. In cases where RFA session numbers were not 
provided by the original manuscript, we consider it the same as the number of patients included in the 
study[10-20].

EUS-RFA IN PNENS
To date, most of the studies assessed the role of RFA in the treatment of pNENs, in the form of case 
reports and case series. The first study was reported by Rossi et al[10] on 10 patients with pNENs. RFA 
was performed by the EUS route in 1 patient with non-functional pNEN. Lakhtakia et al[12] reported the 
first case series of 3 patients with functional pNENs (insulinoma), with rapid hypoglycemia relief in the 
same day. Similarly, Waung et al[21] and Bas-Cutrina et al[22] reported 2 successful cases of EUS-RFA 
for insulinoma. Pai et al[23] reported a study including 8 patients with complete resolution at 3-6 mo 
post-treatment and no procedure-related AEs.

Barthet et al[13] reported the first multicenter prospective study including 12 patients with 14 pNENs 
who underwent RFA. Two patients developed complications (16.7%), including acute pancreatitis with 
early infected necrosis and main pancreatic duct stenosis. Notably, the patient who developed infected 
necrosis had a cystic pNEN, and the cystic component was not aspirated before performing the RFA. 
Therefore, this AE was presumed to be secondary to the lack of cystic component suction. After this AE, 
the independent safety committee decided to administer antibioprophylaxis (2 g of intravenous 
amoxicillin and clavulanic acid intravenously) and to aspirate the main part of the fluid content prior to 
RFA in cystic pNEN in order to avoid excessive application of radiofrequency current into the liquid 
component[13]. The long-term follow-up data of the study by Barthet et al[24] was published recently; 
among the 12 patients with the 14 pNENs lesions, there was a complete disappearance in 12 pNENs 
lesions (85.7%) and 2 failures (14.3%) at a mean follow-up of 45.6 mo. The two failures were pNEN 
recurrence after disappearance at 1 year and a metastatic evolution at 3 years follow-up in a patient that 
had a persistence of the initial pancreatic tumor after two RFA sessions.

Another study by Choi et al[25] reported 8 patients with pNENs. Notably, the proliferative index 
Ki67% was reported in only 2 patients (1 patient with G1 and one patient with G2). Similarly, a 
prospective study by de Nucci et al[26] reported a complete radiological resolution rate at 6 and 12 mo 
following treatment among 10 patients with 11 pNEN lesions of G1 grading (< 5%), with only 2 mild 
AEs. Oleinikov et al[14] reported a retrospective study that included 18 patients with pNENs. Two 
patients with non-functional pNEN and one patient with insulinoma had multiple endocrine neoplasia 
syndrome type 1. Most of the lesions were G1 grading. Complete relief of hypoglycemia-related 
symptoms was achieved in the 7 patients with insulinoma within 1 h following the EUS-RFA[14].

Furthermore, recent case reports and prospective case series were published in patients with 
insulinoma who underwent EUS-RFA, with a complete clinical resolution of the hypoglycemic 
symptoms up to 1 d after the EUS-RFA and complete radiological resolution[27-29], with 1 case of acute 
necrotizing pancreatitis[28] and 2 cases of mild pancreatitis occurring 1 d after the procedure and 3 mo 
after[29]. Rossi et al[30] treated 3 elderly patients with insulinomas with one intraprocedural bleeding 
treated endoscopically.

Additionally, Marx et al[31] reported two recent trials. The first study included 7 patients with 
insulinoma, with a complete resolution rate reported in 6 patients (85.7%). Clinical success in terms of 
symptom relief was achieved immediately in all patients (100%). Notably, this study was associated 
with a safety signal, as 3 patients had mild to moderate AEs and 1 patient (aged 97 years) had a severe 
AE with retrogastric collection. He refused drainage, was symptomatically treated and died 2 wk later
[15]. The second study retrospectively reported 27 patients with G1 non-functional pNENs. Nine out of 
the 27 lesions (33.3%) were cystic. Twenty-five patients (92.6%) had a complete radiological resolution at 
a mean follow-up time of 15.7 mo (range 2-41). Notably, procedure-related AEs occurred in 9 patients
[31] (Table 1).

Pooling the available data, EUS-RFA was performed on 100 patients with 112 pNEN lesions that 
underwent 114 EUS-RFA sessions. Most of the data were published as case reports and small case series. 
The mean lesion size was 14.8 mm, ranging mostly from 10-20 mm. The procedure was technically 
feasible in all patients, and the AE rate was almost 21.9%, occurring in 25 of the 114 EUS-RFA sessions. 
Notably, most of the AE were mild and moderate according to the American Society of Gastrointestinal 
Endoscopy guideline[9] except for one fatal AE in a recent paper published by Marx et al[15]. 
Interestingly, the complete radiological resolution rate was approximately 90% during a follow-up 
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Table 1 Studies reporting endoscopic ultrasound-radiofrequency ablation for pancreatic neuroendocrine neoplasms

Ref. Type of study 
(pNEN type)

Patients/lesions/RFA 
sessions, n Location, n

Mean 
size 
(range) 
in mm

Histological 
grade 
(KI67%)

Technical 
success, 
n (%)

Adverse 
events, 
n (%)

Complete 
radiological/ 
clinical1 
resolution, n 
(%) 

Mean 
follow-
up in 
mo

Rossi et al
[10]

Case report 
(nonfunctional)

1/1/1 Head (1) 10 NR 1 (100) 0 1 (100) 34 

Armellini 
et al[11]

Case report 
(nonfunctional)

1/1/1 Tail (1) 20 G2 (> 5) 1 (100) 0 1 (100) 1

Lakhtakia 
et al[12]

Case series 
(insulinoma)

3/3/3 Body (2), 
diffuse (1)

17.7 (14-
22)

NR 3 (100) 0 3 (100)/3 (100) 4.2

Waung et 
al[21]

Case report 
(insulinoma)

1/1/3 Uncinate (1) 18 NR 1 (100) 0 1 (100)/1 (100) 10

Bas-
Cutrina et 
al[22]

Case report 
(insulinoma)

1/1/1 Body (1) 10 NR 1 (100) 0 1 (100)/1 (100) 10

Pai et al
[23]

Prospective 
(nonfunctional)

2/2/3 Head (1) 27.5 (15-
40)

NR 2 (100) 0 2 (100) 6

Barthet et 
al[13]

Prospective 
(nonfunctional)

12/14/12 Head (3), 
body (6), tail 
(5)

13.1 (10-
20)

G1 12 (100) 2 (16.7)2 9 (75) 12

Choi et al
[25]

Prospective 
(nonfunctional-
7), (insulinoma-
1)

8/8/14 Head (3), 
body (5)

19.25 (8-
28)

Reported in 2 
patients (G1 
and G2)

8 (100) 2 (14.3)3 6 (75)/1 (100) 13 

de Nucci 
et al[26]

Prospective 
(nonfunctional)

10/11/10 Head (3), 
body (8), tail 
(2)

14.5 (9-
20)

G1 (< 4) 10 (100) 2 (20)4 10 (100) 12

Oleinikov 
et al[14]

Retrospective 
(nonfunctional-
11), (insulinoma-
7)

18/27/18 Head (10), 
body (8), tail 
(2), uncinate 
(5), metastasis 
(2)

14.8 (12-
19)

G1 (< 5) in 15 
patents, G3 
(34-40) in 2 
patients

18 (100) 2 (11.1)5 17 (94.4)/7 
(100)

8.7 

Rossi et al
[30]

Case series 
(insulinoma)

3/3/4 NR 11.5 (9-
14)

NR 3 (100) 1 (25)6 3 (100)/3 (100) 8.5

Chang et 
al[27]

Case report 
(insulinoma)

1/1/1 Head (1) 12 NR 1 (100) 0 1 (100)/1 (100) 18

Kluz et al
[28]

Case report 
(insulinoma)

1/1/1 Head (1) 9 NR 1 (100) 1 (100)7 NR/1 (100) NR

Furnica et 
al[29]

Case series 
(insulinoma)

4/4/4 Head (2), neck 
(1), tail (1)

12.9 (6.5-
22.0)

G1 in 3 
patients and 
G2 in 1 patient

4 (100) 2 (50)8 4 (100)/4 (100) 22

Marx et al
[15]

Retrospective 
(insulinoma)

7/7/7 Head (1), 
body (1), neck 
(3), body-tail 
junction (2)

13.3 (8-
20)

G1 (< 3) in 4 
patient, G2 (4) 
in 1 patient

7 (100) 4 (57.1)9 6 (85.7)/7 (100) 20.3

Marx et al
[31]

Retrospective 
(non-functional)

27/27/31 Head (6), 
body (3), tail 
(11), uncinate 
(2), body-tail 
junction (5)

14 (7-25) G1 (< 3) in 25 
patients, NR in 
2 patients

27 (100) 9 (29)10 25 (92.6) 15.7

Pooled 
data

Case reports: 9. 
Prospective: 4. 
Retrospective: 3

100/112/114 Head and 
neck (33), 
body (34), tail 
(22), uncinate 
(8), metastasis 
and diffuse 
(3), junction 
(7)

14.8 Unable to pool 
due to data 
lacking

96 (100) 25 (21.9) 90 (90)/21 (100) 13

1Insulinoma.
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2Infected pancreatic necrosis (1 patient, moderate), pancreatic duct stenosis (1 patient, moderate).
3Pancreatitis (1 patient, moderate), transient abdominal pain (1 patient, mild).
4Transient abdominal pain (2 patients, mild).
5Pancreatitis (2 patients, mild).
6Intraprocedural bleeding treated endoscopically (1 patient, moderate).
7Acute necrotizing pancreatitis (1 patient, moderate).
8Pancreatitis (2 patients, mild).
9Transient abdominal pain (1 patient, mild), pancreatitis (1 patient, moderate), coagulation necrosis (1 patient, moderate), retrogastric collection (1 patient, 
refused drainage, died 2 wk later, severe).
10Transient abdominal pain (3 patients, mild), pancreatitis (1 patient, moderate), periprocedural bleeding (2 patients, moderate), pancreatitis complicated 
by retrogastric or perisplenic collection managed by endoscopic drainage and antibiotic treatment (2 patients, moderate), pancreatitis with pancreatic 
fistula and paragastric collection drained by endoscopic cystgastrostomy (1 patient, moderate).
pNEN: Pancreatic neuroendocrine neoplasms; NR: Not reported; RFA: Radiofrequency ablation.

period of 13 mo (Table 1).

EUS-RFA IN PANCREATIC ADENOCARCINOMA
Recently, EUS-RFA was increasingly implemented in the treatment of pancreatic adenocarcinoma 
among patients who were not candidates for surgical resection. The first study was a feasibility study 
conducted by Arcidiacono et al[16] who reported 22 patients with locally advanced pancreatic adenocar-
cinoma who underwent EUS-RFA. Before the EUS-RFA treatment, all patients had received 
gemcitabine-based chemotherapy, and 6 patients had chemoradiation. Data regarding chemothera-
peutic and radiation-induced response were available in 16 patients (3 patients had a partial response, 
whereas 13 had stable disease). The procedure was technically successfully completed in 16 patients 
(72.7%). For 6 patients, there was a failure to penetrate the gastric wall and the tumor. The number of 
procedure-related AEs was relatively high and noted in 8 patients (36.4%). However, most of them were 
mild. Neither clear survival benefit nor significant effect on tumor size was evidenced[16].

Later, Song et al[32] reported the safety among 6 patients with pancreatic adenocarcinoma (4 patients 
with locally advanced disease and 2 patients with metastatic disease). Three patients were on adjuvant 
chemotherapy with gemcitabine, whereas the other 3 patients did not receive concomitant 
chemotherapy. The procedure was successfully completed in all patients with only 2 mild procedure-
related AEs (mild abdominal pain)[32]. Scopelliti et al[17] reported 10 patients with locally advanced 
pancreatic adenocarcinoma. All patients underwent systemic chemotherapy (4 patient received 
FOLFIRINOX, 2 patients received gemcitabine, 2 patients received GemOx and 2 patients received 
combined gemcitabine/nab-paclitaxel), and 5 patients underwent additional external radiation therapy. 
All patients had complete technical success, and mild pancreatitis occurred in 4 patients, with no major 
AEs[17].

Similarly, Crinò et al[18] reported 7 patients with locally advanced pancreatic adenocarcinoma that 
were previously treated with FOLFIRINOX + radiotherapy (3 patients), gemcitabine (2 patients), 
FOLFIRINOX (1 patient) and radiotherapy (1 patient) who underwent EUS-RFA with an excellent 
technical success rate and minor AE of mild abdominal pain in 3 patients. Mean tumor ablation was 
approximately 30% (5.8%-73.5%) at 30 d following the procedure. However, data regarding survival 
benefit were not reported[18]. Paiella et al[19] reported a genetic study of 30 patients with locally 
advanced adenocarcinoma. Thirteen patients received EUS-RFA before the chemotherapy, while 17 
patients had EUS-RFA after treatment (FOLFIRINOX in 6 patients, gemcitabine/oxaliplatinum in 4 
patients, nab paclitaxel/gemcitabine in 2 patients and data not available in 5 patients, with additional 
radiotherapy in 4 patients). The overall median disease specific survival for all patients was 15 mo. 
SMAD4 mutation was diagnosed in 18 patients (60%). The estimated post-RFA disease specific survival 
of patients without and with SMAD4 mutation was 22 mo and 12 mo, respectively, with complete 
technical success of EUS-RFA and only 1 AE of bleeding from a duodenal ulcer[19].

Moreover, a recent prospective randomized study by Bang et al[20] reported the yield of EUS-guided 
RFA (12 patients) vs celiac plexus neurolysis (14 patients) for palliation of pain in pancreatic adenocar-
cinoma. EUS-RFA guided treatment was associated with a significant improvement in pain associated 
with pancreatic cancer (P < 0.05). Procedure-related AE occurred in 10 out of 12 included patients 
(83.3%) but were always mild[20]. Another recent study by Wang et al[33] reported 11 patients with 
pancreatic adenocarcinoma (only 1 patient was on chemotherapy), with complete technical success and 
only 2 patients with minor AEs of abdominal pain. A decrease in tumor size was only notable in 2 
patients (18.2%), without a significant benefit on survival[33]. A recent study by Oh et al[34] reported 22 
patients with pancreatic adenocarcinoma (19 patients received systemic gemcitabine-based 
chemotherapy before, and 3 patients received chemotherapy) who underwent 107 EUS-RFA sessions. 
The overall survival rate was 24 mo, with 4 procedure-related AEs (3 patients had transient abdominal 
pain, and 1 had peritonitis)[34].
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Overall, the pooled analysis showed that EUS-RFA was applied to date in 120 patients with 
pancreatic adenocarcinoma who underwent 222 EUS fine needle aspiration sessions, most of them with 
locally advanced disease. The mean lesion size was 37.4 mm. The procedure was successfully completed 
in 95% of the patients, and AE occurred in 29 EUS-RFA sessions (13%), most of them were mild in 
severity, including transient abdominal pain and gastrointestinal symptoms. Notably, any decrease in 
tumor size was reported in 4 studies, as it was recorded in 25 among 50 patients (50%). However, only 4 
studies provided data regarding the post EUS-RFA survival. Two studies did not show a clear survival 
benefit[16,33], and the other two studies showed a potential survival benefit[19,34] (Table 2).

RFA IN PCL
In the last few years, EUS fine needle aspiration was also implemented in the treatment of PCL in a few 
human case series. The first case was reported by Wiersema et al[35] in a patient with bleeding remnant 
intraductal papillary mucinous neoplasm that was successfully treated with endoscopic intraductal 
RFA. Pai et al[23] prospectively reported 6 patients with PCL [4 mucinous cystic neoplasm, 1 intraductal 
papillary mucinous neoplasm and 1 serous cystadenoma (SCA)]. Two (33.3%) and four (66.7%) patients 
had complete and partial cyst resolution at 3-6 mo follow-up, respectively. Among the 4 patients with 
partial resolution, 2 patients (50%) had > 50% ablation of the cyst size. Only 2 patients (33.3%) had mild 
transient abdominal pain. Notably, no long follow-up data were provided to assess recurrence. 
Furthermore, Choi et al[25] reported 2 patients with solid pseudopapillary tumors who underwent EUS-
RFA because they refused surgery. The procedure was successfully completed in both patients, without 
procedure-related AEs. At a median follow-up of 13 mo, 1 patient (50%) had complete radiological 
response, while the other patient had no response with a decrease of approximately 20% from its pre-
ablation size[25].

Additionally, Barthet et al[13] reported the yield of EUS-RFA among 17 patients with PCL (16 patients 
with intraductal papillary mucinous neoplasm and 1 patient with mucinous cystic neoplasm), notably 
12 patients (70.6%) and 4 patients (23.5%) had mural nodules and thick cystic walls, respectively. The 
follow-up was assessed at two time-points. At 6-mo, 8 patients (47.1%) had a complete disappearance 
and necrosis of the cysts, and 3 patients (17.6%) had > 50% decrease in cyst diameter. However, there 
were 6 patients (35.3%) with failure of the procedure. At 12-mo follow-up, 11 patients (64.7%) had a 
complete disappearance and necrosis of the cysts, and 1 patient (5.9%) had > 50% decrease in cyst 
diameter. However, there were 5 patients (29.4%) with procedure failure. Only 1 procedure-related AE 
was noted with fever and pneumoperitoneum due to a perforation of the jejunal loop surgically 
corrected[13]. The long-term follow-up in 15 patients was recently reported. At 42.6-mo follow-up, 
complete cyst disappearance was noticed in 6 patients (40%). Four patients (26.6%) had a partial 
radiological response (decrease > 50% of the initial cyst diameter). Failure was seen in 5 patients, as the 
cyst lesion decreased < 50%[24].

A recent study by Oh et al[36] reported 13 patients with SCA who underwent 19 EUS-RFA sessions. 
One patient (5.3%) had peri-procedural transient mild abdominal pain. Notably, none of the patients 
had complete radiological response at 9.2 mo of follow-up, while 8 patients (61.5%) had partial 
radiological response (more than 30% in the longest diameter with an estimated volume reduction more 
than 66%)[36].

Pooling the data, 4 studies assessed EUS-RFA for PCL, with 38 patients included who underwent 44 
EUS-RFA sessions. The mean cyst size was 32.1 mm, and worrisome features were only reported in one 
study. The procedure was feasible in all patients, with mild AEs of transient abdominal pain in most 
studies. Notably, complete radiological cyst resolution was achieved in 14 patients (36.8%) at a follow-
up of 10.2 mo (Table 3).

SAFETY AND EFFICACY OF EUS-RFA IN PANCREATIC TUMORS
Overall, 377 EUS-RFA sessions were performed in 255 patients. The rate of mild, moderate and severe 
AEs according to American Society of Gastrointestinal Endoscopy guidelines[9] were 10.1%, 4.2% and 
0.5%, respectively. For pNENs, the rate of mild and moderate AEs was 8.2% and 11.8%, respectively. For 
pancreatic adenocarcinoma and pancreatic cystic tumors, most of the AE were mild in severity. Notably, 
the rate of severe AEs and mortality were extremely low in all pancreatic tumor categories (Table 4). 
Finally, the EUS-RFA treatment is technically feasible, with high clinical and radiological success rates 
for pNENs and PCL and an acceptable AE rate (Table 5). Nevertheless, some limitations and contro-
versies must be underlined as those limitations might impact the interpretation of the published 
literature and should be considered when planning future studies.

