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Abstract
This article is based on a recent bibliometric analysis of research progress on liver 
aging. The liver is notable for its extraordinary ability to rejuvenate, thereby 
safeguarding and maintaining the organism’s integrity. With advancing age, there 
is a noteworthy reduction in both the liver’s size and blood circulation. Fur-
thermore, the wide range of physiological alterations driven on by aging may 
foster the development of illnesses. Previous studies indicate that liver aging is 
linked to impaired lipid metabolism and abnormal gene expression associated 
with chronic inflammation. Factors such as mitochondrial dysfunction and 
telomere shortening accumulate, which may result in increased hepatic steatosis, 
which impacts liver regeneration, metabolism, and other functions. Knowing the 
structural and functional changes could help elderly adults delay liver aging. 
Increasing public awareness of anti-aging interventions is essential. Besides the 
use of dietary supplements, alterations in lifestyle, including changes in dietary 
habits and physical exercise routines, are the most efficacious means to decelerate 
the aging process of the liver. This article highlights recent advances in the 
mechanism research of liver aging and summarizes the promising intervention 
options to delay liver aging for preventing related diseases.

Key Words: Liver aging; Telomere; Hepatocytes; Caloric restriction; Physical exercise; 
Regeneration
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Core Tip: The natural aging process can impair liver functions, including regeneration and metabolism, disrupting hepatic 
balance and increasing the risk of liver diseases. Cellular and morphological changes are attributable to altered molecular 
mechanisms. Comprehending the processes of hepatocyte senescence is essential for delaying liver aging through 
appropriate lifestyle modifications, pinpointing triggers, devising therapeutic strategies, and assessing the effectiveness of 
interventions against liver diseases. Consequently, it is imperative to conduct further research on the molecular pathways 
involved.

Citation: Yao YQ, Cao QY, Li Z. Delaying liver aging: Analysis of structural and functional alterations. World J Gastroenterol 2025; 
31(15): 103773
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/103773.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.103773

INTRODUCTION
The liver, a complex organ with multifaceted functions, operates under rigorous physiological regulation. As individuals 
age, the liver experiences substantial alterations in its composition, functionality, and vulnerability to diseases[1,2]. 
Currently, hepatic disorders contribute significantly to global morbidity and mortality. Previous research indicates that 
the buildup of age-related damage activates compensatory pathways in liver cells, such as cellular senescence and altered 
nutrient sensing. Excessive activation of these pathways can hinder liver regeneration and exacerbate liver disease 
progression[3]. For instance, aging can lead to reduced liver perfusion, impaired hepatocyte function, and altered 
microcirculation within the liver sinusoids. These alterations have a significant negative impact on liver function, 
increasing the risk of liver diseases and complications in the elderly[4]. Lifestyle modifications have demonstrated 
efficacy in treating certain prevalent liver diseases, highlighting the crucial role of lifestyle in disease outcomes[5]. These 
interventions primarily encompass caloric restriction (CR) and physical exercise. CR is recognized as an effective dietary 
strategy that enhances health and prolongs the lifespan of species[6-8]. Exercise stimulates the release of beneficial 
substances from muscles, contributing to overall health and preventing metabolic disorders[9,10]. Given its pivotal 
regulatory functions, the aging liver exhibits heightened susceptibility to disease and disrupts overall metabolic 
homeostasis. A bibliometric analysis has revealed an exponential surge in the number of publications concerning hepatic 
aging over the past four decades[11]. The objective of this article is to delineate the critical facets of liver aging, synthesize 
the latest research on lifestyle interventions, and underscore their potential to improve the quality of life for individuals 
entering and progressing through middle age and beyond[12,13].

BASIC FUNCTIONS OF THE LIVER
The liver plays a critical role in various physiological functions. Following food consumption, it metabolizes nutrients 
through various biochemical reactions. For instance, the body’s decision to store glucose as glycogen or produce it 
through gluconeogenesis is determined by the level of energy intake. Moreover, the liver metabolizes proteins, fats, 
vitamins, hormones, and other chemicals. Beyond its metabolic functions, it also regulates blood volume, supports 
immune responses, decomposes xenobiotics, and modulates endocrine activities. These processes are essential for 
maintaining the organism’s stability and homeostasis[1].

CHANGES IN THE LIVER WITH AGING
Aging is associated with numerous structural and functional modifications in the liver. Notable alterations include a 
decline in liver volume and blood flow, an accumulation of lipofuscin in hepatocytes, a decrease in the density of smooth 
endoplasmic reticulum, compromised bile acid secretion, and reduced capacity for liver regeneration[14,15]. These age-
related physiological modifications might amplify liver damage and inflammation, thereby heightening the risk of 
chronic liver disease and mortality[16]. For instance, analysis of multiple external datasets has uncovered a significant 
overexpression of 40 genes from the HepG2 senescence signature in various conditions, including chronic liver disease. 
This finding offers compelling evidence for the occurrence of hepatocyte senescence in chronic liver disease and suggests 
that these genes may serve as potential biomarkers for the disease’s progression[17].

MOLECULAR MECHANISMS OF LIVER AGING
Liver aging encompasses intricate processes resulting in the accumulation of senescent cells within the hepatic tissue. 
This accumulation is influenced by both intrinsic aging processes and extrinsic elements, including habits, environmental 

https://www.wjgnet.com/1007-9327/full/v31/i15/103773.htm
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exposures, and chronic liver pathologies. Hepatocyte senescence is a complex phenomenon involving interwoven 
signaling pathways. The hedgehog signaling system is an important biochemical route that coordinates many develop-
mental processes while maintaining tissue homeostasis. It is essential in regulating cell survival, proliferation, and differ-
entiation. This pathway is critical for developing and maintaining hepatocytes and bile ducts within the liver. The 
hedgehog signaling pathway initiates the activation of yes-associated protein 1 (Yap1) in hepatic stem cells, thereby 
promoting their differentiation into myofibroblasts. Simultaneously, myofibroblasts facilitate Yap1 activation in 
hepatocytes through paracrine signaling, which in turn stimulates hepatocyte proliferation and dedifferentiation, thereby 
contributing to liver regeneration. The interplay between the hedgehog pathway and Yap1 in liver regeneration presents 
promising therapeutic targets for the treatment of cirrhosis and hepatocellular carcinoma[18]. This regulator, which plays 
a crucial role in controlling mitosis and morphogenesis, is inhibited in senescent hepatocytes, which reduces cellular 
proliferation and impairs the liver’s ability to regenerate following injury. Additionally, disruption of this pathway in 
young hepatocytes recapitulates the aging process, thereby underscoring its essential role in maintaining hepatocyte 
viability[19].

Furthermore, mitochondria, essential organelles within cells, are primary producers of intracellular reactive oxygen 
species (ROS) and are particularly prone to oxidative stress. ROS, unstable oxygen derivatives, can harm cells and tissues 
when present in large quantities. Oxidative damage to mitochondria can impair their functionality, leading to cell death 
via apoptosis and necrosis. Mitochondrial dysfunction often intensifies ROS production, creating a harmful cycle[20]. 
Studies have demonstrated that senescent cells manifest distinct characteristics, including cell cycle arrest, DNA damage, 
elevated production of ROS, and the secretion of a senescence-associated secretory phenotype (SASP). Pro-inflammatory 
cytokines, chemokines, growth factors, and proteases are released by senescent cells in SASP. SASP includes a range of 
secreted factors and signaling molecules released by senescent cells. These substances can alter the microenvironment 
and impact nearby cells. In response to oxidative stress or chronic DNA damage, SASP first aids in tissue healing and 
encourages the immune system to eliminate damaged cells[21]. However, long-term SASP activation causes chronic 
inflammation, throws off tissue homeostasis, spreads senescence to nearby cells, and fuels aging-related diseases like 
cancer, fibrosis, and neurodegeneration. These attributes can perturb hepatic function and facilitate the advancement of 
liver disease[22-24].