Technical considerations
The studies reported different power setting and application number used (Table 6). Moreover, in 
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Table 2 Studies reporting endoscopic ultrasound-radiofrequency ablation for pancreatic adenocarcinoma

Ref. Study type Patients/RFA 
session, n

Tumor 
location (n)

Cancer 
stage (n)

Mean 
size 
(range) 
in mm

Any 
decrease 
in tumor 
size, n (%)

Technical 
success, n 
(%)

Adverse 
events, n 
(%)

Mean 
follow-
up in 
mo

Survival 
after RFA 
in mo

Arcidiacono 
et al[16]

Prospective 22/22 Head (16), 
uncinate (2), 
body (4)

Locally 
advanced 
(22)

35.7 (23-
54)

6 (37.5) 16 (72.7) 8 (36.4)1 3 5.6 (1-12)

Song et al
[32]

Prospective 6/8 Head (4), 
body (2)

Locally 
advanced 
(4), 
metastasis 
(2)

48 (30-
90)

NR 6 (100) 2 (25)2 4.2 NR

Scopelliti et 
al[17]

Prospective 10/10 Head (4), 
body (6)

Locally 
advanced 
(10)

49.2 (25-
75)

10 (100) 10 (100) 4 (40)3 1 NR

Crinò et al
[18]

Retrospective 7/7 Head (2), 
body (3), 
uncinate (2)

Locally 
advanced 
(7)

36 (22-
67)

7 (100) 7 (100) 3 (42.8)4 6.1 NR

Paiella et al
[19]

Retrospective 30/30 Head (23), 
body and tail 
(7)

Locally 
advanced 
(30)

35 (20-
60)

NR 30 (100) 1 (3.3)5 15 15

Bang et al
[20]

Prospective 12/12 Head and 
uncinate (8), 
body and tail 
(4)

Locally 
advanced 
(5), 
metastasis 
(7)

29.6 
(22.5-
35.0)

NR 12 (100) 5 (41.6)6 1 NR

Wang et al
[33]

Retrospective 11/26 Head (4), 
neck (3), 
body (3), tail 
(1)

Locally 
advanced 
(7), 
metastasis 
(4)

28 (17.2-
38)

2 (18.2) 11 (100) 2 (7.7)7 5.2 5.2

Oh et al[34] Prospective 22/107 Head (14), 
body (4), tail 
(3), 
metastasis 
(1)

Locally 
advanced 
(14), 
metastatic 
(8)

38 (32.8-
45.0)

NR 22 (100) 4 (3.7)8 21.2 24

Pooled data Prospective: 5. 
Retrospective: 
3

120/222 Head and 
uncinate (79). 
Body and tail 
(37), neck (3)

Locally 
advanced 
(100), 
metastasis 
(21)

37.4 Unable to 
pool due to 
data lacking

114 (95) 29 (13) 7.1 Unable to 
pool due 
to data 
lacking

1Transient abdominal pain (3 patients, mild), minor duodenal bleeding endoscopically treated (1 patient, moderate), transient amylase elevation (3 patients, 
mild), transient cystic fluid collection between pancreas and left hepatic lobe (1 patient, mild).
2Transient abdominal pain (2 patients, mild).
3Mild pancreatitis (4 patients, mild).
4Transient abdominal pain (3 patients, mild).
5Duodenal bleeding (1 patient, moderate).
6Nausea and vomiting (4 patients, mild), transient abdominal pain (1 patient, mild).
7Transient abdominal pain (2 patients, mild).
8Transient abdominal pain (3 patients, mild), peritonitis (1 patient, moderate).
NR: Not reported; RFA: Radiofrequency ablation.

several studies, the size of the tip of the needle was not considered or not detailed. Power setting, size of 
the active type, duration of the irradiation, size of the needle (18 G vs 19 G) can interfere in the final 
destruction. Therefore, uniform studies with similar technical aspects should be performed to better 
assess the treatment efficacy and safety.

Optimal size of the pNENs and PCL
To date, no data are available regarding the optimal size of the pNENs and cystic lesions that are 
amenable to EUS-RFA. Predictably, the RFA probe can induce a 3 cm ablation area with a single 
deployment, thus it is postulated that lesions up to 3 cm will achieve the best ablative results with a 
single application, and larger lesions may need more needle applications during the same session[6]. In 
fact, a lot of lesions had more than one needle application during the same session even in lesions < 2 
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Table 3 Studies reporting endoscopic ultrasound-radiofrequency ablation for pancreatic cystic tumors

Ref. Type of study Patients/RFA 
sessions, n

Type of 
cyst

Mean 
size 
(range) in 
mm

Worrisome 
features

Technical 
success, n 
(%)

Adverse 
events, n 
(%)

Complete/partial 
resolution, n (%)

Mean 
follow-
up in mo

Pai et al
[23]

Prospective 6/6 MCN (4), 
IPMN (1), 
MCA (1)

41 (24-70), 
35, 20

NR 6 (100) 2 (33.3)1 2 (33.3)/4 (66.7) 6

Choi et 
al[25]

Prospective 2/2 SPT (2) 21.5 (20-
23)

NR 2 (100) 0 1 (50)/1 (50) 13

Barthet 
et al[13]

Prospective 17/17 MCN (1), 
IPMN (16)

28 (9-60) 16 (94.1) 17 (100) 1 (5.9)2 11 (64.7)/1 (5.9) 12

Oh et al
[36]

Retrospective 13/19 SCN (13) 50 (34-
52.5)

NR 13 (100) 1 (5.3)3 0/8 (61.5) 9.2

Pooled 
data

Prospective: 3. 
Retrospective: 1

38/44 MCN (5), 
IPMN (17), 
MCA (1), 
SPT (2), 
SCN (13)

32.1 Unable to pool 
due to data 
lacking

38 (100) 4 (9.1) 14 (36.8)/14 (36.8) 10.2

1Transient abdominal pain (2 patients, mild).
2Fever and pneumoperitoneum with fluid collection and jejunal loop perforation needed surgery (1 patient, severe).
3Transient abdominal pain (1 patient, mild).
IPMN: Intraductal papillary mucinous neoplasm; MCA: Microcystic adenoma; MCN: Mucinous cystic neoplasm; NR: Not reported; RFA: Radiofrequency 
ablation; SPT: Solid pseudopapillary tumor; SCN: Serous cystic neoplasm.

Table 4 Pooled analysis of the adverse events

Procedure-related adverse events according to ASGE[9]1

EUS-guided RFA for
Mild, n (%) Moderate, n (%) Severe, n (%) Mortality, n (%)

Neuroendocrine neoplasms EUS-RFA sessions = 114 11 (9.6) 13 (11.4) 1 (0.9) 1 (0.9)

Adenocarcinoma EUS-RFA sessions = 223 26 (11.6) 3 (1.3) 0 0

Cystic tumors EUS-RFA sessions = 44 3 (6.8) 0 1 (2.3) 0

Pooled data 40 (10.5) 16 (4.2) 2 (0.5) 1 (0.26)

1Overall, 380 EUS-RFA sessions performed for all pancreatic tumors.
ASGE: American Society of Gastrointestinal Endoscopy; EUS-RFA: Endoscopic ultrasound-radiofrequency ablation.

cm.

Heterogenicity of reporting the histological grading and mitotic activity for the pNENs
EUS-RFA for pNENs should be reserved for patients with G1 (Ki67 < 3%) or low G2 (Ki67 < 5%). 
However, most of the reported studies did not address the histological and mitotic activity of the 
pNENs, and in one study by Oleinikov et al[14], 2 patients with G3 (Ki67% of 34%-40%) were included 
in their series. Therefore, identification of the optimal histological grading that will most benefit from 
EUS-RFA is needed.

Technical success
In the published papers, the technical success was almost complete. However, the data did not state 
how many patients failed to undergo the procedure due to technical difficulties. Thus, the pooled 
technical success rate should be carefully interpreted. Further prospective studies are warranted with 
inclusion of all patients referred for an EUS-RFA procedure in intention-to-treat.

AE rate
Most of the AEs that were reported in the literature were intra- and periprocedural AEs, mainly 
reported from retrospective and small series with scarce data on long-term AEs (follow-up of only 1 mo 
for some trials). Moreover, there was one death in an elderly patient who refused endoscopic 
intervention, which might bias the severity of AEs as well. Therefore, larger studies are needed with 
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Table 5 Summary of efficacy and safety of endoscopic ultrasound-guided radiofrequency ablation for pancreatic tumors

EUS-guided RFA for pancreatic
Procedure

Neuroendocrine tumors Adenocarcinoma Cystic tumors

Technical success High High High

Safety, complications Mild-moderate1 Mild Mild

Efficacy

Clinical improvement Significant for insulinomas None -

Radiological partial/complete resolution High Modest Encouraging

Palliation - Encouraging -

Mortality None None None

1When taking prophylactic measures (antibioprophylaxis, fluid component suction before radiofrequency ablation).
EUS-RFA: Endoscopic ultrasound-radiofrequency ablation.

Table 6 Technical considerations and imaging studies used in follow-up among patients with pancreatic neuroendocrine neoplasms

Ref. Number of 
patients/sessions

Power setting in 
Watts

RFA application number 
in all sessions

Imaging study used in radiological follow-
up 

Rossi et al[10] 1/1 10-15 1 CECT or MRI

Armellini et al[11] 1/1 NR 2 CT and CE-EUS

Lakhtakia et al[12] 3/3 50 9 CECT (1 patient), CECT and EUS (2 patients)

Waung et al[21] 1/3 10 25 CT and gallium dotatate positron emission 
tomography

Bas-Cutrina et al
[22]

1/1 10 3 NR

Pai et al[23] 2/3 20 10 Cross sectional imaging not stated which

Barthet et al[13] 12/12 50 NR CT and EUS

Choi et al[25] 8/14 50 65 CECT and CE-EUS

de Nucci et al[26] 10/10 20 23 CT

Oleinikov et al[14] 18/18 50 3-10 in each EUS-RFA session CECT (9 patients), NA (5 patients), CECT and 
somatostatin receptor imaging (3 patients)

Rossi et al[30] 3/4 30 14 EUS (1 patient), MRI (1 patient), refused follow-
up (1 patient)

Chang et al[27] 1/1 50 2 CECT

Kluz et al[28] 1/1 50 3 NR

Furnica et al[29] 4/4 50 1-3 per each EUS-RFA CT

Marx et al[15] 7/7 50 1-5 for each EUS-RFA session CE-EUS or MRI

Marx et al[31] 27/31 50 1-5 for each EUS-RFA session CT or MRI

CE-EUS: Contrast enhanced endoscopic ultrasound; CECT: Contrast enhanced computed tomography; CT: Computed tomography; EUS-RFA: Endoscopic 
ultrasound-radiofrequency ablation; MRI: Magnetic resonance imaging; NA: Not available; NR: Nor reported.

longer follow-up to better define the AEs in these procedures.

Antibioprophylaxis in cystic lesions
Antibioprophylaxis and liquid component suction of all the fluid composition of the lesions before 
performing the RFA procedure is a controversy that should be addressed for cystic pNENs and for PCL. 
In their study, Barthet et al[13] revised their prophylaxis protocol after an AE of infection, so they 
administered antibioprophylaxix and aspirated the major cystic liquid component in their subsequent 
patients. Antibioprophylaxis in a PCL patient who underwent EUS-guided fine needle aspiration has 
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been a long debated clinical indication, as there were conflicting results regarding this condition[35,37-
39]. A recent meta-analysis showed no significant difference in the rate of pancreatic cyst infection rate 
after puncture irrespective of the administration of antibioprophylaxis[40]. Moreover, the advantage of 
emptying the cyst might be a double pitfall. It will be less evident to see the thickening or the mural 
nodule within the PCL undergoing EUS-RFA, and it will need two punctures (one for emptying the 
fluid, and one for the EUS-RFA procedure), which might increase the procedure-related AE.

Association between complete clinical and radiological resolution in insulinomas
The complete disappearance of the clinical symptoms of insulinoma occurred in all patients (100%) 
throughout the reported studies. However, it does not mean that the tumor was totally destroyed, as 
some patients with insulinoma will have normal insulin levels[41,42]. Among the nine studies that 
included patients with insulinoma, only three studies had almost similar clinical and radiological 
follow-up periods after EUS-RFA, while the other studies had a longer clinical than radiological follow-
up (Table 7). Further prospective studies are needed with uniform clinical, biochemical and radiological 
long-term follow-up periods.

Radiological efficacy
According to the literature, a high complete radiological resolution rate was demonstrated after EUS-
RFA. However, the studies reported different imaging modalities or combined imaging tools. Moreover, 
some studies did not specify which imaging tool was used. Notably, only three studies used a 
combination of contrast enhanced computed tomography (CT) and contrast enhanced EUS, while most 
of the other studies used only single imaging modality. Furthermore, in some studies, CT and EUS were 
used for follow-up. However; it was not stated whether contrast enhancement was implemented 
(Table 6).

Previous studies have shown that contrast enhanced magnetic resonance imaging including 
diffusion-weighted imaging is preferred over contrast enhanced CT for examination of the pancreas and 
the liver[43,44]. On the other hand, EUS has an important role in the diagnosis of small pNENs of < 2 
cm and is now considered as the imaging study of choice to be performed where other non-invasive 
studies failed to diagnose the pNENs[45,46]. Previous systematic review and meta-analysis showed that 
EUS consistently increased the detection of pNENs by over 25% after performing CT scan[47]. PET-
Dotatoc should also be proposed for the follow-up of non-functional pNENs. Therefore, a prospective 
study with uniform imaging study to be used at follow-up is mandatory to precisely assess the efficacy 
of EUS-RFA in pNENs.

Patient number and study designs
The small number of patients reported and the study designs, which were primarily case reports and 
small case series, with the lack of uniform and long-term follow-up should urge careful interpretation of 
the current literature. The follow-up is too short (only one trial has a follow-up longer than 3 years) to 
know the long-term result on the tumor and on the possible metastatic evolution.

RFA in PCL
The indication of RFA in cystic lesions remains debated. Oh et al[36] reported a study on 13 patients 
with SCA. However, the interest in this indication is debatable due to its very rare malignant potential
[48]. Excluding SCA, only 25 patients with PCL were treated by EUS-RFA, which is too small of a 
sample size to enable good and precise data interpretation. Therefore, more studies are needed in 
patients with high-risk PCL.

RFA in pancreatic adenocarcinoma
Most of the studies did not report the additional survival benefit of EUS-RFA when added to standard 
chemotherapeutic regimens. Moreover, some studies included patients with metastatic disease. It is 
difficult to justify this treatment for metastatic disease. Prospective randomized trials with uniform 
disease stage and standard chemotherapeutic regimens are necessary to draw conclusions of the 
efficacy.

CONCLUSION
High and promising expectations are held for EUS-RFA. Taking advantage of the EUS transducer 
proximity to the pancreatic parenchyma, coupled with its excellent imaging resolution and the 
capability of avoiding major internal organs and vascular structures, makes this procedure safe. The 
current evidence of efficacy is weak, as most studies were case reports and series that included a small 
number and heterogenous groups of patients. Prospective and randomized studies are needed to 
establish the potential therapeutic role of EUS-RFA in pancreatic tumors. The available literature 
suggests a beneficial impact mainly on functional pNENs where RFA should replace surgery. In 
nonfunctional pNENs the data are encouraging. Its role for PCL treatment is still to be elucidated. For 
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Table 7 Clinical and radiological follow-up in pancreatic insulinomas studies

Ref. Patients with insulinoma, 
n

Mean time (range) of clinical follow-up in 
mo

Mean time (range) of radiological follow-up in 
mo

Lakhtakia et al[12] 3 11.7 (11-12) 4.2 (1.5-8)

Waung et al[21] 1 10 3 d

Bas-Cutrina et al
[22]

1 10 10

Choi et al[25] 1 NR NR

Oleinikov et al[14] 7 9.7 (3-21) 8.7 (2-21)

Rossi et al[30] 3 22 (14-27) 5.7 (3-14)

Chang et al[27] 1 18 18

Kluz et al[28] 1 NR NR

Furnica et al[29] 4 22 (13-28) 8 (3-14)

Marx et al[15] 7 21 (3-38) 20.3 (3-38)

NR: Not reported.

pancreatic adenocarcinoma, the data are lacking especially on the survival rate. Finally, EUS-RFA for 
pancreatic tumors is far from being adopted as a first-line treatment except for insulinomas. For grade 1 
nonfunctional pNENs < 2 cm, EUS-RFA should be discussed as an alternative to surgery or follow-up. 
For PCL with worrisome features, EUS-RFA could be considered among patients who are not 
candidates or refuse surgical intervention. For pancreatic adenocarcinoma, randomized controlled trials 
are required to determine if EUS-RFA adds a survival benefit to chemotherapy in locally advanced 
pancreatic adenocarcinoma.
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Abstract
BACKGROUND 
Metabolic dysfunction-associated fatty liver disease (MAFLD) is a severe threat to 
human health. Polygonum multiflorum (PM) has been proven to remedy 
mitochondria and relieve MAFLD, but the main pharmacodynamic ingredients 
for mitigating MAFLD remain unclear.

AIM 
To research the active ingredients of PM adjusting mitochondria to relieve high-
fat diet (HFD)-induced MAFLD in rats.

METHODS 
Fat emulsion-induced L02 adipocyte model and HFD-induced MAFLD rat model 
were used to investigate the anti-MAFLD ability of PM and explore their action 
mechanisms. The adipocyte model was also applied to evaluate the activities of 
PM-derived constituents in liver mitochondria from HFD-fed rats (mitochondrial 
pharmacology). PM-derived constituents in liver mitochondria were confirmed by 
ultra-high-performance liquid chromatography/mass spectrometry (mitocho-
ndrial pharmacochemistry). The abilities of PM-derived monomer and monomer 
groups were evaluated by the adipocyte model and MAFLD mouse model, 
respectively.

RESULTS 
PM repaired mitochondrial ultrastructure and prevented oxidative stress and 
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energy production disorder of liver mitochondria to mitigate fat emulsion-induced cellular 
steatosis and HFD-induced MAFLD. PM-derived constituents that entered the liver mitochondria 
inhibited oxidative stress damage and improved energy production against cellular steatosis. 
Eight chemicals were found in the liver mitochondria of PM-administrated rats. The anti-steatosis 
ability of one monomer and the anti-MAFLD activity of the monomer group were validated.

CONCLUSION 
PM restored mitochondrial structure and function and alleviated MAFLD, which may be 
associated with the remedy of oxidative stress and energy production. The identified eight 
chemicals may be the main bioactive ingredients in PM that adjusted mitochondria to prevent 
MAFLD. Thus, PM provides a new approach to prevent MAFLD-related mitochondrial 
dysfunction. Mitochondrial pharmacology and pharmacochemistry further showed efficient 
strategies for determining the bioactive ingredients of Chinese medicines that adjust mitochondria 
to prevent diseases.

Key Words: Fatty liver; Mitochondria; Pharmacodynamic ingredients; Polygonum multiflorum

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We found that Polygonum multiflorum (PM) protected the mitochondrial ultrastructure and 
prevented oxidative stress and energy production disorder in the liver mitochondria to mitigate metabolic 
dysfunction-associated fatty liver disease (MAFLD). Eight chemicals were identified from the liver 
mitochondria of the PM-treated rats using a novel strategy based on mitochondrial pharmacology and 
pharmacochemistry. The constituents identified regulated mitochondria to alleviate MAFLD. Our results 
indicate that PM restored mitochondrial structure and function and alleviated MAFLD, which may be 
related to oxidative stress and energy production. The eight substances may be the main pharmacodynamic 
ingredients in PM that regulate mitochondria to prevent MAFLD.

Citation: Yu LP, Li YJ, Wang T, Tao YX, Zhang M, Gu W, Yu J, Yang XX. In vivo recognition of bioactive 
substances of Polygonum multiflorum for protecting mitochondria against metabolic dysfunction-associated fatty 
liver disease. World J Gastroenterol 2023; 29(1): 171-189
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/171.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.171

INTRODUCTION
Metabolic dysfunction-associated fatty liver disease (MAFLD) was considered a better definition of 
nonalcoholic fatty liver disease. In addition to causing cirrhosis and hepatocellular carcinoma, MAFLD 
is also closely related to the occurrence of a range of metabolic diseases. MAFLD affects the health of 
30% of adults worldwide and represents a heavy clinical and economic burden on patients and society
[1]. To date, no pharmacotherapy targeting MAFLD is available, except for preventative lifestyle 
improvements and physical exercise to lose weight[2,3]. Thus, it is urgent to find a cure for this complex 
liver disease[4].

The study found that mitochondrial dysfunction plays a significant role in the development of 
MAFLD. The oxidative damage of mitochondrial fatty acids and the decline of mitochondrial quality are 
considered to be extremely important motivations in the development of MAFLD[5]. Thus, modulation 
of mitochondrial function may be an effective strategy to alleviate MAFLD.

Polygonum multiflorum (PM) has been used as a traditional medicine for many centuries in China. Its 
main chemical components include anthraquinones, flavonoids, phenols, and phospholipids. Recent 
studies have shown that PM has many pharmacological activities, including hepatoprotective, 
antihyperlipidemic, anti-inflammatory, antioxidant, anticancer, immunomodulatory, and neuropro-
tective effects[6]. PM extracts can remedy mitochondrial dysfunction in the liver to alleviate MAFLD, 
such as the promotion of β-oxidation of fatty acids and the activity of carnitine palmitoyltransferase 1[7,
8]. In addition, PM regulated lipid metabolism by reducing very low-density lipoprotein and diacyl-
glycerol acyltransferase levels, downregulating hydroxyl methyl-glutaryl coenzyme A reductase, and 
upregulating cholesterol 7-alpha-hydroxylase or cytochrome P450 7A[9]. Although PM shows treatment 
efficacy against MAFLD through regulating mitochondria, the bioactive substances involved are still 
unclear, which acutely limits the development and utilization of PM.

https://www.wjgnet.com/1007-9327/full/v29/i1/171.htm
https://dx.doi.org/10.3748/wjg.v29.i1.171
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In our previous study, a new strategy of mitochondrial pharmacology and pharmacochemistry for 
the investigation of pharmacodynamic substances in traditional Chinese medicines (TCMs) was 
proposed. Using this strategy, the main active ingredients in PM that adjust mitochondria to relieve 
MAFLD were identified. The results indicated that this strategy could be applied for the efficient search 
for in vivo mitochondria-regulated constituents in TCMs[10].

Here, we investigated the bioactive substances of PM extracts remedying mitochondria to alleviate 
MAFLD induced by a high-fat diet (HFD) through mitochondrial pharmacology and pharmaco-
chemistry, after determining the efficacy and potential principle of PM on MAFLD and mitochondria in 
vitro and in vivo pharmacodynamic tests. The results showed that PM relieved HFD-induced MAFLD by 
improving oxidative stress and energy production. The five substances recognized by the proposed 
method may be the main active ingredients in PM that adjust mitochondria to relieve MAFLD. Thus, 
PM represents a promising drug for the treatment of MAFLD-related mitochondrial dysfunction to 
relieve MAFLD. Additionally, mitochondrial pharmacology and pharmacochemistry were efficient 
strategies for identifying the bioactive ingredients of TCMs regulating mitochondria to prevent human 
disorders.

MATERIALS AND METHODS
Reagents and chemicals
Standards including resveratrol [(RES), ≥ 98%], emodin [(ED), ≥ 98%], aloe-emodin [(AE), ≥ 98%], 
emodin 8-O-glucoside [(EG), ≥ 98%], 2,3,5,4’-tetrahydroxy stilbene 2-Ο-β-D-glucoside [(THSG), ≥ 98%], 
and physcion [(PN), ≥ 98%] were obtained from Chengdu Pufei De Biotech Co., Ltd. (Chengdu, China). 
Torachrysone [(TCS), ≥ 98%] was purchased from Yunnan Xili biology science and technology co., ltd 
(Kunming, China). The dried root of PM was collected from the Luoshiwan Chinese Medicine Market 
(Kunming, China). Dried PM decoction pieces were verified by Professor Jie Yu. PM credential 
specimens (No. 19080322) were stored in the Key Laboratory of Southern Medicine Utilization, Yunnan 
University of Chinese Medicine (Kunming, China). The other chemicals and reagents used were 
described in our previous report[10].

PM extract preparation
After PM was processed according to the method specified in the 2020 Chinese Pharmacopoeia and 
decocted with 10 times the amount of 90% ethanol for 110 min. The filtrate was collected after filtration. 
Dregs were decocted with 10 times 50% ethanol for 110 min and filtered. Then, two filtrates were mixed 
and condensed at 65 °C. Finally, the concentrate was freeze-dried into a powder.

The chemical characteristics of PM extract were assayed according to the regulation described in the 
2020 Chinese Pharmacopoeia. PM was assayed by Shimadzu LC-30A ultra-high performance liquid 
chromatography (UHPLC). Analytical conditions were as follows: (1) Shimadzu UHPLC column (Shim-
pack XR-ODS C8, 100 mm × 2.0 mm I.D., 2.2 μm); (2) Mobile phase for the separation of ED and PN: 
methanol and 0.1% aqueous phosphoric acid solution (80:20 v/v); (3) Mobile phase for the separation of 
THSG: Acetonitrile and water solution (25:75 v/v); (4) Detection wavelength: 254 nm for ED and PN; 
320 nm for THSG; (5) Temperature: 30 ºC; (6) Flow rate: 0.2 mL/min; and (7) Volume: 10 μL. References 
of ED, PN, and THSG were dissolved in methanol to yield contents of 0.08 mg/mL, 0.04 mg/mL, and 
0.2 mg/mL, respectively. For the detection of THSG and for the detection of ED and PN, 0.1 g and 0.02 
g, respectively, of PM powder was dissolved in 1.0 mL of methanol. Concentrations of free anthra-
quinone (ED and PN) and THSG in the PM extract were 0.57% and 0.71%, respectively.

In vitro assay of anti-steatosis activity of PM extract
L02 cells were grown in RPMI 1640 medium containing 10% fetal bovine serum and 1% penicillin-
streptomycin at 37 ºC and 5% CO2. After growing to about 80%, the cells were treated with lipid 
emulsion. Then, the cells were stimulated by PM extracts (10, 50, and 100 μg/mL) and fenofibrate 
capsules (150 μmol/L) or a media (control) for 24 h. Bicinchoninic acid (BCA) assay was used to analyze 
protein concentrations in cell lysates. Triglyceride (TG), total cholesterol (TC), aspartate transaminase 
(AST), alanine transaminase (ALT), superoxide dismutase (SOD), glutathione (GSH), ATP synthase 
(ATPase), complex I, and complex II levels were determined using the kits. All data were obtained by 
the microplate reader. Furthermore, for the detection of intracellular neutral lipid accumulation, L02 
cells were seeded into 6-well chambers. The collected cells were washed twice with ice-cold phosphate-
buffered saline and fixed with 2.5% paraformaldehyde for 30 min. Afterward, the cells were added with 
60% isopropanol and cultured for 5 min. Then, cells were stained with 0.2% Oil red O solution for 30 
min. After washing twice with phosphate-buffered saline, cells were stained with hematoxylin for 3 
min. Finally, images were obtained using a CX31 Olympus Imaging System.

In vivo determination of PM extract against MAFLD
Experimental animals: Healthy male Sprague Dawley rats (200 ± 50 g) were provided by Dashuo 
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Biotech. Co., Ltd. (Chengdu, China). All animals were raised in conditions of 22 ± 1 ºC, a humidity of 
60% ± 10%, and a light/dark cycle of 12 h with free access to food and water. The experiments in this 
study were approved by the Institutional Ethical Committee on Animal Care and Experimentations of 
Yunnan University of Chinese Medicine (R-06201965).

Grouping and administration of treatment: After 5-7 d of adaptive feeding, the rats were randomly 
divided into six groups (n = 6): (1) Normal control group (NC); (2) Model group (MOD); (3) RES group 
(40 mg/kg); (4) Low-dose PM group (2 g/kg); (5) Middle-dose PM group (4 g/kg); and (6) High-dose 
PM group (8 g/kg). Rats were given the test samples by intragastric administration once a day for 3 mo. 
Except for the NC group, rats in all groups were fed an HFD (10% egg yolk, 10% refined lard, 79% basic 
diet, and 1% cholesterol) to induce MAFLD in rats for 3 mo.

Sample collection: The daily food intake of all rats was recorded, and weight was recorded once a 
week. At the end of the experiment, the rats were anesthetized by intraperitoneal injection with 10% 
sodium pentobarbital. Blood samples were obtained from the abdominal aorta and coagulated at 4 ºC. 
Blood was then centrifuged at 3500 rpm for 15 min to acquire serum. The liver, kidneys, and spleen 
were weighed. A portion of the liver was applied for Oil red O staining and transmission electron 
microscopy examination as previously described[10], and the remaining portion was stored at -80 °C.

Measurement of biochemical indicators in the serum and liver: Serum levels of TC, TG, low density 
lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), ALT, and AST were 
determined following the kit instructions. In addition, liver homogenates were prepared with nine 
volumes of normal saline and were centrifuged at 2000 r/min for 10 min. The levels of TC, TG, LDL-C, 
HDL-C, ALT, and AST in the liver supernatant were detected according to the instructions of the kits. 
BCA assay was used to determine protein concentration in the liver. All data were collected by a 
microplate reader.

Detection of liver mitochondrial indices: Liver mitochondria were obtained as in previous studies[11] 
and resuspended in saline. BCA assay was used to determine protein concentration. The levels of 
malondialdehyde (MDA), SOD, GSH, ATPase, and complex I and II in the suspension of mitochondria 
were detected according to the instructions of the kit. All data were collected by a microplate reader.

Activity evaluation and structural assignment of PM-derived constituents in mitochondria from HFD-
induced rats
Production of liver mitochondrial extracts: The mitochondria of rat livers in the MOD group and HPM 
group were separated as previously reported[11]. The obtained mitochondria were suspended in 
chromatographic methanol and then ultrasonicated for 20 min followed by centrifugation at 10000 × g at 
4 ºC for 25 min. The supernatant was collected and dried with mild nitrogen, and mitochondrial extracts 
were stored at -80 °C.

In vitro assay of anti-steatosis ability of PM-derived constituents in mitochondria: L02 cells were 
stimulated with 5% fat emulsion for 24 h and then cultured with fenofibrate capsules (150 μmol/L) and 
mitochondrial extracts (50, 100, and 200 μg/mL) of rats in the MOD group and HPM group for 24 h. 
Cells were collected after being washed twice with phosphate-buffered saline. BCA assay was used to 
determine the protein concentration in the cell lysate. TC, TG, SOD, GSH, complex I, complex II, and 
ATPase levels in the cell were detected according to the instructions of the kits. All data were collected 
by a microplate reader. Additionally, cells stained with Oil red O were examined as in the aforemen-
tioned method.

Structural assignment of PM-derived constituents in liver mitochondria: PM extracts and liver 
mitochondrial extracts isolated from the MOD and HPM groups were redissolved in HPLC-grade 
methanol and filtered through a 0.22 μm Millipore filter (Bedford, MA, United States). The filtrate was 
analyzed by a UHPLC Dionex Ultimate 3000 system coupled with a Thermo Scientific Q-Exactive TM 
hybrid quadrupole-orbitrap mass spectrometry (MS) (Thermo Fisher Scientific, San Jose, CA, United 
States). The detailed analytical conditions of UHPLC and MS were described in our previous report[10].

In vitro assay of anti-steatosis ability of PM-derived monomer in mitochondria: The anti-steatosis 
activity of TCS, a PM-derived monomer, on L02 cells induced by fat emulsion was measured. First, the 
cell activity of TCS at different concentrations (0, 6.25, 12.5, 25, 50, 100, and 200 μmol/L) was measured 
according to the CCK-8 kit’s instructions. Subsequently, fat emulsion-treated steatosis cells were 
introduced with TCS (12.5 and 25 μmol/L). BCA assay was used to analyze the protein concentration of 
the cell lysate. The levels of TG, TC, AST, ALT, SOD, GSH, and ATPase were measured on the 
microplate reader according to the instructions of the kits.

In vivo determination of anti-MAFLD activity of the PM-derived monomer group in liver 
mitochondria: Effects of the PM-derived monomer group on MAFLD were evaluated on HFD-induced 
mice. The monomer group consisted of ED, AE, EG, and THSG in a ratio of 14.87:1:10.03:18.37. This ratio 
was the concentration ratio of these molecules in the PM extract counted according to the areas of the 
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chromatographic peak obtained in the UHPLC/MS assay of PM. Male C57BL/6J mice (20 ± 2 g) were 
provided from Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China). After 5-7 d of adaptive feeding, 
mice were fed with a normal chow diet as the control group (n = 6), and other groups were fed an HFD 
for 8 wk to induce MAFLD. Mice in the treatment groups (n = 6) were intraperitoneally injected as 
follows: (1) A low-dose PM-derived monomer group in the mitochondria (30 mg/kg/d); (2) High-dose 
PM-derived monomer group in the mitochondria (90 mg/kg/d); and (3) RES (18 mg/kg/d). MAFLD 
was induced by an HFD for 3 mo. Starting from the 9th wk, mice received an intraperitoneal injection 
with the test samples once a day for 4 wk. The methods of sample collection and serum, liver, and 
mitochondrial indices detection were the same as the experiment of PC extract administered to rats 
described above.

Statistical analysis
All data were represented as the mean ± SD. Statistical analysis was performed on GraphPad Prism 
version 8.0 software for Windows (San Diego, CA, United States). One-way analysis of variance was 
used for comparison between groups. Statistical significance is displayed as P < 0.05.

RESULTS
Effects of PM extract on fat emulsion triggered L02 adipocytes
The inhibitory activity of PM extracts was assessed by 5% fat emulsion-induced intracellular lipid 
accumulation in L02 cells. Oil red O staining revealed that fat emulsion-treated cells had higher 
intracellular lipid levels compared to untreated L02 cells (NC). However, treatment with PM extracts 
greatly blocked fat emulsion-induced lipid accumulation (Figure 1A). As shown in Figures 1B-K, after 
24 h of stimulation with fat emulsion, TG, TC, AST, and ALT levels remarkably increased, and GSH, 
SOD, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, complex I, and complex II levels declined. However, after PM 
incubation, ALT and AST levels decreased, and SOD, GSH, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, and 
complex II levels markedly increased. The levels of TC and TG showed a decreasing trend, and the level 
of complex I showed an increasing trend. Together, these findings suggested that PM extract relieved 
the steatosis of L02 cells.

Effects of PM extract on MAFLD rats induced by HFD-feeding
Effect of PM on body weight, food consumption, and organ indices of rats: As shown in Table 1, 
without affecting food intake, rats fed an HFD for 3 mo gained weight at the end of the study. 
Moreover, after 3 mo of HFD feeding, the liver index of rats increased remarkably, and body weight, 
kidney index, and spleen index showed an increasing trend. However, the administration of PM extract 
significantly decreased the spleen index, and body weight, liver index, and kidney index showed a 
decreasing trend. Thus, these data suggested that PM relieved HFD-induced weight gain and organ 
enlargement.

Effects of PM extract on serum parameters: As displayed in Figures 2A-F, after 3 mo of an HFD, ALT 
levels dramatically increased, while HDL-C levels markedly decreased. Additionally, the levels of TC, 
TG, AST, and LDL-C showed an increasing trend. After administration with PM extract, TG, ALT, and 
AST levels decreased obviously, and HDL-C level markedly increased. LDL-C levels showed a 
decreasing trend. Taken together, these data suggested that PM relieved HFD-induced dyslipidemia.

Effects of PM extract on liver status: Figure 3A shows the massive accumulation of lipid droplets, 
diffuse hepatocellular edema, and degeneration in the liver of rats after 3 mo of HFD feeding. However, 
after administration with PM extract and RES, the lipid droplets in the liver cells of rats reduced, and 
liver status tended to be normal. Additionally, Figures 3B-E shows that the levels of TC and TG 
improved obviously after 3 mo of HFD feeding. The level of AST showed an increasing trend, and the 
level of HDL-C showed a decreasing trend. After treatment with PM extract, TG and AST levels dramat-
ically declined, and HDL-C levels dramatically increased. Thus, these findings suggested that PM 
extract reduced lipid accumulation in the liver of HFD-fed rats.

Effects of PM extract on mitochondrial status: Figure 4A shows that after the feeding of an HFD, the 
liver mitochondria swelled. The inner and outer membranes and ridges were blurred, and the matrix 
was unclear, as indicated by the red arrow in the MOD group. However, the ultrastructural appearance 
of mitochondria was reversed by PM treatment. Additionally, Figures 4B-H shows that after the feeding 
of an HFD, SOD, complex I, and complex II levels in the mitochondria decreased obviously. 
Furthermore, GSH, Na+-K+-ATPase, and Ca2+-Mg2+-ATPase levels in liver mitochondria showed a 
decreasing trend, and the MDA level in the liver mitochondria showed an increasing trend. After 
administration with PM extract, SOD, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, complex I, and complex II 
levels remarkably increased, and the level of MDA remarkably decreased. The level of GSH showed an 
increasing trend. Combined, these indices suggested that PM prevented damage to mitochondrial 
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Figure 1 Effects of Polygonum multiflorum extract on L02 adipocytes induced by fat emulsion. A: L02 cells were treated with 5% fat emulsion for 
24 h followed by Polygonum multiflorum extract (10, 50, and 100 μg/mL) or fenofibrate capsules (150 μmol/L) for 24 h. Cells were harvested, and fat accumulation in 
cells was detected under a light microscope (× 200) after Oil red O staining; B: Levels of total cholesterol was determined using commercial kits; C: Levels of 
triglyceride was determined using a commercial kit; D: Levels of alanine transaminase were determined using a commercial kit; E: Levels of aspartate transaminase 
were determined using a commercial kit; F: Levels of glutathione were determined using a commercial kit; G: Levels of superoxide dismutase were determined using 
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a commercial kit; H: Levels of Na+-K+-ATPase were determined using a commercial kit; I: Levels of Ca2+-Mg2+-ATPase were determined using a commercial kit; J: 
Levels of complex I were determined using a commercial kit; K: Levels of complex II were determined using a commercial kit. Data were obtained from 3 independent 
measurements and are expressed as the mean ± SD. aP < 0.05, bP < 0.01, cP < 0.001 vs model group. ALT: Alanine transaminase; AST: Aspartate transaminase; 
ATPase: ATP synthase; Complex I/II: human mitochondrial respiratory chain complex I/II, FC: Fenofibrate capsules; GSH: Glutathione; MOD: Model; NC: Normal 
control; PM: Polygonum multiflorum; SOD: Superoxide dismutase; TC: Total cholesterol; TG: Triglyceride.

Figure 2 Effects of Polygonum multiflorum extract on serum biochemical parameters of high-fat diet-fed rats. Sprague Dawley rats were 
administered saline, resveratrol, or Polygonum multiflorum extract (2, 4 or 8 g/kg/d). After 3 mo of high-fat diet feeding, rats were sacrificed, and serum was collected. 
A: Serum levels of total cholesterol were determined using a commercial kit; B: Serum levels of triglyceride were determined using a commercial kit; C: Serum levels 
of alanine transaminase were determined using a commercial kit; D: Serum levels of aspartate transaminase were determined using a commercial kit; E: Serum 
levels of low-density lipoprotein cholesterol were determined using a commercial kit; F: Serum levels of high-density lipoprotein cholesterol were determined using a 
commercial kit. Values represent the mean ± SD from six animals. aP < 0.05, bP < 0.01, cP < 0.001 vs model group. ALT: Alanine transaminase; AST: Aspartate 
transaminase; HDL-C: High-density lipoprotein cholesterol; HPM: High-dose Polygonum multiflorum extract; LDL-C: Low-density lipoprotein cholesterol; LPM: Low 
dose Polygonum multiflorum extract; MOD: Model; MPM: Middle-dose Polygonum multiflorum extract; NC: Normal control; RES: Resveratrol; TC: Total cholesterol; 
TG: Triglyceride.

structure and functions to alleviate MAFLD.