Differentially methylated regions denote specific genomic sites where methylation of DNA takes place. These regions 
are critical for the regulation of gene expression, as the methylation status of these sites modifies chromatin structure, 
thereby influencing the accessibility of transcription factors to the DNA. Epigenetic alterations observed in aging and 
regenerating livers exhibit unique DNA methylation profiles in most differentially methylated regions located within 
gene structures and repetitive sequences[25]. Telomere attrition is a contributing factor to the aging process. During each 
cell division cycle, telomeres progressively shorten due to DNA polymerase’s inability to replicate the terminal segments 
of chromosomes fully[26]. When telomeres reach a critically reduced length, they lose their capacity to preserve cellular 
integrity, leading to cellular senescence or genomic instability. The gradual build-up of senescent cells throughout life is 
linked to the secretion of pro-inflammatory cytokines, which initiate age-related diseases and degenerative conditions[26-
29]. The molecular mechanisms involved in the aging process of the liver are summarized in Figure 1.

Nevertheless, these molecular mechanisms are not independent entities; rather, they are interrelated and exhibit 
mutual influence. For instance, the p53 and DNA damage response pathways are activated in response to telomere 
dysfunction-induced DNA damage. This activation leads to the suppression of peroxisome proliferator-activated 
receptor-gamma coactivator-1α and peroxisome proliferator-activated receptor-gamma coactivator-1β, culminating in 
mitochondrial dysfunction[30]. The hedgehog signaling pathway regulates the expression and activity of telomerase 
reverse transcriptase (hTERT) via its critical transcription factors, GLI1 and GLI2. These factors directly interact with the 
hTERT promoter region, thereby enhancing telomerase activity and promoting hTERT transcription. Telomerase 
replenishes telomeric repeats to prevent shortening and maintain telomere length[31].

INTERVENTIONS OF LIFESTYLE
One of the most fascinating and challenging areas of scientific study is anti-aging treatments. Presently, mitigating liver 
aging encompasses CR, moderate physical exercise, and using botanical compounds for therapeutic purposes[32]. CR 
induces metabolic stress, eliciting adaptive cellular responses that augment repair mechanisms, diminish inflammation, 
and enhance insulin sensitivity. These alterations are conducive to the prevention of age-related pathologies, as CR has 
been linked to improvements in mitochondrial function, maintenance of telomere integrity, and suppression of the SASP, 
potentially mitigating age-related cellular damage and promoting hepatic health. Notably, the dietary composition is 
instrumental in this context. Diets abundant in fruits, vegetables, whole grains, lean proteins, and healthful lipids, such as 
the Mediterranean diet, confer additional health advantages by supplying antioxidants, phytochemicals, and anti-inflam-
matory agents. The synergistic application of CR with a nutrient-rich dietary regimen shows significant potential in 
fostering longevity and promoting healthy aging processes[7,8,33]. A study implemented a 30% CR in excision repair 
cross-complementation group 1-deficient mice to evaluate its effects on lifespan and liver aging. Histological examination 
indicated that CR diminished hepatocyte nuclear anomalies, such as polyploidy, and decreased H2AX levels. The 
findings suggest that CR alleviates age-related liver pathologies and may serve as a potential therapeutic approach for 
mitigating age-associated liver deterioration[34]. Long-term CR was shown to decelerate the pace of aging in healthy 
adults, as measured by the DunedinPACE[35] DNA methylation algorithm. Participants in the CR group exhibited a 
significant reduction in DunedinPACE values by 0.29 units (95% confidence interval: -0.45, -0.13) at 12 months and 0.25 
units (95% confidence interval: -0.41, -0.09) at 24 months compared to the control group. These reductions correspond to a 
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Figure 1 Summary of molecular mechanisms in liver aging. Cellular senescence is linked to changes and effects at the molecular level. These include the 
role of the Hedgehog signaling pathway in inhibiting liver regeneration and cellular proliferation, the effects of mitochondrial dysfunction, such as reactive oxygen 
species production and apoptosis, the link between senescence-associated secretory phenotype and the spread of senescence and chronic inflammation, the traits of 
telomere attrition that cause genomic instability, and the distinct DNA methylation profiles in differentially methylated regions. DMRs: Differentially methylated regions; 
ROS: Reactive oxygen species; SASP: Senescence-associated secretory phenotype.