Effects of PM-derived constituents in mitochondria on adipocytes induced by fat emulsion
Oil red O staining revealed that fat emulsion-triggered L02 cells had higher intracellular lipid levels 
compared to untreated L02 cells (NC). After liver mitochondrial extracts from HPM treatment, 
intracellular lipid accumulation was prevented and was not prevented by liver mitochondrial extracts 
from MOD treatment (Figure 5A). As shown in Figures 5B-I, after incubation with fat emulsion, the 
levels of TC and TG increased, and GSH, SOD, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, complex I, and 
complex II levels decreased. After incubation with liver mitochondrial extracts from HPM, TC levels 
decreased, and GSH, SOD, Na+-K+-ATPase, and Ca2+-Mg2+-ATPase levels increased. Furthermore, the 
TG level showed a downward trend, and levels of complex I and complex II displayed an increasing 
trend. However, liver mitochondrial extracts from MOD treatment did not reverse the pathological 
changes induced by fat emulsion, except for the significantly reversed TC level. These results showed 
that PM-derived constituents in the liver mitochondrial extracts ameliorated cellular steatosis by 
regulating oxidative stress and energy production.

Structural assignment of PM-derived constituents in liver mitochondria
After analyzing accurate high-resolution MSn data provided by UHPLC/MS (Table 2) and comparing 
the data with antecedently described[12-19] and standards, eight PM-derived monomers, including five 
prototype monomers and three of their metabolites (Figure 6), were screened in mitochondrial liver 
extracts of PM-treated rats. Among the identified monomers, there were one stilbene, five anthra-
quinones, and two naphthols. Prototype monomers consisted of ED, AE, EG, THSG, and TCS. The 
metabolites comprised emodin-glucuronide, torachrysone-glucuronide, and emodin-8-O-β-D-
glucopyranoside reduction metabolite, which originated from ED, THCS, and EG, respectively.
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Table 1 Effects of Polygonum multiflorum extract on body weight, food intake, and organ indices of high-fat diet-fed rats

NC MOD RES LPM MPM HPM

Initial body weight (g) 263.67 ± 23.43 263.83 ± 28.54 261.50 ± 16.99 275.83 ± 6.05 268.83 ± 12.42 246.00 ± 15.09

Final body weight (g) 458.67 ± 46.43 470.17 ± 89.14 424.67 ± 25.97 454.67 ± 16.98 479.83 ± 33.88 432.83 ± 47.94

Body weight gain (g) 195.00 ± 23.00 206.33 ± 60.60 163.17 ± 8.98 178.83 ± 10.93 211.00 ± 21.46 186.83 ± 32.86

Food intake (g) 15852.54 14023.10 14265.09 13828.25 13081.76 13645.74

Liver index (%) 2.15 ± 0.09b 2.64 ± 0.22 2.32 ± 0.12a 2.55 ± 0.11 2.49 ± 0.16 2.49 ± 0.20

Kidney index (%) 0.52 ± 0.02 0.54 ± 0.07 0.52 ± 0.02 0.50 ± 0.02 0.49 ± 0.03 0.54 ± 0.04

Spleen index (%) 0.1589 ± 0.01 0.1618 ± 0.02 0.1432 ± 0.01 0.1267 ± 0.01b 0.1427 ± 0.01 0.1345 ± 0.01a

aP < 0.01 vs model group.
bP < 0.001 vs model group.
Values represent the mean ± SD from six animals. HPM: High-dose Polygonum multiflorum extract; LPM: Low dose Polygonum multiflorum extract; MOD: 
Model; MPM: Middle-dose Polygonum multiflorum extract; NC: Normal control; RES: Resveratrol.

Table 2 Ultra-high performance liquid chromatography/mass spectrometry data and chemical structure assignment of Polygonum 
multiflorum-derived monomers from liver mitochondria

No TR 
(min)

(M-H)- 
(m/z)

Molecular 
formula

Predicted 
(m/z)

Measured 
(m/z)

Diff 
(ppm) ESI-MSn(-), m/z (abundance) Assigned identification Ref.

1 18.87 269.0454 C15H10O5 269.0450 269.0454 3.457 269.04541 (100.00), 241.05089 
(2.18), 225.14899 (1.98)

Aloe-emodin1 [12-
14]

2 15.90 431.0981 C21H20O10 431.0978 431.0981 2.011 431.109811 (34.23), 311.05627 
(4.32), 269.04553 (100.00), 
240.04503 (0.69)

Emodin-8-O-glucoside1 [14-
16]

3 33.91 269.0457 C15H10O5 269.0450 269.0457 4.461 269.04553 (100), 241.05331 (0.18), 
225.05482 (1.37)

Emodin1 [15-
19]

4 18.80 445.0778 C21H18O11 445.0771 445.0778 2.881 269.04553 (100.00), 225.05527 
(0.19)

Emodin-glucuronide [17]

5 9.06 405.1190 C20H22O9 405.1186 405.1190 2.422 243.06613 (62.27) 2,3,5,4’-Tetrahydroxy 
stilbene-1

[17]

6 13.17 433.1136 C21H22O10 433.1135 433.1136 1.539 257.08191 (100.00), 175.02435 
(8.79), 152.99582 (3.58), 113.02423 
(59.47)

Emodin-8-O-β-D-
glucopyranoside reduction 
metabolite

[17]

7 13.46 245.0820 C14H14O4 245.0814 245.0820 4.834 245.08208 (87.57), 230.05850 
(9.07)

Torachrysone1 [17]

8 15.15 421.1142 C20H22O10 421.1135 421.1142 3.032 245.08179 (76.39), 230.05852 
(4.02)

Torachrysone-glucuronide [17]

1Compared with reference substances.

Effects of PM-derived monomer in mitochondria of steatosis cells
As shown in Figure 7, after incubation with fat emulsion, the levels of TC, TG, ALT, and AST dramat-
ically increased, and GSH, SOD, Na+-K+-ATPase, and Ca2+-Mg2+-ATPase levels dramatically decreased. 
After TCS stimulation, TC and AST levels decreased, and the levels of GSH, SOD, and Ca2+-Mg2+-
ATPase increased. The levels of TG and ALT showed a decreasing trend. These data suggested that TCS 
mitigated fat emulsion-triggered cellular steatosis.

Effects of PM-derived monomer group in mitochondria on MAFLD mice induced by HFD-feeding
Effects of PM-derived monomer group on body weight, food consumption, and organ index of 
MAFLD mice: As shown in Table 3, without affecting food intake, mice fed an HFD for 3 mo gained 
weight at the end of the study. The liver and kidney index increased obviously, and the spleen index 
showed an increasing trend. After treatment with the PM-derived monomer group, the liver index 
decreased. Body weight and the kidney index showed a decreasing trend, whereas the spleen index 
level increased in the HMG group. Thus, these data indicated that the PM-derived monomer group 
reduced weight gain and organ index swelling caused by HFD.
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Figure 3 Effects of Polygonum multiflorum extract on the liver lipid content of high-fat diet-fed rats. Sprague Dawley rats were administered 
saline, resveratrol, or Polygonum multiflorum extract (2, 4, or 8 g/kg/d). After 3 mo of high-fat diet feeding, rats were sacrificed, and livers were harvested. A: Liver 
histology after Oil Red O staining was observed under a light microscope (× 200); B: Liver levels of total cholesterol were determined using a commercial kit; C: Liver 
levels of triglyceride were determined using a commercial kit; D: Liver levels of aspartate transaminase were determined using a commercial kit; E: Liver levels of 
high-density lipoprotein cholesterol were determined using a commercial kit. Values represent the mean ± SD from six animals. aP < 0.05, bP < 0.01, cP < 0.001 vs 
the relevant model group. AST: Aspartate transaminase; HDL-C: High-density lipoprotein cholesterol; HPM: High-dose Polygonum multiflorum extract; LPM: Low 
dose Polygonum multiflorum extract; MOD: Model; MPM: Middle-dose Polygonum multiflorum extract; NC: Normal control; RES: Resveratrol; TC: Total cholesterol; 
TG: Triglyceride.

Effects of the PM-derived monomer group on serum indicators: Figures 8A-C show that after 3 mo of 
HFD feeding, TC and LDL-C levels increased obviously, and the level of AST showed an increasing 
trend. After treatment with the PM-derived monomer group, the levels of TC, AST, and LDL-C were 
decreased. Thus, the results show that the PM-derived monomer group alleviated HFD-induced dyslip-
idemia.

Effects of the PM-derived monomer group on the liver lipid content: As displayed in Figure 9A, after 
3 mo of HFD feeding, the livers exhibited lipid accumulation, diffuse hepatocellular edema, and 
degeneration. However, this status of the livers was restored to normal after administration with PM-
derived monomer groups. Figures 9B and 9D shows that after 3 mo of HFD consumption, ALT and AST 
levels increased, and the level of TC showed an increasing trend. After administration with the PM-
derived monomer group, levels of TC, ALT, and AST decreased obviously. These data suggested that 
the PM-derived monomer group reduced lipid accumulation in the livers of HFD mice.
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Figure 4 Effects of Polygonum multiflorum extract on the mitochondrial status of the liver from high-fat diet-fed rats. Sprague Dawley rats 
were administered saline, resveratrol, or Polygonum multiflorum extract (2, 4, or 8 g/kg/d). After 3 mo of high-fat diet feeding, rats were sacrificed, and livers were 
harvested for observation of the mitochondrial ultrastructure and mitochondrial isolations. A: Mitochondria were assessed by transmission electron microscope 
(original magnification × 30000; bar = 500 nm); B: Levels of malondialdehyde were determined using a commercial kit; C: Levels of glutathione were determined 
using a commercial kit; D: Levels of superoxide dismutase were determined using a commercial kit; E: Levels of Na+-K+-ATPase were determined using a commercial 
kit; F: Levels of Ca2+-Mg2+-ATPase were determined using a commercial kit; G: Levels of complex I were determined using a commercial kit; H: Levels of complex II in 
isolated liver mitochondria were determined using a commercial kit. Values represent the mean ± SD from six animals. aP < 0.05, bP < 0.01, cP < 0.001 vs model 
group. ATPase: ATP synthase; Complex I/II: rat mitochondrial respiratory chain complex I/II, GSH: Glutathione; HPM: High-dose Polygonum multiflorum extract; LPM: 
Low-dose Polygonum multiflorum extract; MDA: Malondialdehyde; MOD: Model; MPM: Middle-dose Polygonum multiflorum extract; NC: Normal control; RES: 
Resveratrol; SOD: Superoxide dismutase.
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Figure 5 Effects of Polygonum multiflorum-derived constituents in liver mitochondria on L02 adipocytes induced by fat emulsion. L02 cells 
were induced by fat emulsion for 24 h, then treated with liver mitochondrial extracts of the model group (50, 100, and 200 μg/mL), liver mitochondrial extract of high-
dose of Polygonum multiflorum extract (50, 100, and 200 μg/mL), or fenofibrate capsules (150 μmol/L) for 24 h. Cells were harvested. A: Fat accumulation in cells 
was evaluated under a light microscope (× 200) after Oil Red O staining; B: Cell levels of total cholesterol were determined using a commercial kit; C: Cell levels of 
triglyceride were determined using a commercial kit; D: Cell levels of glutathione were determined using a commercial kit; E: Cell levels of superoxide dismutase were 
determined using a commercial kit; F: Cell levels of Na+-K+-ATPase were determined using a commercial kit; G: Cell levels of Ca2+-Mg2+-ATPase were determined 
using a commercial kit; H: Cell levels of complex I were determined using a commercial kit; I: Cell levels of complex II were determined using a commercial kit. Data 
were obtained from 3 independent measurements and are expressed as the mean ± SD. aP < 0.05, bP < 0.01, cP < 0.001 vs model group. ATPase: ATP synthase; 
Complex I/II: human mitochondrial respiratory chain complex I/II, FC: Fenofibrate capsules; GSH: Glutathione; MOD: Model; MME: Liver mitochondrial extracts from 
the model group; NC: Normal control; PMME: Liver mitochondrial extracts from the high-dose of Polygonum multiflorum extract group; SOD: Superoxide dismutase; 
TC: Total cholesterol; TG: Triglyceride.

Effects of PM-derived monomer group on the status of liver mitochondria: As shown in Figure 10A, 
after 3 mo of HFD feeding, the liver mitochondria swelled. The inner and outer membranes and ridges 
were blurred, and the matrix was unclear, as indicated by the red arrows in the MOD group. However, 
treatment with the PM-derived monomer group markedly improved the ultrastructure of mitochondria. 
Figures 10B and 10C displays that after 3 mo of HFD feeding, Na+-K+-ATPase and Ca2+-Mg2+-ATPase 
levels decreased obviously. However, after treatment with the PM-derived monomer group, the levels 
of Na+-K+-ATPase and Ca2+-Mg2+-ATPase increased. The results showed that the PM-derived monomer 
group regulated the state of mitochondria to alleviate MAFLD.

DISCUSSION
In this study, fat emulsion-induced L02 adipocytes and HFD-induced MAFLD rats were established to 
evaluate the efficacy and underlying mechanism of action of PM on MAFLD and mitochondria. MAFLD 
primarily manifests as excessive liver fat accumulation, increased serum and liver TC, TG, ALT, AST, 
LDL-C levels, and decreased HDL-C level[20]. TC, TG, ALT, and AST in L02 cell levels were markedly 
increased by the induction of fat emulsion, which could be alleviated by PM extracts. Our data also 
showed that the contents of TC, TG, ALT, AST, and LDL-C in the serum and liver of rats fed with HFD 
increased, while the level of HDL-C decreased, which could be recovered after PM treatment. Moreover, 
significant lipid droplet accumulation was observed in the liver of rats fed an HFD, which could be 
recovered after PM treatment. Together, these findings indicated that PM effectively prevented lipid 
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Table 3 Effects of the Polygonum multiflorum-derived monomer group in liver mitochondria extract on body weight, food intake, and 
organ indices of rats

NC MOD RES LMG HMG

Initial body weight (g) 20.03 ± 0.54 20.38 ± 0.32 20.40 ± 0.59 19.83 ± 0.92 20.33 ± 1.00

Final body weight (g) 22.90 ± 0.56b 25.68 ± 1.12 24.22 ± 1.29 25.20 ± 1.74 24.37 ± 1.50

Body weight gain (g) 2.87 ± 0.02 5.30 ± 0.79 3.82 ± 0.70 5.37 ± 0.82 4.03 ± 0.50

Food intake (g) 2274.20 2268.50 2655.80 2473.30 2290.60

Liver index (%) 3.52 ± 0.05c 4.24 ± 0.10 3.17 ± 0.11c 3.16 ± 0.11c 3.50 ± 0.21c

Kidney index (%) 1.00 ± 0.57c 1.20 ± 0.05 1.11 ± 0.08 1.15 ± 0.08 1.15 ± 0.08

Spleen index (%) 0.21 ± 0.03 0.31 ± 0.06 0.31 ± 0.04 0.30 ± 0.06 0.48 ± 0.22a

aP < 0.05 vs model group.
bP < 0.01 vs model group.
cP < 0.001 vs model group.
Values represent the mean ± SD from six animals. HMG: High-dose Polygonum multiflorum-derived monomer group; LMG: Low-dose Polygonum 
multiflorum-derived monomer group; MOD: Model; NC: Normal control; RES: Resveratrol.

Figure 6 Chemical structures of Polygonum multiflorum-derived constituents from the liver mitochondria extract. GlcUA: Glucuronidation.

metabolism disorders in MAFLD.
Mitochondria regulate a range of important physiological and biochemical cellular processes, such as 

energy production, apoptosis, oxidative stress, lipid metabolism, and calcium homeostasis. Multiple 
studies have shown evidence of molecular, biochemical, and biophysical mitochondrial abnormalities in 
MAFLD initiation and progression[21]. In this study, fat emulsion decreased GSH, SOD, Ca2+-Mg2+-
ATPase, Na+-K+-ATPase, complex I, and complex II levels in hepatic cells, which could be recovered to a 
certain extent by PM treatment. Similarly, the mitochondria of MAFLD rats fed an HFD were swollen 
and damaged. The levels of SOD, GSH, ATPase, and complex I and II in liver mitochondria of MAFLD 
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Figure 7 Effects of Polygonum multiflorum-derived monomer in liver mitochondria on L02 adipocytes induced by fat emulsion. A: The cell 
counting kit-8 assay showed that torachrysone had no obvious cytotoxic effect on L02 cells at 12.5 and 25 μmol/L. These two concentrations were selected for in vitro 
anti-lipid activity detection. L02 cells were induced by fat emulsion for 24 h followed by stimulation with torachrysone (12.5 and 25 μmol/L) or fenofibrate capsules 
(150 μmol/L) for 24 h. Cells were harvested; B: Levels of total cholesterol were determined using a commercial kit; C: Levels of triglyceride were determined using a 
commercial kit; D: Levels of alanine transaminase were determined using a commercial kit; E: Levels of aspartate transaminase were determined using a commercial 
kit; F: Levels of glutathione were determined using a commercial kit; G: Levels of superoxide dismutase were determined using a commercial kit; H: Levels of Na+-K+-
ATPase were determined using a commercial kit; I: Levels of Ca2+-Mg2+-ATPase were determined using a commercial kit. Data were obtained from 3 independent 
measurements and are expressed as the mean ± SD. aP < 0.05, bP < 0.01, cP < 0.001 vs model group. ALT: Alanine transaminase; AST: Aspartate transaminase; 
ATPase: ATP synthase; FC: Fenofibrate capsules; GSH: Glutathione; MOD: Model; NC: Normal control; SOD: Superoxide dismutase; TC: Total cholesterol; TG: 
Triglyceride; TCS: Torachrysone.

rats were greatly reduced, and the level of MDA increased, which could be reversed by PM treatment. 
These results suggested that PM extract significantly improved mitochondrial structure and function in 
the MAFLD process.

In our previous study, the strategy of mitochondrial pharmacology and pharmacochemistry was 
confirmed to possess the capability to screen the main active constituents of the TCMs regulating the 
mitochondria to prevent human disease[10]. In the present study, this strategy was used to reveal the 
pharmacodynamic substances in PM extract remedying mitochondria against MAFLD. Mitochondrial 
pharmacology confirmed that the PM-derived constituents that regulate oxidative stress and energy 
production to relieve steatosis of hepatocytes entered the liver mitochondria. Moreover, a total of eight 
PM-derived monomers that entered the mitochondria of MAFLD rats treated with PM extract were 
successfully identified by mitochondrial pharmacochemistry, including five prototype components (AE, 
ED, EG, THSG, and TCS), and three of their metabolites (emodin-glucuronide, emodin-8-O-β-D-
glucopyranoside reduction metabolite, and torachrysone-glucuronide). Four monomers have been 
reported to cure MAFLD, and include AE[22,23], ED[22,24,25], EG[26], and THSG[27]. Our data also 
show that TCS improved oxidative stress and energy production to prevent steatosis in L02 adipocytes 
induced by fat emulsion. Furthermore, it was found that the PM-derived monomer group identified 
from liver mitochondria regulated the state of mitochondria to alleviate MAFLD in HFD-fed mice. 
Together, these results indicated that the eight substances were potentially major active constituents of 
PM against MAFLD, thereby validating the capability of mitochondrial pharmacology and pharmaco-
chemistry for efficiently identifying in vivo mitochondria-regulated constituents in TCMs.
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Figure 8 Effects of Polygonum multiflorum-derived monomer group in liver mitochondria on serum biochemical parameters of high-fat 
diet-fed mice. Mice were administered saline, Polygonum multiflorum-derived monomer groups (30 and 90 mg/kg/d), or resveratrol (18 mg/kg/d). After 3 mo of 
high-fat diet feeding, mice were sacrificed, and serum was collected. A: Serum levels of total cholesterol were determined using a commercial kit; B: Serum levels of 
aspartate transaminase were determined using a commercial kit; C: Serum levels of low-density lipoprotein cholesterol were determined using a commercial kit. 
Values represent the mean ± SD from six animals. aP < 0.05, bP < 0.01, cP < 0.001 vs model group. AST: Aspartate transaminase; HMG: High-dose Polygonum 
multiflorum-derived monomer group; LDL-C: Low-density lipoprotein cholesterol; LMG: Low-dose Polygonum multiflorum-derived monomer group; MOD: Model; NC: 
Normal control; RES: Resveratrol; TC: Total cholesterol.

Figure 9 Effects of Polygonum multiflorum-derived monomer group in liver mitochondria on the liver lipid content of high-fat diet-fed 
mice. Mice were administered saline, Polygonum multiflorum-derived monomer groups (30, and 90 mg/kg/d), or resveratrol (18 mg/kg/d). After 3 mo of high-fat diet 
feeding, mice were sacrificed, and livers were collected. A: Liver histology after Oil Red O staining was observed under a light microscope (× 200); B: Liver levels of 
total cholesterol were determined using a commercial kit; C: Liver levels of alanine transaminase were determined using a commercial kit; D: Liver levels of aspartate 
transaminase were determined using a commercial kit. Values represent the mean ± SD from six animals. aP < 0.05, bP < 0.01, cP < 0.001 vs the relevant model 
group. ALT: Alanine transaminase; AST: Aspartate transaminase; HMG: High-dose Polygonum multiflorum-derived monomer group; LMG: Low-dose Polygonum 
multiflorum-derived monomer group; MOD: Model; NC: Normal control; RES: Resveratrol; TC: Total cholesterol.

It is noted that the effects of PM extracts and their components on the detected indices did not show 
dose-dependence, which is similar to many other TCMs[20]. This may be caused by the complicated 
substances and action mechanisms of the TCMs, such as multi-components, multiple acting targets, and 
multiple ways[20]. Additionally, the doses of PM extract and its ingredients used in this study were 
likely not within the dose-dependent range. In addition, due to the insufficient liver samples, the depth 
analysis of mechanisms that PM extract and its monomer group regulated mitochondrial status to 
alleviate MAFLD in HFD-fed animals was not performed, which merits further investigation.

CONCLUSION
The data obtained in this study showed that PM extract restored mitochondrial structure and function 
and alleviated MAFLD caused by HFD, which may be related to the mitigation of oxidative stress-
induced damage and the improvement of energy production. The eight substances obtained by the 
strategy may be the main bioactive ingredients in PM that regulate mitochondria to relieve MAFLD. 
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Figure 10  Effects of Polygonum multiflorum-derived monomer group in liver mitochondria on mitochondrial status in the liver from high-
fat diet-fed mice. Mice were administered saline, Polygonum multiflorum-derived monomer groups (30, and 90 mg/kg/d), or resveratrol (18 mg/kg/d). After 3 mo of 
high-fat diet feeding, mice were sacrificed, and livers were harvested for mitochondrial ultrastructure observations and mitochondrial isolations. A: Mitochondria were 
assessed by transmission electron microscope (original magnification × 30000; bar = 500 nm); B: Levels of Na+-K+-ATPase in isolated liver mitochondria were 
determined using a commercial kit; C: Levels of Ca2+-Mg2+-ATPase in isolated liver mitochondria were determined using a commercial kit. Values represent the mean 
± SD from six animals. aP < 0.05, bP < 0.01, cP < 0.001 vs the relevant model group. ATPase: ATP synthase; HMG: High-dose Polygonum multiflorum-derived 
monomer group; LMG: Low-dose Polygonum multiflorum-derived monomer group; MOD: Model; NC: Normal control; RES: Resveratrol.

Thus, PM treatment provided a new method to prevent MAFLD-related mitochondrial dysfunction 
from alleviating MAFLD. Mitochondrial pharmacology and pharmacochemistry were shown to be 
efficient strategies for recognizing the bioactive ingredients of TCMs that alleviate mitochondria to 
prevent disease.

ARTICLE HIGHLIGHTS
Research background
Metabolic dysfunction-associated fatty liver disease (MAFLD) is a serious threat to human health. 
Mitochondrial dysfunction is a mechanism involved in MAFLD. Modulation of mitochondrial function 
may become a novel strategy for the treatment of MAFLD. For centuries, Polygonum multiflorum (PM) 
has been used as a common traditional Chinese medicine and nutritional ingredient in China and has 
been proven to remedy mitochondria and further relieve MAFLD.

Research motivation
To date, the main pharmacodynamic ingredients of PM for regulating mitochondria against MAFLD 
remain unclear.

Research objectives
To investigate the pharmacodynamic ingredients for the mitochondrial remedy action of PM against 
high-fat diet (HFD)-induced MAFLD in rats.

Research methods
Fat emulsion-induced L02 adipocyte model and HFD-induced MAFLD rat model were used to evaluate 
the anti-MAFLD ability of PM and the mechanism of action involved. The adipocyte model was also 
used to determine the activities of PM-derived constituents in liver mitochondria from HFD-fed rats 
(mitochondrial pharmacology). PM-derived constituents in liver mitochondria were recognized by 
ultra-high performance liquid chromatography/mass spectrometry (mitochondrial pharmaco-
chemistry). The abilities of the PM-derived monomer and the monomer group were evaluated by 
adipocyte model and MAFLD mouse model, respectively.
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Research results
PM repaired mitochondrial ultrastructure and prevented oxidative stress and energy production 
disorder of mitochondria to mitigate fat emulsion-induced cellular steatosis and HFD-induced MAFLD. 
PM-derived constituents that entered the mitochondria inhibited oxidative stress damage and improved 
energy production against cellular steatosis. Eight chemicals were found in the mitochondria of PM-
administrated rats. The anti-steatosis ability of one monomer and the anti-MAFLD activity of the 
monomer group were validated.

Research conclusions
PM restored mitochondrial structure and function and alleviated MAFLD, which may be associated 
with the remedy of oxidative stress and energy production. The identified eight chemicals may be the 
main bioactive ingredients in PM that adjust mitochondria to prevent MAFLD.

Research perspectives
PM treatment provided a new approach to prevent MAFLD-related mitochondrial dysfunction from 
alleviating MAFLD. Mitochondrial pharmacology and pharmacochemistry are efficient strategies for 
identifying the bioactive ingredients of traditional Chinese medicines regulating mitochondria to 
prevent disease.
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Abstract
BACKGROUND 
In recent years, associations between specific virulence markers of Helicobacter 
pylori (H. pylori) and gastrointestinal disorders have been suggested.

AIM 
To investigate the presence of virulence factors including vacuolating cytotoxin A 
genotypes (s1m1, s1m2, s2m1, and s2m2), cytotoxin-associated gene A (CagA), and 
urease activity in H. pylori strains isolated from Arab and Jewish populations in 
northern Israel and to assess associations between these factors and patients’ 
demographics and clinical outcomes.

METHODS 
Patients (n = 108) who underwent gastroscopy at the Baruch Padeh Medical 
Center, Poriya due to symptomatic gastroduodenal pathologies as part of H. pylori 
diagnosis were enrolled in the study. Gastric biopsy specimens were collected 
from the antrum of the stomach. Clinical condition was assessed by clinical 
pathology tests. Bacteria were isolated on modified BD Helicobacter Agar (BD 
Diagnostics, Sparks, MD, United States). Bacterial DNA was extracted, and PCR 
was performed to detect CagA and vacuolating cytotoxin A genes. Urease activity 
was assessed using a rapid urease test.

RESULTS 
A significant correlation was found between disease severity and patient ethnicity 
(P = 0.002). A significant correlation was found between CagA presence and the 
s1m1 genotype (P = 0.02), which is considered the most virulent genotype. 
Further, a higher level of urease activity was associated with isolates originating 
from the Jewish population. Moreover, higher urease activity levels were 
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measured among CagA-/s1m1 and CagA-/s2m2 isolates.

CONCLUSION 
Our study highlights the importance of incorporating molecular methods for detection of 
virulence markers of H. pylori in order to tailor optimal treatments for each patient. Further invest-
igation should be performed regarding associations between H. pylori virulence factors and 
ethnicity.

Key Words: Helicobacter pylori; Virulence factors; Vacuolating cytotoxin A; Cytotoxin-associated gene A; 
Urease activity

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In recent years, associations have been found between virulence markers of Helicobacter pylori 
and gastrointestinal disorders. In parallel, several physicians in northern Israel noted a higher treatment 
failure rate among Arab patients compared to Jewish patients. This work found a significant correlation 
between disease severity and patient ethnicity (P = 0.002). Further, a higher level of urease activity was 
associated with isolates originating from the Jewish population. Moreover, higher urease activity levels 
were measured among CagA-/s1m1 and CagA-/s2m2 isolates. These findings are expected to advance 
personalization of treatment to specific strains based on their virulence factors.

Citation: Roshrosh H, Rohana H, Azrad M, Leshem T, Masaphy S, Peretz A. Impact of Helicobacter pylori 
virulence markers on clinical outcomes in adult populations. World J Gastroenterol 2023; 29(1): 190-199
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/190.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.190

INTRODUCTION
Helicobacter pylori (H. pylori) is a microaerophilic, Gram-negative bacterium that colonizes the gastric 
mucosa and infects the stomach epithelium, causing peptic ulcer disease[1]. Unrelenting H. pylori 
infections cause chronic inflammation, which can result in gastritis, intestinal metaplasia, and even 
gastric cancer[1].

The genetic variability of H. pylori and its host, combined with environmental factors, have been 
suggested to affect the clinical outcome[1-3]. H. pylori pathogenesis is mediated via distinct virulence 
factors, including the secreted vacuolating cytotoxin A (VacA), cytotoxin-associated gene A (CagA) 
protein, and urease[1,2]. VacA is one of the main toxins secreted by the bacterium; once bound to host 
cells and internalized, it causes “vacuolation,” characterized by the accumulation of large vesicles that 
disrupt protein trafficking pathways. Two polymorphic regions in the VacA gene sequence are the 
signal sequence region (s-region) and the mid region (m-region), with allelic variations classified as s1 or 
s2 and m1 or m2, respectively[3]. It was suggested that isolates with a s1/m1 genotype cause more severe 
chronic inflammation compared to the other VacA genotypes[4].

H. pylori strains can be divided into two main subpopulations according to their ability to produce 
CagA, a 120-145 kDa protein associated with gastric carcinoma. The protein interferes with cellular 
signal transduction, provoking cellular dysfunction that can eventually lead to cell transformation and 
cancer[5].

Along with VacA and CagA, urease activity in H. pylori is an indicator of bacterial virulence. Urease is 
a metalloenzyme that requires nickel for its activity and consists of two components, UreA and UreB. 
The enzyme breaks down urea into ammonia and carbon dioxide, promoting bacterial survival in the 
acidic environment of the stomach. In addition, urease is involved in H. pylori colonization in the gastric 
tissue, prevention of phagocytosis, and induction of proinflammatory cytokines[6,7].

In addition to the virulence factors that may affect the efficacy of H. pylori eradication regimens, 
antibiotic resistance poses a major challenge to treatment success. Several physicians in northern Israel 
noted that the Arab population has a higher treatment failure rate compared to the Jewish population, a 
finding which triggered a study that examined antibiotic resistance of H. pylori among these two groups 
in Israel[8]. Indeed, isolates from the Arab population were more resistant to both clarithromycin and 
levofloxacin and exhibited simultaneous resistance to more antibiotics as compared to isolates from 
Jewish patients[8]. The current study further examined the characteristics of H. pylori in adult Arab and 
Jewish populations in northern Israel, with an emphasis on the three virulence markers of H. pylori and 
their correlation with clinical outcomes.

https://www.wjgnet.com/1007-9327/full/v29/i1/190.htm
https://dx.doi.org/10.3748/wjg.v29.i1.190
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MATERIALS AND METHODS
Study population
The study group included 108 isolates of patients who underwent gastroscopy at the Baruch Padeh 
Medical Center, Poriya, due to symptomatic gastroduodenal pathologies as part of the H. pylori workup 
between November 2018 and December 2019. We included the first 108 biopsies from which H. pylori 
was successfully isolated at the microbiology laboratory of the medical center. The study was approved 
by the Helsinki Committee of the Baruch Padeh Medical Center, Poriya (Approval no. POR 0007-20). 
The Institutional Review Board committee waived the need for participant approval. Gastric biopsy 
specimens were collected from the antrum of the stomach. Clinical pathology tests were performed to 
assess the patients’ clinical conditions. Demographic and clinical data were retrospectively collected 
from the patients’ medical records.

Histology staining and pathology
Gastric biopsy specimens were stained using hematoxylin and eosin staining method in order to 
identify H. pylori and to evaluate the degree of inflammation. The bacterium has an actively dividing 
spiral shape that changes to coccoid morphology under stressful environments.

All histologic slides were reviewed by a single blinded gastrointestinal pathologist at the pathology 
laboratory of the Baruch Padeh Medical Center, Poriya and graded unremarkable (none), mild, 
moderate, or severe, based on the presence of acute (polymorphonuclear cells) or chronic (monocytes, 
lymphocytes, plasma cells) inflammation, lymphoid aggregates, and metaplasia.

Bacterial isolation and identification
H. pylori identification was carried out in accordance with the routine identification tests of the clinical 
microbiology laboratory including a Gram stain, oxidase, catalase, and urease tests.

Biopsy specimens were manually minced with a sterile scalpel, seeded on modified BD Helicobacter 
Agar plates (BD Diagnostics, Sparks, MD), and incubated for 7 d at 35 °C in a microaerobic atmosphere 
(5% O2 and 10% CO2) produced by a gas-generating system adapted for Campylobacter (CampyGen™; 
Gamidor Diagnostics, Petah Tikva, Israel).

Final identification of the bacteria was performed by matrix-assisted laser desorption ionization-time 
of flight mass spectrometry[9], using the Bruker Biotyper system (Bruker Daltonics, Bremen, Germany) 
with MALDI BIOTYPER 3.3 (Bruker Daltonics) software.

Molecular characterization of genes associated with bacterial virulence
DNA extraction: Tissue collected from gastroscopic biopsy was finely chopped with a sterile scalpel and 
then lysed by tissue lysis buffer supplemented with proteinase K enzyme (Bioneer, Daejeon, Korea). 
Total DNA was extracted using the AccuPrep Genomic DNA Extraction Kit (Bioneer, Daejeon, Korea), 
according to the manufacturer’s instructions.

Multiplex PCR assay: DNA was amplified with a multiplex PCR, designed to detect the VacA and CagA 
genes in a single run, using specific primers (Table 1). For this purpose, 10 μL Taq ReadyMix2 (Hy labs, 
Rehovot, Israel) was added to 0.2 μL forward primer, 0.2 μL reverse primer, 4 μL template DNA, and 5.6 
μL nuclease-free water. Reaction conditions were 35 cycles of: Denaturation of the pre-amplified 
templates at 95 °C for 1 min, followed by an annealing step at 72 °C for 1 min, an extension step at 25 °C 
for 1 min and one additional extension step for 7 min. PCR products were visualized by 1% agarose gel 
electrophoresis.

Urease activity
Urease activity was quantified using the rapid urease test in a 96-well plate. For this purpose, bacteria 
were placed in a sterile Eppendorf tube containing sterile physiological solution until 0.5 McFarland 
turbidity was reached. Rapid Urease Test Brute solution (100 μL; Novamed, Jerusalem, Israel), 
containing 2% urea, pH 6.8, was then added to each well, along with 100 μL of the bacterial stock. Then, 
absorbance at 570 nm (optical density, O.D570) was measured after 1 min, 5 min and 10 min using the 
Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific, Waltham, MA, United States)[10]. A 
change in the solution color from orange to pink was considered a positive result.

Statistical analysis
Continuous variables (age, urease activity) were presented as means and ranges with standard 
deviations and categorical variables (sex, disease severity, ethnicity, living area, genotypes) were 
presented as absolute numbers and percentages. T test or one-way analysis of variance was used to 
compare continuous variables of two or more groups and Fisher’s exact test to assess the relationship 
between categorical variables. P value < 0.05 indicated statistical significance. Statistical analysis was 
performed using R Statistical Software (version 4.1; R Foundation for Statistical Computing, Vienna, 
Austria).
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Table 1 List of genes and primer sequences used in the study

Primer Gene Primer sequence Product size (bp)

CAGAF CagA 5’-GATAACAGGCAAGCTTTTGAGG-3’ 349

CAGAR 5’-CTGCAAAAGATTGTTTGGCAGA-3’

VA1-F VacA signal region 5’-ATGGAAATACAACAAACACAC-3’ 259/286 (s1/s2)

VA1-R 5’-CTGCTTGAATGCGCCAAAC-3’

VAG-F VacA middle region 5’-CAATCTGTCCAATCAAGCGAG-3’ 567/642 (m1/m2)

VAG-R 5’-GCGTCTAAATAATTCCAAGG-3’

VacA: Vacuolating cytotoxin A; CagA: Cytotoxin-associated gene A.

RESULTS
Demographic characteristics
In total, 108 patients [average of 42.3 (18.0-88.0) years] were enrolled in this study, 24% of whom were 
males and 76% of whom were females (Table 2). Within the study group, 56 were Arabs and 52 were 
Jews; 61.1% lived in a city and 33.9% lived in a village. A larger percentage of the Arab vs Jewish cohort 
lived in villages (62.5% vs 13.5%, respectively).

VacA and CagA genotypes
To characterize the common CagA and VacA genotypes in the patient population, 108 isolates were 
randomly selected, of which 56 originated from the Arab cohort and 52 from the Jewish cohort (Table 3). 
CagA was identified in 24 (22.2%) samples and was distributed equally between the two ethnic groups. 
However, it had a higher frequency among isolates from patients living in villages (67.7%) compared to 
isolates from those living in cities (33.3%) (P = 0.149). The most prevalent VacA genotype was s2m1. No 
statistically significant associations were noted between the different genotypes and demographic 
characteristics.

A significant association was found between the presence of CagA and specific VacA genotypes (P = 
0.002) (Figure 1); 33.3% of the CagA-positive strains had the s1m1 genotype, which is considered the 
most virulent genotype[7]. Additionally, 61.9% of the CagA-negative strains had the s2m1 genotype.

Urease activity
Urease activity was found to be faster in isolates from the Jewish population compared to isolates from 
the Arab population. This was observed at all tested time points (1 min, 5 min, and 10 min; P < 0.05 for 
all). The results of the first-minute measurements are presented in Figure 2. No significant associations 
were found between urease activity and patient’s sex, place of residence and the presence of the CagA 
gene.

In addition, urease activity in CagA (-) s2m2 strains (mean O.D 0.33) and in CagA (-) s1m1 isolates 
(mean O.D 0.32) were significantly higher than urease activity in CagA (-) s1m2 (mean O.D 0.28), (P = 
0.013 and P = 0.016, respectively) (Figure 3).

Associations between virulence factors, patient ethnicity and disease severity
A significant association was found between disease severity and ethnicity (P =0.002) (Table 4); in 
patients with mild disease, 58% were Jews while 42% were Arabs. In patients with moderate disease, 
75.7% were Arabs compared to 24.3% Jews. Finally, the severe group included 66.7% Arabs compared to 
33.3% Jews. No significant links were found between disease severity and urease activity, CagA gene 
occurrence, VacA alleles, and genotype combinations.