2-3% slower pace of aging, highlighting the potential of CR as a promising intervention to enhance health and promote 
longevity[36].

Physical exercise is acknowledged as a fundamental component of a healthy lifestyle, capable of preventing chronic 
diseases such as cardiovascular and metabolic disorders, as well as cognitive deterioration. Research suggests that 
myokines, secreted by the activated skeletal muscles during physical activity, likely act as mediators that impart these 
health advantages. They enhance metabolic functions, increase glucose absorption, stimulate fat combustion, and 
modulate the regeneration of skeletal muscle tissue[10,37]. Resistance exercise has been demonstrated to enhance muscle 
strength among older adults significantly. A recent study implemented a long-term treadmill exercise regimen in 
transgenic mice. Histopathological evaluation through hematoxylin and eosin staining and CD68 immunofluorescence 
revealed significant changes in liver tissue. Notably, exercise led to a more organized arrangement of hepatocytes, the 
normalization of hepatic sinusoids, and a marked reduction in Kupffer cell aggregation. These enhancements indicate 
that exercise has a notable protective effect against liver aging, underlining its potential as a therapeutic intervention for 
age-related liver disease[38]. Moreover, the synergistic effect of exercise combined with dietary interventions has been 
demonstrated to be more efficacious in retarding liver aging than either intervention administered independently.