DISCUSSION
The main purpose of this study was to evaluate and compare the virulence markers of H. pylori among 
two adult populations in northern Israel and their correlation with clinical outcomes. It should be noted 
that, due to its special growth requirements and slow growth, cultivation of H. pylori is difficult. As a 
result, the diagnosis of H. pylori infection is usually performed, as opposed to diagnosis of other 
bacterial infections, on the basis of indirect tests that do not require bacterial isolation[11]. This is the 
reason why there is limited data on the distribution of virulence factors and their associations with 
clinical outcomes among H. pylori isolates in Israel.
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Table 2 Demographic characteristics of the study participants, n (%)

Characteristic Arabs, n = 56 Jews, n = 52 Total, n = 108

Sex

Male 14 (25) 39 (23) 26 (24)

Female 84 (75) 64 (77) 82 (76)

Age, yr

Average (range) 40.93 (18-81) 43.65 (18-88) 42.30 (18-88)

Area of residence

City 21 (37.5) 45 (86.5) 66 (61.1)

Village 35 (62.5) 7 (13.5) 42 (33.9)

Table 3 The prevalence of vacuolating cytotoxin A alleles and cytotoxin-associated gene A vs patient demographics

VacA genotype
Characteristic CagA-positive, n = 24 CagA-negative, n = 84 P

s1m1 s1m2 s2m1 s2m2
P

Ethnicity 0.834 0.729

Arabs 12 (50.0) 40 (47.6) 11 (21.2) 11 (21.2) 27 (51.9) 3 (5.8)

Jewish 12 (50.0) 44 (52.4) 8 (14.3) 15 (26.8) 31 (55.4) 2 (3.6)

Sex 0.623 0.214

Male 7 (29.2) 29 (34.5) 6 (16.7) 5 (13.9) 22 (61.1) 3 (8.3)

Female 17 (70.8) 55 (65.5) 13 (18.1) 21 (29.2) 36 (50.0) 2 (2.8)

Residence 0.149 0.055

Village 16 (67.7) 42 (50.0) 8 (13.8) 17 (29.3) 28 (48.3) 5 (8.6)

City 8 (33.3) 42 (50.0) 11 (22.0) 9 (18.0) 30 (60.0) 0 (0)

VacA: Vacuolating cytotoxin A; CagA: Cytotoxin-associated gene A.

CagA was found in 22.2% of the detected strains. This rate is a bit lower than expected according to 
previous studies; the prevalence of the cytotoxin-associated gene pathogenicity island, which includes 
CagA, varies between different geographic areas, ranging from 95% in Western and South Africa and 
East and Central Asia to 28% in Latin America. In Europe, approximately 58% of the H. pylori strains 
carry the CagA gene, while in the Middle East, CagA was detected in approximately 50% of the strains
[12,13]. As only a sample of our isolates were tested for the presence of CagA, it is possible that a higher 
prevalence of this gene exists among H. pylori strains in Israel.

We did not find significant differences in the distribution of CagA between the two populations. 
Interestingly, Muhsen et al[14], who also investigated H. pylori isolates in Arab and Jewish populations, 
demonstrated higher CagA IgG antibodies in the Arab population. Another study, performed in Israeli 
children and adolescents, found higher H. pylori seroprevalence among Arab participants as compared 
to Jewish participants[15].

Regarding the virulence factor VacA, s2m1 genotype was the most common, present in 53.3% of the 
isolates, while only 17.6% carried the s1m1 genotype. In a study conducted in South Africa, s1m1 was 
the most common genotype (56.4%), while the s2m1 genotype was present in only 10.3%[16]. In a similar 
study conducted in Iran, the most common genotype was s2m2, found in 50% of the isolates[17]. It 
should be noted that the frequency of the alleles in different populations is influenced by several factors, 
including evolution, natural selection, mutations, and genetic drift[18].

CagA was identified most frequently together with the VacA genotype s1m1 (P = 0.02), which is 
considered the most virulent[4]. This result reinforces evidence from a previous study, which found that 
most VacA s1 strains carry CagA as well[19,20]. Previous studies suggested that the presence of CagA 
together with certain genotypes of VacA can indicate disease severity. For example, its appearance with 
the genotype s1m2 or s1m1 was correlated with the appearance of peptic ulcers, while its appearance 
with s2m2 was correlated with gastritis[17]. In light of the above, it is important to profile the VacA and 
CagA variants in patients in order to assess disease progression. This may aid in optimizing medical 
treatment.
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Table 4 Associations between virulence factors, patient ethnicity, and disease severity, n (%)

Disease severity

Unremarkable, n = 18 Mild, n = 50 Moderate, n = 37 Severe, n = 3 Total, n = 108
P value

Ethnicity 0.002

Arab 5 (27.8) 21 (42.0) 28 (75.7) 2 (66.7) 56 (51.9)

Jewish 13 (72.2) 29 (58.0) 9 (24.3) 1 (33.3) 52 (48.1)

Urease activity

t1 0.32 (0.05) 0.29 (0.06) 0.29 (0.07) 0.30 (0.06) 0.30 (0.06) 0.273

t5 0.32 (0.05) 0.30 (0.05) 0.29 (0.07) 0.34 (0.02) 0.30 (0.06) 0.174

t10 0.32 (0.05) 0.30 (0.06) 0.30 (0.06) 0.35 (0.04) 0.30 (0.06) 0.171

t15 0.33 (0.04) 0.31 (0.05) 0.31 (0.06) 0.36 (0.03) 0.31 (0.05) 0.245

CagA gene 0.534

CagA- 13 (72.2) 41 (82.0) 27 (73.0) 3 (100) 84 (77.8)

CagA+ 5 (27.8) 9 (18.0) 10 (27.0) 0 (0) 24 (22.2)

VacA s allele 0.651

VacA s1 5 (27.8) 22 (44.0) 16 (43.2) 1 (33.3) 44 (40.7)

VacA s2 13 (72.2) 28 (56.0) 21 (56.8) 2 (66.7) 64 (59.3)

VacA m Allele 0.652

VacA m1 3 (16.7) 14 (28.0) 7 (18.9) 1 (33.3) 25 (23.1)

VacA m2 15 (83.3) 36 (72.0) 30 (81.1) 2 (66.7) 83 (76.9)

Genotype 0.926

CagA+/s1m1 0 (0) 3 (6.0) 4 (10.8) 0 (0) 7 (6.5)

CagA+/s1m2 1 (5.6) 2 (4.0) 3 (8.1) 0 (0) 6 (5.6)

CagA+/s2m2 2 (11.1) 2 (4.0) 2 (5.4) 0 (0) 6 (5.6)

CagA+/s2m1 1 (5.6) 1 (2.0) 1 (2.7) 0 (0) 3 (2.8)

CagA-/s1m1 2 (11.1) 7 (14.0) 2 (5.4) 1 (33.3) 12 (11.1)

CagA-/s1m2 2 (11.1) 11 (22.0) 7 (18.9) 0 (0) 20 (18.5)

CagA-/s2m2 10 (55.6) 22 (44.0) 18 (48.6) 2 (66.7) 52 (48.1)

CagA-/s2m1 0 (0) 2 (4.0) 0 (0) 0 (0) 2 (1.9)

VacA: Vacuolating cytotoxin A; CagA: Cytotoxin-associated gene A.

Apart from VacA and CagA, urease activity is another indicator of H. pylori virulence. We found a 
higher urease activity among isolates from the Jewish population as compared to those from Arabs (P < 
0.005). No previous study has investigated this issue. As urease activity is influenced by specific food 
ingredients such as isothiocyanates[10] and essential oils[21], variations in nutrition habits may explain 
the difference in urease activity between isolates from Arab and Jewish patients. Further studies are 
needed to confirm our result and investigate its meaning.

Significant differences in urease activity were noted among isolates with specific CagA and VacA 
genotype combinations. Both CagA (-) s1m1 and CagA (-) s2m2 showed the highest urease activity. This 
result shows that the absence of CagA may result in increased urease activity, especially when combined 
with the most virulent alleles of the VacA gene, s1m1, as previously suggested[6].

Given that antibiotic resistance was found to be higher in the Arab population[8], we cautiously 
suggest that increased urease activity does not coincide with increased antibiotic resistance. In our 
preliminary analysis, no significant correlation was found between disease severity and urease activity. 
These results were quite surprising as previous studies did report on such associations[22]. It is possible 
that this contradiction is due to our relatively small sample size. However, we did find a significant 
correlation between ethnicity and disease severity (P = 0.002). This finding may be ascribable to 
differences in health-related lifestyle between different ethnic groups as well as differences in 
socioeconomic conditions along with cultural and social customs between groups related to their 
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Figure 1 Distribution of the different vacuolating cytotoxin A genotypes (percentage) among 108 isolates, according to cytotoxin-
associated gene A presence. VacA: Vacuolating cytotoxin A; CagA: Cytotoxin-associated gene A. aP < 0.05.

Figure 2 Urease activity in relation to ethnicity, sex, cytotoxin-associated gene occurrence, and place of residence. A: Ethnicity; B: Sex; C: 
Cytotoxin-associated A gene occurrence; D: Place of residence. Urease activity (indicated by O.D) was measured 1 min after incubation of bacteria with urea 
solution, as described in the Materials and Methods section. VacA: Vacuolating cytotoxin A; CagA: Cytotoxin-associated gene A.

residential environments, which can undoubtedly affect morbidity. Furthermore, it can also be 
explained by the high antibiotic resistance found among the Arab population[8].

CONCLUSION
Our study highlighted the importance of incorporating molecular methods for detection of virulence 
markers of H. pylori in order to tailor optimal treatments for each patient. Further investigation should 
be performed regarding associations between H. pylori virulence factors and ethnicity.
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Figure 3 Urease activity as a function of isolate genotype combination. Urease activity was measured 1 min, 5 min, and 10 min after incubation of 
bacteria with urea solution, as described in the Materials and Methods section. The minimal, maximal, and median of mean urease activity values are shown (the 
median is indicated by the line within the bar) per each group of isolates with a different genotype of cytotoxin-associated gene A and vacuolating cytotoxin A genes. 
O.D: Optical density; VacA: Vacuolating cytotoxin A; CagA: Cytotoxin-associated gene A. aP < 0.05.

ARTICLE HIGHLIGHTS
Research background
Helicobacter pylori (H. pylori) is a microaerophilic, Gram-negative bacterium that colonizes the gastric 
mucosa and infects the stomach epithelium, causing peptic ulcer disease. The genetic variability of H. 
pylori and its host, combined with environmental factors, have been suggested to affect the clinical 
outcome. H. pylori pathogenesis is mediated via distinct virulence factors, including the secreted 
vacuolating cytotoxin A, cytotoxin-associated gene A, and urease.

Research motivation
In recent years, associations between specific virulence markers of H. pylori and gastrointestinal 
disorders have been suggested.

Research objectives
To investigate the distribution of three virulence factors among isolates from both Arab and Jewish 
populations and to assess their impact on clinical presentations.

Research methods
We enrolled 108 patients tested for the presence of vacuolating cytotoxin A and cytotoxin-associated 
gene A genes and evaluated the urease activity levels. We assessed the clinical state of the patients by 
hematoxylin and eosin staining of the gastric biopsies from which the bacteria were recovered.

Research results
We found associations between disease severity and ethnicity and between some of the virulence factors 
to ethnicity.

Research conclusions
Our study highlighted the importance of incorporating molecular methods for detection of virulence 
markers of H. pylori in order to tailor optimal treatments for each patient.

Research perspectives
Further investigation should be performed regarding associations between H. pylori virulence factors 
and ethnicity.
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Abstract
BACKGROUND 
Information on liver involvement in patients with coronavirus disease 2019 is 
currently fragmented.

AIM 
To highlight the pathological changes found during the autopsy of severe acute 
respiratory syndrome coronavirus 2 positive patients.

METHODS 
A systematic literature search on PubMed was carried out until June 21, 2022.

RESULTS 
A literature review reveals that pre-existing liver disease and elevation of liver 
enzyme in these patients are not common; liver enzyme elevations tend to be seen 
in those in critical conditions. Despite the poor expression of viral receptors in the 
liver, it seems that the virus is able to infect this organ and therefore cause liver 
damage. Unfortunately, to date, the search for the virus inside the liver is not 
frequent (16% of the cases) and only a small number show the presence of the 
virus. In most of the autopsy cases, macroscopic assessment is lacking, while 
microscopic evaluation of livers has revealed the frequent presence of congestion 
(42.7%) and steatosis (41.6%). Less frequent is the finding of hepatic inflammation 
or necrosis (19%) and portal inflammation (18%). The presence of microthrombi, 
frequently found in the lungs, is infrequent in the liver, with only 12% of cases 
presenting thrombotic formations within the vascular tree.

https://www.f6publishing.com
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CONCLUSION 
To date, the greatest problem in interpreting these modifications remains the association of the 
damage with the direct action of the virus, rather than with the inflammation or alterations 
induced by hypoxia and hypovolemia in patients undergoing oxygen therapy and decompensated 
patients.

Key Words: Liver; COVID-19; Autopsy; Immunohistochemistry; In situ hybridization; Immunofluorescence

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: A literature review, about liver pathology in coronavirus disease 2019 (COVID-19) patients, 
demonstrates the presence of liver damage, which is represented mainly by congestion, steatosis, hepatic 
inflammation and necrosis, and portal inflammation. The problem to date is whether the damage is 
COVID-19 related (meaning from direct virus damage/inflammatory related/systemic pathology related) 
or drug induced. However, this demonstration involves the need to be careful during drug treatment in 
patients with altered liver enzyme values to prevent further clinical worsening.

Citation: Zanon M, Neri M, Pizzolitto S, Radaelli D, Concato M, Peruch M, D'Errico S. Liver pathology in 
COVID-19 related death and leading role of autopsy in the pandemic. World J Gastroenterol 2023; 29(1): 200-220
URL: https://www.wjgnet.com/1007-9327/full/v29/i1/200.htm
DOI: https://dx.doi.org/10.3748/wjg.v29.i1.200

INTRODUCTION
The new coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has been well studied in relation to pulmonary and cardiac histologic 
manifestations, but little is yet known regarding hepatic manifestations. COVID-19 has, in fact, to be 
considered a systemic infectious and inflammatory disease with histological changes also in other 
organs apart from its main target represented by the lungs. Liver involvement to date is recognized and 
defined as any liver damage occurring during the course of the disease or its treatment[1], meaning that 
liver damage can be caused by direct cytotoxicity or inflammatory response and hypoxic/cardio-
vascular changes, or it may be drug-induced[2-4]. SARS-CoV-2 liver tropism is also well studied, with 
many authors demonstrating the presence of angiotensin converting enzyme 2 (ACE2) receptor and 
transmembrane serine protease 2 in the liver, mainly expressed on cholangiocytes, where the levels of 
expression are similar to those on alveolar cells, though they are only minimally expressed on 
hepatocytes. No ACE2 expression was demonstrated on sinusoidal endothelial cells or Kupffer cells, 
apart from Wanner et al[5] who demonstrated minimal expression of ACE2 on Kupffer cells through 
immunofluorescence and Pirisi et al[6] who demonstrated the presence of virus-like particles in 
endothelial cells of hepatic sinusoids. Curiously, in patients with liver fibrosis/cirrhosis and in cases of 
hypoxia, the expression of ACE2 is increased, therefore pre-existing liver injury or hypoxic conditions, 
common in patients with COVID-19, could favor SARS-CoV-2 liver tropism[4,7-9]. Liver infection could 
also be explained by its immunological role and the proximity to the digestive organs, which exhibit a 
strong SARS-CoV-2-tropism, that could favor the entry of the virus through the portal system. Hepatic 
macrophages (mainly Kupffer cells) and sinusoidal endothelial cells have a key role in the activation of 
the immune response through pathogen recognition receptors, thus favoring virus entry[10].

The incidence of liver injury in COVID-19 patients is seen in 14%-53% cases[9,11,12] mainly 
demonstrated through abnormal liver function enzymes. In the literature, only a small number of 
studies focus on liver damage and even fewer on histological changes in patients who died with or from 
COVID-19. The purpose of this review is to summarize the results of studies in the literature and 
evaluate the biochemical and histological changes in the liver, demonstrating that the execution of 
autopsies is not obsolete, but represents a fundamental tool to create a bridge between clinical manifest-
ations and cytological damage.

MATERIALS AND METHODS
A systematic literature search on PubMed was carried out until June 21, 2022. No time restrictions were 
applied. The review was conducted using MeSH terms, Boolean operators, and free-text terms to 
broaden the research. Studies focusing on autopsies of COVID-19 deaths and in particular on liver 
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pathology were initially searched using the terms “((COVID-19) AND (autopsy) AND ((death) OR 
(liver))” in title, abstract, and keywords. Study design included case reports, case series, and 
retrospective and prospective studies. Reviews were excluded in order not to create duplication of data, 
but were analyzed to search for any studies not resulting from the search in the database. No 
unpublished or gray literature was searched. A total of 526 articles were found in the database. The 
evaluation of references during full text screening allowed the inclusion of further seven studies. After 
evaluation of abstracts and full text, 46 articles were included because of their compliance with the 
inclusion criteria. We also conducted a relevant search using Reference Citation Analysis (
https://www.referencecitationanalysis.com/) database to supplement and improve the highlights of 
the latest cutting-edge research results. Data from each included study were extracted using Microsoft 
Excel spreadsheets, including information on authors, publishing year, nation, sample size, gender, age, 
type of autopsy, laboratory results, pre-existing liver disease, macroscopic and microscopic results, 
additional staining, cause of death, medications, and search of the virus in the liver (Table 1).

RESULTS
Demographics
A total of 11 case reports and 35 case series were analyzed, with a total of 994 autopsy cases of COVID-
19 patients. Studies were from all over the world: One from Hungary, Romania, Japan, South Africa, 
and United States in association with Brazil each, two from Austria, Belgium, India, Iran, and Turkey 
each, three from the United Kingdom, four from Italy, five from Germany, Switzerland, and China each, 
and nine from the United States. Gender was specified in 882 cases, of whom 54% (540) were male and 
35% (342) were female. Age ranged from 18 to 102 years with a mean age of 53 years. Age distribution is 
summarized in Figure 1.

Liver disease
Pre-existing liver diseases were described in 61 (6%) cases, comprising 28 cases of fatty liver disease, 19 
cases of chronic liver disease, 11 cases of cirrhosis, and 1 case each of hepatitis B and C. In 161 cases, 
body mass index (BMI) was over 30 kg/m2.

Laboratory findings
Laboratory values of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were 
described in 350 cases, with only 1 case described with values within the ranges of normality. The 
description of the laboratory values differed somewhat between the various studies, with only 5 studies 
(55 cases) reporting AST and ALT values at admission and 8 (64 cases) reporting the maximum values 
during hospitalization. Additional 4 reports for AST (51 cases) and 5 papers for ALT (61 cases) described 
the laboratory values without specifying the timing of the sampling. Data is summarized in Table 2. 
Abnormal AST and ALT values were described in 105 and 91 additional cases, respectively.

Hospitalization and medications
For the subsequent analysis of the macroscopic and microscopic findings, it was decided to evaluate 
whether the patients were hospitalized and whether drug therapies capable of causing liver alterations, 
such as antibiotics, antivirals, and quinine, were administered. In 861 cases the place where the death 
took place was described. In 752 cases the patient was hospitalized and died in hospital, 76 cases died at 
home, 22 cases died in community settings, and 11 cases were not hospitalized and died in other 
circumstances such as car accidents and falls from a height. In 133 cases a hospital stay or the place of 
death was not described. Medication administration was described in 201 cases, of which 22 were 
administered with hydroxychloroquine only. In 41 cases quinine was administered together with an 
antibiotic or antiviral, in 17 cases antibiotics and antivirals were given, and in 56 only an antibiotic was 
administered. In 766 cases the administration of hepatotoxic drugs was not reported.

Type of autopsy
Autopsies were performed in all 994 cases; in 508 (51%) cases autopsies were complete, of which 2% (22) 
had a complete autopsy without the evaluation of the brain to avoid the risk of COVID-19 infection, in 
38% (372) of the cases a core biopsy was performed, in 51 (5%) cases a partial autopsy was carried out, 
and in 41 cases information about the type of autopsy performed was not reported.

Macroscopic results
Macroscopic results were described in only 265 (27%) cases. The most frequent finding, in 79 cases, was 
the presence of congestion, followed by steatosis in 39 cases. A nutmeg or yellow aspect of the liver 
surface was seen in 16 cases, a fibrosis-indurated consistency in 6 cases, and only 1 case showed the 
macroscopic presence of cancer. Lastly, 11 livers were described of increased size (hepatomegaly) and 10 
livers as normal. For 144 patients weight was reported; mean weight was 1805 g with a range from 520 

https://www.referencecitationanalysis.com/
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Table 1 Literature review results

Ref. Country Cases (n) Age (mean, 
range) Sex Type of 

autopsy

Pre-existing 
liver 
disease or 
other 
diseases

Laboratory 
findings 

Macroscopi
-c results

Microscopi-
c results

Additional 
stainings

Cause of 
death Medications Hospitalizat

-ion 

Virus 
identificatio
-n in liver

Aguiar et al
[13], 2020

Switzerland 1 31 F Complete Obesity NR Nutmeg 
appearance

Microabs-
cesses

None Respiratory 
failure in 
COVID-19

None Home death No search 

Arslan et al
[14], 2021 

Turkey 7 56, 43-68 M 6, F 1 Partial 3 obesity, 2 
hypertension, 
1 in 
hemodialysis

NR NR 4 mild 
steatosis, 1 
biliary 
microhamart-
oma

None Respiratory 
failure in 
COVID-19

NR 5 hospit-
alized, 2 NR

No search 

Barton et al
[15], 2020 

United States 2 59, 42-77 M 2 Complete 2 obesity, 1 
hypertension 
and 1 
myotonic 
muscular 
dystrophy

NR Case 1: 
weight: 2232 
g, steatosis. 
Case 2: 
weight: 1683 
g, cirrhosis

Nr None 1 respiratory 
failure in 
COVID-19, 1 
complic-
ations of 
hepatic 
cirrhosis 

NR 1 hospit-
alized and 1 
home death

No search 

Beigmo-
hammadi et 
al[16], 2021 

Iran 7 68, 46-84 M 5, F 2 Core-biopsy 4 
hypertension, 
1 immuno-
compromised 
and 1 
valvular 
hearth 
disease

NR NR 7 congestion, 
7 steatosis, 7 
portal 
inflam-
mation, 7 
hepatitis, 4 
ballooning 
degeneration 
of 
hepatocytes, 
2 bile plugs, 7 
focal 
confluent 
necrosis, 4 
focal 
hepatocyte 
drop out

Masson’s 
trichrome: 1 
case of mild 
fibrosis

NR 7 were 
treated with 
hydroxychol-
orquine and 
6 with 
antivirals

All hospit-
alized

No search 

Bradley et al
[17], 2020 

United States 14 74, 42-84 M 6, F 8 7 partial and 
7 complete

5 obesity, 8 
hypertension, 
4 heart 
failure, 8 
CKD 

NR Congestion 10 
congestion, 9 
steatosis, 1 
toxic or 
metabolic 
disease, 4 
centrilobular 
necrosis, 3 
periportal 
inflammation

None 12 
respiratory 
failure in 
COVID-19, 2 
cardiovascula
-r failure 

NR All hospit-
alized 

2 positive 
and 1 
negative 
PCR-test, 11 
not tested. 14 
negative IHC 
and TEM
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Bryce et al
[18], 2020 

United States 92 NR NR Complete 28 fatty liver 
disease

NR NR 8 cirrhosis, 57 
early 
organizing 
thrombi in 
portal 
venules and 
terminal 
hepatic 
venules, 41 
congestion 
with some 
cases 
showing 
hemophago-
cytosis

None NR NR NR No search 

Bösmüller et 
al[19], 2020 

Germany 4 72, 59-79 M 3, F 1 Complete-no 
brain

2 HIV, 2 
hypertension

3 NR 1 with 
normal 
values

1 hepato-
spleno-
megaly and 1 
yellowish 
surface

Case 1: 
congestion 
and 
activation of 
Kupffer cells. 
Case 2: 
macrophages 
activation 
with signs 
hemophago-
cytosis

None 1 respiratory 
failure in 
COVID-19, 3 
MOF

1 had a MOF 
and was 
intubated, 1 
was treated 
with 
meropenem, 
1 was treated 
with ECMO

3 hospit-
alized and 1 
home death

Negative 
PCR-test 

Bugra et al
[20], 2021 

Turkey 100 55, 7-98 M 80, F 20 Partial NR NR NR 84 inflam-
mation, 54 
steatosis, 19 
glycogen-
isation, 9 
centilobulary 
necrosis, 18 
autolysis, 45 
congestion, 7 
endotheliitis, 
1 cirrhosis, 2 
fibrin 
thrombosis, 2 
bridging 
necrosis, 1 
granulo-
matous 
inflam-
mation, 23 
cholestasis

CD3+ in 
portal space

74 
respiratory 
failure in 
COVID-19 
and 26 NR

NR 25 hospit-
alized, 55 
home dead, 6 
falling from 
height, 5 car 
accidents and 
9 NR 

No search 

3 periportal 
fibrosis, 2 
necrosis, 5 
inflam-
mation, 7 
portal 
inflam-

Chornenkyy 
et al[21], 2021 

United States 8 58, 18-81 M 3, F 5 Complete 2 chronic 
liver disease 
(1 HCV and 1 
autoimmune 
hepatitis), 6 
obesity, 4 
hypertension

Peak AST: 
146 (20-1470) 
and ALT: 214 
(10-9961)

Yellowish 
surface and 
congestion

NR NR NR All hospit-
alized

4 positive 
and 4 
negative 
PCR-test 
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mation, 6 
congestion, 4 
steatosis, 6 
acute 
hepatitis

Danics et al
[22], 2021 

Hungary 100 75, 40-102 M 50, F 50 Complete 36 obesity, 6 
liver 
diseases, 85 
hypertension

41 elevated 
AST values 
and 27 
elevated ALT 
values

Average 
weight 1544 
g (range 520-
3046 g)

63 steatosis, 
43 portal 
fibrosis, 4 
cirrhosis, 11 
centrolobular 
necrosis, 87 
congestion, 
52 hepato-
cellular 
cholestasis

None NR NR All hospit-
alized

No search 

Del Nonno et 
al[23], 2021

Italy 3 69, 63-76 M 2, F 1 Complete NR Admission 
AST: 63 (31-
128) and 
ALT: 41 (19-
84) 

NR All cases 
showed 
steatosis, 
portal 
inflam-
mation, 
portal 
fibrosis, focal 
lobular 
inflam-
mation, zonal 
necrosis and 
congestion

IHC: CD8+ in 
portal 
inflam-
mation, CD34 
positive 
staining in 
the portal 
tract 
vasculature 
and 
sinusoids, 
Perl's 
staining for 
iron 
demonstrate-
d iron 
deposits into 
hepatocytes

All 
respiratory 
failure in 
COVID-19

1 NR, one 
with 
immunosup-
pressor 
(tocilizumab) 
and one with 
antibiotics + 
morphine. 
All had O2 
therapy (1 
CPAP and 2 
venturi 
mask)

All hospit-
alized

Negative 
PCR-test and 
IHC 
detection 
(nucleo-
capsid and 
nucleo-
protein) 

Edler et al
[24], 2020 

Germany 80 79, 52-96 M 46, F 34 Complete 6 obesity, 4 
cirrhosis

NR NR Congestion None 76 
respiratory 
failure in 
COVID-19, 1 
pericardial 
tamponade, 1 
sepsis and 2 
cardiovascula
-r failure

17 with NIV 51 hospit-
alized, 13 in 
nursing care 
homes, 12 
home deaths, 
1 in a hotel 
and 3 NR 

No search 

Elsoukkary et 
al[25], 2020 

United States 32 68, 30-100 M 22, F 10 Partial 17 
hypertension, 
12 obesity

AST: 567 (18-
6000) and 
ALT: 387 (12-
4885)

NR 9 steatosis, 6 
portal 
inflam-
mation, 3 
bridging 
fibrosis 
and/or 
cirrhosis

None NR 19 hydroxy-
chloroquine 
and 
antibiotics, 9 
only 
antibiotics

All hospit-
alized

No search 

Evert et al 7 obesity, 1 7 cholestasis, All did NIV, All hospit- 3 positive Germany 8 62, 44-73 M 4, F 4 Complete NR NR None 8 MOF
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[26], 2021 liver 
cirrhosis, 5 
hypertension

7 single-cell 
necrosis, 5 
fatty 
degeneration 
with 2 
showing 
marked 
steatosis, 2 
mild fibrosis, 
1 cirrhosis

dialysis and 
antibiotics. 5 
had ECMO

alized PCR-test 

Falasca et al
[27], 2020 

Italy 22 68, 27-92 M 15, F 7 Complete 1 obesity NR Congestion 11 inflam-
mation, 10 
congestion, 
12 steatosis

None All 
respiratory 
failure in 
COVID-19

NR All hospit-
alized

No search 

Fassan et al
[28], 2020 

Italy 26 82, 61-97 M 14, F 11 Complete 5 obesity, 1 
HCV-related 
cirrhosis

NR NR 1 cirrhosis, 22 
congestion, 5 
centrilobular 
parenchymal 
atrophy, 2 
fibrosis, 5 
sinusoidal 
diffuse 
microthromb
-i, 3 portal 
vein 
thrombosis, 2 
centroacinar 
necrosis, 26 
activation of 
Kupffer cells, 
1 portal 
inflam-
mation, 9 
steatosis

None NR NR NR Negative ISH 

Greuel et al
[29], 2021 

Germany 6 35, 26-46 M 3 F 3 Complete 1 obesity, 2 
right cardiac 
insufficiency, 
1 Ewing 
sarcoma

4 elevated 
AST and ALT 
values

NR 1 severe 
cholestasis, 1 
focal 
ischemic 
damage 2 
steatosis

None 3 MOF, 1 
acute 
mesenteric 
ischemia, 1 
cardiovascula
-r failure, 1 
hemorrhagic 
shock 

5 had ECMO 
and NIV

All hospit-
alized

Negative 
PCR-test 

Grosse et al
[30], 2020 

Austria 14 82, 55-94 M 9, F 5 Complete 1 liver 
cirrhosis, 8 
hypertension

Admission 
AST: 49 (12-
98) and ALT: 
25 (7-87) 

NR 13 steatosis, 
14 
congestion, 
12 portal 
lymphoid 
infiltration, 4 
portal 
fibrosis

None 2 
bronchopneu
-monia, 12 
NR

12 had 
antibiotics

All hospit-
alized

No search 

Hanley et al United 5 obesity, 4 Average 7 steatosis, 3 All hospit- 3 positive 10 73, 52-79 M 7, F 3 Complete NR None NR 4 NIV
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[31], 2020 Kingdom hypertension weight 1432 
g (range 
1012-2466) 
and 3 hepato-
megaly 

cirrhosis or 
bridging 
fibrosis

alized PCR-test (e 
gene) 

Hirayama et 
al[32], 2021

United 
Kingdom

19 71, 42-94 M 11, F 8 Complete 5 obesity, 8 
hypertension 

NR NR 12 steatosis, 5 
congestion, 4 
cirrhosis, 3 
portal 
inflammation

None NR NR All hospit-
alized

No search 

Hooper et al
[33], 2021 

United 
States-Brazil

135 61 M 80, F 55 36 core-
biopsy and 
99 partial 

34 obesity, 5 
liver disease, 
86 
hypertension 

NR NR 41 necrosis, 
37 steatosis, 
19 inflam-
mation, 7 
fibrosis, 6 
congestion, 5 
cirrhosis, 3 
cholestasis

None 101 
respiratory 
failure in 
COVID-19, 6 
cardiovascula
-r failure, 28 
NR 

NR All hospit-
alized

No search 

Ihlow et al
[34], 2021 

Germany 1 88 F Complete None Peak AST: 
1690 and 
ALT: 1632 

Subtotal liver 
dystrophy

Necrosis, 
cirrhosis, 
portal 
inflammation 

IHC for 
ACE2, 
TMPESS2 
and 
cathepsin L: 
strong 
membranous 
signals in 
intrahepatic 
bile duct 
epithelium

Acute liver 
failure

Antibiotics Hospitalized ISH positive 
in the bile 
duct 
epithelium 
and positive 
PCR-test

Lacy et al
[35], 2020 

United States 1 58 F Complete Obesity NR Weight 1990 
g

Steatosis and 
congestion

None Respiratory 
failure in 
COVID-19

NR Home death No search 

Lagana et al
[36], 2020 

United States 40 70, 66-80 M 28, F 12 NR 2 chronic 
liver disease, 
1 alcohol-
related 
cirrhosis, 1 
liver 
transplant 
with acute 
rejection and 
1 with anti-
HBV core 
antibody 
positivity

n = 33 
Admission 
AST: 63 (43-
92) and ALT: 
32 (19 - 55). 
Peak AST: 
102 (54-294) 
and ALT: 68 
(32-258)

2 fibrosis and 
1 had 
abscesses, 37 
with steatosis 
and 
congestion

20 lobular 
necroinflam-
mation, 20 
portal 
inflam-
mation, 10 
lobular 
apoptosis, 30 
steatosis, 32 
congestion, 
16 
centrilobular 
necrosis, 15 
cholestasis

None NR 22 steroids, 
19 hydroxy-
chloroquine, 
and 6 
received 
tocilizumab

All hospit-
alized

11 positive 
and 9 
negative 
PCR-test

2 obesity, 9 
hypertension, 
1 Hodgkin 
lymphoma 

11 steatosis, 8 
congestion, 7 
necrosis, 10 
Kupffer cell 

Lax et al[37], 
2020 

Austria 11 82, 75-91 M 8, F 3 Partial AST: 66 (17-
189) and 
ALT: 41 (19-
98)

NR None Pulmonary 
arterial 
thrombosis

2 NIV, 9 
AIRVO and 9 
had 
antibiotics

All hospit-
alized

No search 
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and 1 
bladder 
carcinoma

proliferation, 
6 portal 
fibrosis, 8 
inflam-
mation, 8 
ductular 
proliferation

Malik et al
[38], 2021 

India 1 31 F Complete None NR Congestion Congestion, 
mild chronic 
inflammatory 
infiltrate in 
some portal 
tract, and 
occasional 
lymphocytic 
aggregate 
adjacent to 
central vein

None Respiratory 
failure in 
COVID-19

None Hospitalized Positive PCR-
test 

Menter et al
[39], 2020 

Switzerland 21 76, 53-96 M 17, F 4 17 complete 
and 4 partial

2 chronic 
liver disease, 
21 
hypertension, 
6 obesity

n = 10 AST: 
67.2 (22-214)

NR 7 steatosis, 5 
necrosis, 3 
ASH/NASH 

None Respiratory 
failure in 
COVID-19

NR All hospit-
alized

No search 

Nunes et al
[40], 2021 

South Africa 75 60, 49-68 M 29, F 46 Core- biopsy 41 
hypertension, 
20 HIV

NR NR 33 portal 
inflam-
mation, 24 
steatosis, 40 
sinusoidal 
inflam-
mation, 10 
lobular 
hepatitis, 9 
Kupffer cell 
activation, 11 
spotty 
necrosis, 4 
confluent 
necrosis, 6 
fibrosis, 26 
congestion, 7 
fibrin-platelet 
thrombi

None NR NR All hospit-
alized

No search 

Case 1: 
congestion, 
steatosis, 
periportal 
fibrosis and 
portal 
inflam-
mation, case 
2: nothing, 
case 3: 

Oprinca[41], 
2020 

Romania 3 59, 27-79 M 3 1 complete 
and 2 partial

1 choledochal 
preampular 
intraluminal 
obstruction

NR Case 1: 
choledochal 
preampullary 
intraluminal 
obstruction, 
case 2: 
normal, case 
3: hepato-
megaly and 
cirrhosis

None 2 respiratory 
failure in 
COVID-19, 1 
shock 
hemorrhagic

Case 1: 
antibiotics, 
corticost-
eroids and 
assisted 
oxygenation. 
Case 2: none 
(home 
death). Case 
3: none

2 hospit-
alized, 1 NR

No search 
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bridging 
fibrosis and 
portal 
inflammation

Rapkiewicz 
et al[42], 2020 

United States 7 NR, 44-65 M 3, F 4 Complete 5 obesity and 
7 
hypertension

NR NR 6 steatosis, 1 
cirrhosis, 6 
platelet-fibrin 
microthromb
-i in 
sinusoids, 2 
necrosis 

None Cardiovascul
ar failure 

5 azithro-
mycina and 
hydroxy-
chloroquine 
and O2 NIV

5 hospit-
alized, 2 
home deaths

No search 

Remmelink et 
al[43], 2020 

Belgium 17 72, 62-77 M 12, F 5 Complete 2 cirrhosis, 1 
liver 
transplant, 10 
hypertension 

NR 5 hepato-
megaly

7 congestion, 
1 steato-
necrosis, 10 
steatosis, 1 
cholestasis, 3 
chronic 
hepatitis, 2 
cirrhosis, 1 
centro-obular 
necrosis 

None 9 respiratory 
failure in 
COVID-19, 7 
MOF and 1 
NR

11 had 
mechanical 
ventilation

All hospit-
alized

14 positive 
and 3 
negative 
PCR-test 

Ren et al[44], 
2021 

China 1 53 F Complete None Admission 
AST: 27 and 
ALT: 24. 
Peak AST: 83 
and ALT: 93

Normal Nothing 
remarkable

None Respiratory 
failure with 
bacterial 
infection

She treated 
herself at 
home with 
Chinese herb 
medicine. In 
hospital 
intensive 
oxygen and 
supportive 
measurement
-s, extensive 
antibiotics 
and antiviral

Hospitalized Positive PCR-
test

Schmit et al
[45], 2020 

Belgium 14 63, 50-83 M 10, F 4 Complete 1 HIV, 1 non-
alcoholic 
steatohep-
atitis, 1 HCV-
hepatitis, 6 
obesity

Admission 
AST: 54 (15-
188) and 
ALT: 30 (7-
62). Peak 
AST: 2610 
(15-24176) 
and ALT: 854 
(10-7245)

Average 
weight 1988 
g (range 
1280-3220 g). 
8 cases 
yellowish 
appearance 6 
nutmeg 
appearance, 2 
indurated 
consistency, 1 
hepato-
cellular 
carcinoma, 1 
normal

11 
centrilobular 
necrosis, 9 
steatosis, 8 
lobular 
inflam-
mation, 12 
portal 
inflam-
mation, 4 
fibrosis, 5 
bile duct 
proliferation, 
5 cholestasis, 
5 iron 
overload

None 13 NR and 1 
acute 
mesenteric 
ischemia

8 hydroxy-
chloroquine 
and 
antibiotics, 4 
with 
antibiotics, 2 
with 
hydroxy-
chloroquine

All hospit-
alized

No search 

Schweitzer et Reduced Steatosis and Respiratory Switzerland 1 50 M Complete HIV NR None None Home death No search 
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al[46], 2020 consistency liver 
dystrophy 

failure in 
COVID-19

Shishido-
Hara et al
[47], 2021 

Japan 1 75 M Complete None NR Normal Portal 
inflammation

None Severe 
hemorrhage

Anti-viral 
therapy, 
antibiotics,  
O2 therapy

Hospitalized No search 

Sonzogni et al
[48], 2020 

Italy 48 71, 32-86 M 22, F 8 30 partial and 
18 complete - 
no brain

7 obesity 47 elevated 
values

NR 24 lobular 
inflam-
mation, 32 
portal 
inflam-
mation, 18 
confluent 
necrosis 18, 
26 steatosis, 
48 vascular 
thrombosis 
(35 portal, 13 
sinusoidal), 
37 fibrosis