Diets abundant in health-beneficial botanical compounds, such as anthocyanidins, flavones, and isoflavones, have been 
implicated in the postponement of liver aging[39]. Anthocyanins are renowned for their potent antioxidant properties. 
Individuals with a higher intake of dietary anthocyanins exhibit a slower progression of aging-related characteristics[40,
41]. Paeonol effectively neutralizes free radicals and modulates the activity of antioxidant enzymes. It significantly 
improves cognitive impairments and attenuates neuropathological changes in mouse models[42]. Similarly, silymarin is 
efficacious in mitigating D-galactose-induced mitochondrial dysfunction and demonstrates a protective role in liver 
health[43,44]. Artificial intelligence (AI) and machine learning (ML) are being used more and more in medicine in the 
digital age, especially in the treatment of liver illnesses. Computer imaging driven by AI and ML improves diagnostic 
precision, automates segmentation, and makes minimally invasive surgery and preoperative planning easier[45]. 
However, precisely defining tumor borders in intricate situations continues to be difficult. Despite this, the continuous 
development of technology gives hope that AI and ML will continue to make important strides, benefiting patients even 
more and enhancing the effectiveness of healthcare services[46]. Aging is an inevitable aspect of life that demands 
scientific scrutiny. Despite its complexity, recent advancements in algorithmic development have significantly propelled 
aging research forward. The field stands to benefit immensely from advanced data analytical techniques and accelerated 
drug discovery processes, particularly within personalized medicine frameworks. Quantum algorithms, such as the 
quantum approximate optimization algorithm, demonstrate the potential to outperform classical methods in solving 
complex optimization problems. This could revolutionize our understanding of aging mechanisms and pave the way for 
innovative therapeutic strategies[47].
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CONCLUSION
Aging is a complex process involving various changes that increase susceptibility to chronic illnesses. Advancing age is 
not only a risk factor for the initiation of chronic liver conditions but also a primary driver of disease progression and the 
transition to end-stage liver disease. Understanding the molecular mechanisms underlying aging could facilitate the 
identification of therapeutic targets for age-related diseases and decelerate the aging process. Interleukin-6 (IL-6) and IL-
8, key components of SASP, are implicated in aging, chronic inflammation, and age-related pathologies. These cytokines 
represent well-established therapeutic targets, with rapid clinical trial progression. Tocilizumab, an IL-6 receptor 
antagonist, inhibits signaling pathways critical for triple-negative breast cancer growth and angiogenesis. This me-
chanism positions Tocilizumab as a potential therapeutic strategy for triple-negative breast cancer, particularly in 
suppressing tumor-associated angiogenesis[48]. Therapeutic strategies targeting these cytokines may open new avenues 
for anti-aging interventions. Further research is essential to delineate their mechanisms of action in specific diseases and 
to facilitate the development of targeted therapeutic approaches. The diverse DNA methylation phenotypes resulting 
from CR can be measured through data, which in turn can provide some guidance for the implementation and evaluation 
of CR. However, this requires a comprehensive consideration of individual differences and other health indicators, and 
long-term follow-up studies are needed to verify its effects and safety[49]. Although lifestyle modifications can provide 
some temporary relief in delaying the progression of liver aging, their impact is constrained. Addressing age-related liver 
diseases necessitates targeting pivotal factors, including cellular senescence, the SASP, mitochondrial dysfunction, and 
other relevant mechanisms. An integrated therapeutic strategy is likely the most effective way to combat these diseases. It 
is hoped that more in-depth research on the detailed mechanisms of liver aging will be published in the future.
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Abstract
Transjugular intrahepatic portosystemic shunts (TIPSs) are generally used for the 
management of complications of portal hypertension in patients with decom-
pensated cirrhosis. However, hepatic encephalopathy (HE), which impairs neu-
ropsychiatric function and motor control, remains the primary adverse effect of 
TIPS, limiting its utility. Prompt prevention and treatment of post-TIPS HE are 
critical, as they are strongly associated with readmission rates and poor quality of 
life. This review focuses on the main pathophysiological mechanisms underlying 
post-TIPS HE, explores advanced biomarkers and predictive tools, and discusses 
current management strategies and future directions to prevent or reverse HE 
following TIPS. These strategies include preoperative patient assessment, in-
dividualized shunt diameter optimization, spontaneous portosystemic shunt 
embolization during the TIPS procedure, postoperative preventive and thera-
peutic measures such as nutrition management, medical therapy, fecal microbiota 
transplantation, and stent reduction.
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Core Tip: Hepatic encephalopathy (HE) is the main complication following transjugular intrahepatic portosystemic shunt 
(TIPS), significantly impairs patients’ quality of life. Preoperative evaluation is crucial to mitigate the risk of post-TIPS HE. 
The shunt diameter and embolization of spontaneous portosystemic shunts should be considered according to the portal 
pressure gradient. Rifaximin is effective for preventing post-TIPS HE. Endovascular shunt reduction is a potential in-
tervention for refractory HE post-TIPS. Sarcopenia is associated with post-TIPS HE, and the impact of nutritional 
management on HE following TIPS warrants further investigation. The efficacy of fecal microbiota transplantation in post-
TIPS HE requires further validation.
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INTRODUCTION
Transjugular intrahepatic portosystemic shunt (TIPS) placement is a standard procedure for treating portal hypertension-
related complications, which mainly include recurrent ascites and variceal rebleeding. The major drawbacks of TIPS have 
been shunt dysfunction and the development of hepatic encephalopathy (HE)[1]. With technical progress and the use of 
polytetrafluoroethylene-covered stents, the rate of shunt dysfunction has dramatically decreased[2]. However, HE, which 
is induced and exacerbated by TIPS placement, continues to pose a significant clinical challenge in patients with 
decompensated cirrhosis[3]. The incidence of post-TIPS HE ranges from 35% to 50%, seriously affects the quality of life of 
patients and their families, increases readmission and is a major cause of health care expenses[4-7].

The diagnosis of overt HE (OHE) is usually straightforward in clinical practice once other known brain diseases are 
excluded. However, minimal HE (MHE) is characterized by subtle signs and symptoms that can be detected only through 
specialized psychometric tests. HE can be classified into three types according to its pathogenesis: Type A is found in 
patients with acute liver failure, type B is found in those with portosystemic shunts, and type C is found in those with 
cirrhosis[8]. This review focuses mainly on patients with type C HE. HE is classified into two main categories based on 
severity: Covert HE, including MHE and West Haven grades 0-1; and OHE, which includes grades 2-4. Furthermore, in 
terms of its temporal evolution, OHE can be classified as episodic, recurrent (more than one episode within a 6-month 
period) or persistent (no return to normal or baseline neuropsychiatric function between episodes)[8].

Post-TIPS HE is closely associated with patient baseline characteristics, portosystemic shunt diameter, status of 
spontaneous portosystemic shunt (SPSS) embolization, and postoperative management. It is imperative for clinicians to 
understand the pathophysiological mechanisms of post-TIPS HE to effectively prevent and manage this complication. 
Therefore, this review outlines comprehensive strategies for the prevention and treatment of post-TIPS HE based on its 
underlying mechanisms, encompassing preoperative, intraoperative, and postoperative approaches (Figure 1). We aim to 
offer practical recommendations for minimizing HE occurrence and improving patient outcomes after TIPS.

PATHOPHYSIOLOGY OF POST-TIPS HE
The pathogenesis of HE in cirrhotic patients primarily involves hyperammonemia, systemic and neuroinflammation, 
oxidative stress, and dysfunction of the gut-liver-brain axis[9]. Additionally, genetic and epigenetic factors have been 
implicated in the development of HE[10]. Among these, hyperammonemia is regarded as the central driver of HE[11].

Hyperammonamia
In healthy individuals, ammonia production primarily occurs in the colon due to the activity of the gut microbiota, which 
converts glutamine into ammonia via enterocytic glutaminase[12]. Ammonia from the gut undergoes the urea cycle 
within hepatocytes to form urea, which is then excreted by the kidneys. Indeed, muscles also provide alternative pa-
thways for ammonia removal by synthesizing glutamine from glutamate[13] (Figure 2A). In liver cirrhosis, the ability of 
hepatocytes to remove ammonia before it reaches the systemic circulation is severely impaired, which leads to hyperam-
monamia[14]. Elevated blood ammonia levels and increased permeability of the blood-brain barrier (BBB) contribute to 
increased blood ammonia levels in central nervous system, leading to astroglial swelling and the development of HE[15,
16]. In addition, 50% to 70% of cirrhotic patients develop sarcopenia, which substantially reduces the capacity of skeletal 
muscle for ammonia detoxification and increases the incidence of HE[17] in Figure 2B. TIPS is performed by creating an 
intrahepatic portosystemic shunt that connects the right or main portal vein to the hepatic vein to alleviate portal pressure
[18]. Stent placement causes significant changes in hepatic hemodynamics, leading to a further reduction in first-pass 
hepatic clearance of neurotoxins that originate from the intestine. This reduction allows for greater amounts of un-
processed ammonia to enter the systemic circulation compared with patients with liver cirrhosis who have not undergone 
TIPS placement. Although one study showed that TIPS may improve sarcopenia, the improvement might not be 
sufficient to clear ammonia caused by portosystemic shunting and may not significantly reduce the occurrence of HE 
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Figure 1 Management of hepatic encephalopathy following transjugular intrahepatic portosystemic shunt requires a comprehensive 
approach, encompassing preoperative, intraoperative, and postoperative interventions. 1Further studies are needed to confirm these findings. 
TIPS: Transjugular intrahepatic portosystemic shunt; HE: Hepatic encephalopathy; PPIs: Proton pump inhibitors; FMT: Fecal microbiota transplantation.

Figure 2 Metabolic profiles of blood ammonia in different populations. A: In the health, gut-derived ammonia is primarily metabolized in the liver via the 
urea cycle and excreted by the kidneys, maintaining blood ammonia as NH4+ and preventing its passage across the blood-brain barrier (BBB); B: In cirrhotic patients, 
impaired liver function disrupts the urea cycle, reducing ammonia conversion to urea. Combined with sarcopenia, which diminishes muscle ammonia metabolism, 
excess ammonia crosses the BBB, leading to astrocyte glutamine accumulation, swelling, and hepatic encephalopathy; C: In patients who undergo transjugular 
intrahepatic portosystemic shunt, sarcopenia may improve compared with non-transjugular intrahepatic portosystemic shunt patients; however, significant hepatic 
bypass of blood ammonia through the shunt leads to systemic circulation. This elevated ammonia can cross the BBB, increasing the risk of hepatic encephalopathy. 
Gln: Glutamine; GS: Glutamine synthetase; Glu: Glutamic acid.