None NR NR All hospit-
alized

No search 

Suess et al
[49], 2020 

Switzerland 1 59 M Complete None NR NR Steatosis and 
some single 
necrotic 
hepatocytes 

None Respiratory 
failure in 
COVID-19

NR Home death No search 

Tehrani et al
[50], 2022 

Iran 5 71, 55-85 M 3, F 2 Partial None AST: 275 
(106-528) and 
ALT: 392 
(168-978)

NR Congestion, 
hepatocytes 
mildly 
expanding 
and bile 
plugs

None 4 respiratory 
failure in 
COVID-19 
and 1 
cardiovascula
-r failure 

1 hydroxy-
chloroquine 
and 
antibiotics, 2 
with 
hydroxy-
chloroquine 
and anti-viral 
therapy, 1 
only anti-
viral therapy, 
1 anti-viral 
therapy + 
antibiotics

All hospit-
alized

No search 

Case 1: 
congestion, 
glycogen 
accumulation 
and focal 
steatosis, case 
2: 
regenerative 
nodules and 
fibrous 
bands, 
lobular 
inflammation 

Tian et al[51], 
2020 

China 4 73, 59-81 M 3, F 1 Core-biopsy 1 cirrhosis 
and 1 
hypertension

AST: 36,4 (30-
48.8) and 
ALT: 16 (11-
25.5)

NR None Respiratory 
failure in 
COVID-19

Antibiotics, 
antiviral 
therapy 
assisted 
oxygenation

All hospit-
alized

1 positive 
and 2 
negative 
PCR-test, 1 
was not 
tested
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and Kupffer 
cell 
activation, 
cases 3: 
Kupffer cell 
activation, 
case 4: 
periportal 
and 
centrilobular 
necrosis 

Varga et al
[52], 2020 

Switzerland 1 58 F NR Obesity and 
hypertension

NR NR Endotheliitis 
and necrosis

None MOF Dialysis Hospitalized No search 

Wang et al
[53], 2020 

China 2 50 and 79 M 1, F 1 Core-biopsy NR Case 1 peak 
ALT and AST 
of 70 U/L 
and 111 U/L, 
respectively. 
Case 2 peak 
ALT and AST 
of 76 and 236 
U/L

NR Case 1: 
apoptotic 
hepatocytes, 
steatosis, 
lobular 
inflam-
mation, 
portal 
inflam-
mation, case 
2: apoptotic 
bodies, 
steatosis, 
portal 
inflammation

IHC: case 1 
increased 
CD68 + cells 
in hepatic 
sinusoids 
and 
infrequent 
CD4+. Case 
2: many 
CD68+ cells 
in sinusoids

1 respiratory 
failure in 
COVID-19 
and 1 septic 
shock

Both had 
antiviral 
therapy and 
antibiotics

All hospit-
alized

2 positive 
TEM (viral 
particles exist 
without 
membrane-
bound 
vesicles) 

Wang et al
[54], 2020 

China 1 75 F Core-biopsy Chronic 
cardiac 
insufficiency, 
hypertension

Elevated AST 
and ALT 
values

NR Necrosis, 
activated 
histiocytes, 
occasional 
apoptotic 
hepatocytes, 
steatosis and 
cholestasis

None MOF NR Hospitalized Negative ISH 

Xu et al[55], 
2020 

China 1 50 M Core-biopsy NR NR NR Steatosis None Respiratory 
failure in 
COVID-19

Antibiotics, 
antiviral 
therapy and 
oxygenation

Hospitalized No search 

Yadav et al
[56], 2022

India 21 61, 25-84 M 15, F 6 Complete 6 obesity, 1 
hepatitis B, 1 
multiple 
myeloma

Admission 
AST: 95.4 
(18.9-760.4) 
and ALT: 
52,1 (13,2-
229,2). Peak 
AST: 162,6 
(19,8-760,4) 
and ALT: 75 
(21.8-229.2) 

NR 20 portal 
inflam-
mation, 17 
steatosis, 9 
lobular 
inflam-
mation, 1 
fibrosis, 1 
vascular 
thrombosis, 1 
necrosis

None 10 MOF, 1 
multiple 
injuries, 6 
septic shock, 
3 
cardiovascula
-r failure, 1 
respiratory 
failure in 
COVID-19

11 treated 
with 
antibiotics, 7 
antibiotics 
and antiviral 
therapy 

All hospit-
alized

11 positive, 9 
negative 
PCR-test, 1 
not tested 
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Youd et al
[57], 2020

United 
Kingdom

9 72, 33-88 M 4, F 5 Complete 3 obesity NR 4 congestion, 
1 steatosis 
and 4 normal

NR None Respiratory 
failure in 
COVID-19

NR 9 deaths in 
community 
settings

No search 

Zhao et al
[58], 2020

United States 17 65, 44-85 M 10, F 7 Complete 5 hyperlip-
idemia, 1 
cirrhosis

12 elevated 
AST and ALT 
values. Peak 
AST: 1903 
(24-13592) 
and ALT 
1059 (13-
6136) 

Weight 17694 
g (1000-2600 
g)

12 platelet-
fibrin 
microthrom-
bi, 5 
histiocyte 
activation, 12 
steatosis, 5 
lobular 
inflam-
mation, 8 
portal 
inflam-
mation, 10 
necrosis

CD68 stain 
confirmed 
histiocytic 
hyperplasia

NR NR All hospit-
alized

5 positive 
IHC (spike 
protein) in 
the 
histiocytes in 
the portal 
tracts. 
Negative 
IHC in 
endothelial 
cells and 
hepatocytes 

F: Female; Male: M; HCV: Hepatitis C virus; NIV: Non-invasive ventilation; ECMO: Extracorporeal membrane oxygenation; COVID-19: Coronavirus disease 2019; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; ISH: 
In situ hybridization; MOF: Multi-organ failure; PCR: Polymerase chain reaction; TEM: Transmission electron microscopy; NR: Not reported; IHC: Immunohistochemistry.

to 3220 g.

Microscopic results
Microscopic results were described in 983 (99%) cases. The two most frequent findings were congestion, 
in 420 cases, and steatosis, in 409 cases. Four cases were described as normal. All findings are described 
in Table 3.

Cause of death
Cause of death was reported for 440 (44%) cases. The most frequent cause of death was respiratory 
failure in COVID-19, seen in 355 (81%) cases, followed by multi-organ failure in 33 cases, cardiovascular 
failure in 22, pulmonary thrombosis in 11, and sepsis in 8. The remaining 11 cases died respectively of 
hemorrhagic shock (3 cases), acute liver failure (2 cases), acute mesenteric ischemia (2 cases), 
bronchopneumonia (2 cases), and one case each of cardiac tamponade and multiple injuries.

Virus search
The search for the presence of SARS-CoV-2 was performed in only 162 (16%) cases. Of these 105 were 
tested by real-time reverse-transcription polymerase chain reaction (RT-PCR) and found positive in 53 
cases, 34 cases were tested by immunohistochemistry (IHC) and all found negative, 28 were tested by in 
situ hybridization (ISH) and found negative in all cases, and lastly, 16 were tested by transmission 
electron microscopy and found positive in 2 cases.
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Table 2 Laboratory findings

Laboratory findings Mean (UI/L) Range (UI/L)

Admission values (n = 53)

AST 58 12-760

ALT 34 7-229

Peak values (n = 64)

AST 868 15-24176

ALT 509 10-9961

Non specified

AST (n = 61) 202 17-6000

ALT (n = 51) 209 11-4885

AST: Aspartate aminotransferase; ALT: Alanine aminotransferase.

Table 3 Microscopic findings

Microscopic findings n (%)

Hepatic necrosis 190 (19)

Hepatic inflammation 190 (19)

Portal inflammation 178 (18)

Fibrosis 149 (15)

Microthrombi 121 (12)

Cholestasis 114 (11)

Hemophagocytosis 51 (5)

Bile plugs 2 (0.2)

Endotheliitis 7 (0.7)

Autolysis 20 (2)

Iron overload 5 (0.5)

Other (abscess, ductal proliferation and granulomatosis) 15 (1.5)

DISCUSSION
A total of 994 autopsy cases of COVID-19 patients with liver assessment were found in the literature. As 
expected, more than half of the deceased were males and age distribution was highly variable, with a 
predominance of subjects in the age group 60-90 (71.1%).

Pre-existing liver disease was rare (6%-literature data shows a frequency of 2%-11%), with only 16.2% 
of the cases presenting obesity (BMI > 30 kg/m2)[7]. Obesity, in association with diabetes and 
hypertension, is a prominent risk factor for severe disease and could predispose to nonalcoholic fatty 
liver disease (NAFLD), a metabolic syndrome which is known to suppress the pro-inflammatory M1 
macrophages favoring the progression of virus infection[2,8,11]. NAFLD seems to be identified with a 
higher prevalence in patients with severe COVID-19 and predisposes to higher liver enzymes at 
admission and at discharge[59]. To date the fact that pre-existing liver disease is an independent risk 
factor for poor outcome is still debated; for some authors patients with liver diseases are not over-
represented in hospital casuistry[4,60-62], while for others the presence of a pre-exiting illness is index 
of a greater probability of a bad outcome[7,63-65]. This does not count in the case of cirrhosis, seen in 
only 1% in this review, which is known to be an important predictor of mortality, with a mortality rate 
of 31%[2,61]. It appears that in the case of cirrhosis those who survive the first insult have a re-
admission rate in hospital similar to those with cirrhosis, but without COVID-19, indicating that beyond 
the acute phase SARS-CoV-2 does not change the natural history of the disease[4]. There are currently 
few data regarding the mortality rate associated with alcohol liver disease as an independent risk factor, 
mainly related to the difficulties of correlating liver damage or elevation of liver enzymes to alcohol 
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Figure 1 Age distribution.

consumption. To date, it seems that alcohol liver disease increases the mortality risk by 1.8 fold[61].
Laboratory findings have not been collected in a homogeneous way, with 27 papers not reporting any 

data, 5 reporting AST and ALT values at admission, and 8 reporting the maximum values during 
hospitalization, and 4 reports for AST and 5 papers for ALT described the laboratory values without 
specifying the timing of the sampling. Abnormal values, without specifying the laboratory values, were 
described in 5 articles. From literature data it appears that liver enzyme abnormalities have a wide 
range, occurring in 14%-76% of the cases[4,5,7,11,66]. This great range, as Marjot et al[4] pointed out, 
could be attributed to different limits of the definition of normal values. It is still debated whether 
elevated liver enzymes are associated with a greater risk of mortality, because patients with worst 
outcomes tend to be monitored in intensive care units, while those with mild symptoms are not strictly 
monitored. Thus, the use of abnormal laboratory findings at admission as a predictor of poor outcome is 
still not sure. Liver enzyme elevation mainly affects AST and ALT, indicating hepatocellular damage 
rather than cholestatic, despite a greater expression of ACE2 receptor in cholangiocytes[3]. As the study 
of Wong et al[67] pointed out, the odd ratio of elevated AST and ALT levels in COVID-19 patients is 3.4 
and 2.5, respectively.

Due to the presence of such fragmented laboratory data, it is difficult to draw conclusions about the 
trend of laboratory values during hospitalization, although some authors have found a tendency of 
increased values during hospitalization, in particular in those in critical conditions[9,11,12,68,69]. 
Whether enzyme elevation is induced directly by the virus or because of the inflammation, congestion, 
or medications is still not clear. Certainly, many of the drugs used in COVID-19 positive patients turn 
out to be hepatotoxic such as hydroxychloroquine and antivirals such as ritonavir, lopinavir, and 
remdesivir[8,66]. The meta-analysis by Wong et al[67] and Cai et al[66] suggests that liver injury is 
higher in studies with high usage of lopinavir/ritonavir, despite that their hepatotoxic role is still to be 
described in patients without pre-existing liver disease, while there was no evidence of a higher risk of 
liver injury for those treated with antibiotics, nonsteroidal anti-inflammatory drugs, ribavirin, herbal 
medications, and interferon.

The literature review highlighted the presence of a great discrepancy in the autopsy protocols, with 
only half of the autopsies performed as complete (full autopsies), while the other half as partial. 
Macroscopic evaluation of the liver was not frequent, while microscopic assessment was present in 
almost every case (99%). As expected, congestion and steatosis were the most frequent findings. The 
congestion can be traced back to the presence in these patients of cardiovascular dysfunction due to the 
massive inflammation and cytokine storm linked to the infection. The presence of steatosis needs a more 
complex analysis; lipid accumulation due to SARS-CoV-2 has to be differentiated from pre-existing 
modifications, typical of patient with metabolic syndrome. COVID-19 lipid accumulation can be 
explained because of the cytopathic effect of the coronavirus, which induces endoplasmatic stress and 
lipogenesis[2]. Transcriptomic profiling of COVID-19 patients by Wanner et al[5] demonstrated an 
upregulation of cellular processes involved in lipid/cholesterol synthesis. Furthermore, corticosteroid 
therapy, widely used in the treatment of COVID-19, is known to be associated with steatosis or 
glycogenosis[2].

Hepatic necrosis and inflammation can be multifactorial; they can be induced by a cytopathic direct 
effect of the virus, because of inflammatory storm or hypoxic hepatitis, or may be drug induced. These 
hepatic changes are the third most frequent finding in liver autopsies of COVID-19 patients[70]. Differ-
entiating the different causes from a pathological point of view is impossible, also in consideration of 
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Figure 2 Immunohistochemical staining for severe acute respiratory syndrome coronavirus 2 in liver tissue. A and B: Spot localization of virus 
in samples of initial hepatic necrosis and in Kupffer cells; C and D: Spot localization of isolated ductular and endothelial cells (mouse, GeneTex GTX632604, 1A9 
clone, 1:100).

the fact that they can overlap one another. In addition, patients with pre-existing liver diseases, such as 
chronic liver disease, have an increased risk of drug-induced hepatic damage, therefore in those patients 
the use of hepatotoxic treatments should be weighted. Liver damage in critically ill patients is known 
and is linked to the so-called hypoxic hepatitis, which is caused by underlying cardiac dysfunction and 
respiratory failure that decrease the blood flow and oxygenation inducing cellular stress. Moreover, 
damage could even be mediated by reperfusion, which promotes the production of reactive oxygen 
species, leading to damage. This process can be highlighted in some cases as a picture of endotheliitis[2,
3,11]. Massive inflammation is common in COVID-19 patients and macrophage activation is evidenced 
by the presence of hemophagocytosis in liver tissue.

Unlike what is reported by Marjot et al[4], the frequency of thrombotic phenomena of the hepatic 
vascular tree is lower, with 12% of cases instead of 29%. As Kleiner[70] noted, death could occur long 
after the acute phase of liver damage, so the histological changes do not always represent a reliable 
image of what happened in acute damage, but are the result of damage and reparative modifications. 
Therefore, to better understand the acute damage, it could be of help to perform a liver biopsy in 
patients with liver damage. Obviously, it is understood that the execution of such an invasive 
examination is not a priority in the treatment of these patients, but it could be performed in those cases 
where the hepatic injury dominates the clinical picture.

Despite the presence of hepatic injury, the presence of SARS-CoV-2 in the liver has been sought 
infrequently (16% of the cases). Most studies have exploited the RT-PCR to search for the viral genome, 
but only a few have applied other techniques (IHC, ISH, and transmission electron microscopy) to 
identify the cells in which the viral proteins were expressed (Figure 2A and B). It is not surprising that 
by using RT-PCR a greater number of cases resulted positive, because this type of analysis uses a 
homogenized tissue, which also contains vessels and immunity cells. However, the few available data 
allow us to confirm the fact that the virus can be found mainly in Kupffer cells, endothelial cells of 
centrolobulare veins, and cholangiocytes (Figure 2C and D). Note that Wanner et al[5] demonstrated 
that, when comparing the levels of SARS-CoV-2 RNA copies per cell between airway samples and 
autopsy livers biopsies, the levels of RNA show similar ranges, but with lower median RNA in liver 
specimens.

CONCLUSION
Postmortem investigations remain the gold standard to investigate the effects of SARS-CoV-2 in 
different organs and apparatuses. It is well known that the absence of postmortem investigations in the 
first wave of the pandemic has failed to provide a valuable contribution to the correct management and 
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treatment of patients. On the other hand, the execution of clinical and forensic autopsies has disclosed 
several important aspects of the disease, clarifying morphological and virologic features and promoting 
unexplored therapeutic approaches and new frontiers of research[71-74]. Despite the limited number of 
performed autopsies worldwide, to date there is no doubt that the liver is a target for the virus, despite 
minimal viral receptor expression. However, liver damage is not always directly linked to the action of 
the virus, but can be secondary to inflammation or even simply caused by the therapy administered 
during hospitalization. Therefore, it is important to monitor patients who use hepatotoxic drugs, to 
avoid worsening of the liver functions, which can affect the patient’s outcome.

ARTICLE HIGHLIGHTS
Research background
Hepatic histologic manifestations of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection are far to be completely investigated. Many authors demonstrated the presence of angiotensin 
converting enzyme 2 receptor in the liver as well as transmembrane serine protease 2.

Research motivation
Liver injury was demonstrated in 14%-53% of cases of patients with SARS-CoV-2 infection. In the first 
wave of the pandemic few autopsies were performed and only few authors can provide a wide casistic. 
Authors started to study the histologic manifestations of coronavirus disease 2019 (COVID-19) in the 
lungs, heart, and liver, too.

Research objectives
The objectives of the study were to summarize the biochemical and histological changes in the liver and 
to promote the leading role of autopsy in the pandemic.

Research methods
Authors provide a systematic review focusing on autopsy studies of COVID-19 deaths and in particular 
on liver pathology.

Research results
Forty-six articles corresponding to the inclusion criteria were included, with only 994 autopsy cases of 
COVID-19 patients. Congestion and steatosis were the main histopathological findings, followed by 
hepatic necrosis, hepatic and portal inflammation, and fibrosis. The most frequent cause of death was 
respiratory failure, pulmonary thrombosis, and sepsis. Acute liver failure was indicated as the cause of 
death in two cases.

Research conclusions
The review of the literature highlighted the presence of a great discrepancy in the autopsy protocols, 
with only half of the autopsies performed as complete (full autopsies), while the other half as partial. 
Macroscopic and microscopic evaluation of the liver was not always performed or described. Despite 
the presence of hepatic injury, the presence of SARS-CoV-2 in the liver has been sought infrequently 
(16% of the cases).

Research perspectives
Much more effort needs to be addressed to completely investigate liver toxicity from COVID-19. 
Autopsies had a leading role during the pandemic and were important to understand the 
physiopathology of SARS-CoV-2 infection and should be always considered to improve scientific 
research.
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25/i17/2110.htm.
It has come to my attention that there was a data labelling error in the study[1] we published in the 

World Journal of Gastroenterology four years ago. We discovered that one of our research assistants 
confused the two drugs by mistake when dispensing them to subjects, meaning that the labels for 
patients may have been mismatched with the actual treatment they received. Due to this data labelling 
problem, the validity of the paper and its conclusion have been brought into question even though the 
methodology of statistical analysis used in the paper was correct. To avoid misleading other readers, I 
respectfully ask that the article “Beneficial effect of probiotics supplements in reflux esophagitis treated 
with esomeprazole: A randomized controlled trial. World J Gastroenterol 2019; 25: 2110-2121 [PMID: 
31114137 DOI: 10.3748/wjg.v25.i17.2110]” is retracted.

We apologize to the readers and editors of the World Journal of Gastroenterology for this error and for 
any inconvenience caused.
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