(Figure 2C)[19]. However, it should be noted that blood ammonia levels are not always proportional to post-TIPS HE, and 
a thorough clinical assessment is crucial to prevent misdiagnosis[20].

Systemic and neuroinflammatory effects
Systemic inflammation plays a pivotal role in the pathogenesis of HE in patients with cirrhosis, contributing to increased 
BBB permeability and eliciting a neuroinflammatory response via the activation of microglia and brain endothelial cells
[21-23]. The abrupt hemodynamic changes induced by TIPS may facilitate the passage of inflammatory cytokines across 
the dysfunctional BBB, triggering neuroinflammation and increasing the risk of post-TIPS HE. Li et al[24] reported a 
significant association between preoperative serum interleukin-6 (IL-6) levels and the development of post-TIPS OHE in a 
prospective cohort study of 125 cirrhosis patients who underwent TIPS placement. Furthermore, toxic substances such as 
ammonia can activate microglia and cause the secretion of pro-inflammatory cytokines like IL-β and tumor necrosis 
factor-alpha (TNF-α), which promote the development of HE[25]. Further research is required to explore the role of 
inflammation in post-TIPS HE and to determine whether preoperative anti-inflammatory strategies can mitigate its 
occurrence.
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Oxidative stress
Oxidative stress, frequently observed in cirrhosis, compromises BBB permeability through the reactivity of reactive 
oxygen and nitrogen species with lipids, proteins, and DNA, playing a crucial role in the pathogenesis of HE[26]. It 
induces the release of reactive oxygen species and mitochondrial dysfunction, leading to an increase in GABAergic tone 
in the central nervous system, thereby contributing to the development of HE[27]. Additionally, elevated ammonia and 
inflammation further direct oxidative stress in neurons, resulting in reactive oxygen species production and the 
development of HE[28]. Elevated blood ammonia levels following TIPS may promote the development of HE through 
this mechanism, and further investigations are needed in future studies to elucidate this relationship. Recent research 
suggests that antioxidant properties of vitamin D may alleviate oxidative stress in HE, but the role of vitamin D in 
patients undergoing TIPS procedures should be further explored[29].

Gut-liver-brain axis dysfunction
The functional integrity of the gut barrier and optimal hepatic function are essential for maintaining the homeostasis of 
the gut-liver-brain axis in a healthy state, effectively preventing the translocation of toxic metabolic products into the 
brain[30]. However, in patients with liver cirrhosis, the integrity of the gut barrier is compromised, and gut permeability 
is increased as a result of systemic and local inflammation, as well as bacterial translocation. This disruption facilitates the 
harmful metabolites into the bloodstream[31]. Compromised hepatic function leads to inadequate detoxification of gut-
derived metabolites, facilitating their passage across the BBB and promoting the development of HE. Following TIPS, 
increased intestinal absorption facilitates the systemic circulation of toxic metabolites, which bypass hepatic detoxification 
and directly enter the brain, thereby increased the risk of HE. Additionally, in a prospective study of 106 TIPS-treated 
cirrhotic patients, the post-TIPS HE group presented increased autochthonous taxa and decreased pathogenic taxa 
relative to the non-HE group[32]. He et al[33] also identified that high baseline phenylethylamine levels, which are 
derived mainly from Ruminococcus gnavus, are correlated with a sevenfold higher risk of post-TIPS HE. A prospective 
study revealed no genus-level gut microbiota differences in hepatitis B-related portal hypertension patients with or 
without pre-TIPS HE, but post-TIPS HE was associated with increased Morganella, a urease-producing bacterium that 
elevates blood ammonia[34-36]. These findings indicate that post-TIPS HE may be closely associated with gut microbiota 
dysbiosis, highlighting its potential as a therapeutic and preventive target for HE following TIPS placement.

Genetic and epigenetic factors
HE is intricately linked to genetic and epigenetic mechanisms involving ammonia metabolism, neuroinflammation, and 
neurotransmitter regulatory pathways. Astrocytic glutamine synthetase (GS) converts glutamate and ammonia into 
glutamine, contributing to astrocyte swelling[37,38]. Activation of the intestinal GS gene has been linked to an increased 
risk of HE in cirrhotic patients[39]. Furthermore, the presence of two long alleles in the GS microsatellite promoter region 
was predominantly observed in HE patients[40]. Myocyte enhancer factor 2C, a key transcription factor in neuronal 
development and plasticity, is regulated by lnc240 through interaction with miR-1264-5p. In cirrhotic HE mice, lnc240 
downregulation enhances the binding of miR-1264-5p binding to myocyte enhancer factor 2C, leading to neuronal 
dysfunction[41]. Gut barrier integrity is vital for gut-liver-brain axis homeostasis. In decompensated states, defensin and 
mucin sulfation genes were downregulated, whereas IL-1, IL-6, and TNF-related genes are upregulated in intestinal 
epithelial cells[42]. RNA sequencing analysis in a HE mouse model revealed that astrocytes upregulated corticoid 
receptor and oxidative stress signaling, while microglia displayed transcriptome changes associated with immune cell 
recruitment, highlighting the inflammation and hypoxia pathways in HE pathogenesis[43]. These findings provide 
critical insights into the pathophysiological mechanisms of HE and offer novel perspectives for precision medicine and 
targeted therapies. TIPS placement may further activate pathways associated with the development of HE on the 
aforementioned genetic basis, thereby increasing the incidence of HE, which warrants further validation in future studies.

ADVANCED BIOMARKERS AND PREDICTIVE TOOLS OF POST-TIPS HE
Advanced biomarkers
Specific biomarkers are crucial for pre-TIPS patient selection, significantly reducing the incidence of post-TIPS HE. 
Beyond traditional hepatic biochemical markers such as albumin, creatinine, and total bilirubin, an increasing number of 
biomarkers have been identified as associated with post-TIPS HE[44,45]. Elevated preoperative serum IL-6 levels are 
strongly linked to post-TIPS HE, indicating a higher risk of severe HE in cirrhotic patients[24]. In contrast, Tiede et al[46] 
reported no associations between systemic inflammatory markers (IL-6, TNF-α, and IL-β) and post-TIPS OHE in a two-
year prospective study of 62 patients. Variations in preoperative liver function and patient characteristics likely con-
tribute to these conflicting outcomes. The predictive role of systemic inflammation for post-TIPS HE may be limited due 
to the intricate and dynamic mechanisms underlying HE in cirrhosis. Furthermore, bile acid levels in the peripheral vein 
decrease after TIPS, and mass spectrometry analysis reveals an inverse correlation between the abundance of three 
specific conjugated di- and tri-hydroxylated bile acids and the severity of post-TIPS HE[47]. A prospective study of 106 
cirrhotic patients receiving TIPS demonstrated a decrease in Lachnospiraceae abundance in the HE+ group, highlighting 
the potential of gut microbiota as a predictive target for post-TIPS HE[32]. Skeletal muscle plays a critical role in ammonia 
metabolism, and sarcopenia has been identified as a significant risk factor for the development of HE following TIPS 
placement[48].
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Advanced predictive tools
Artificial intelligence (AI) algorithms are integral to fields such as biomics and healthcare analytics. In HE management, 
AI-based analysis of multidimensional data has revolutionized early detection, risk assessment, and tailored therapeutic 
interventions[49]. AI-based models, such as machine learning and deep learning algorithms, analyze biomarkers and 
imaging data to identify subtle patterns predictive of HE onset and progression. Yang et al[50] compared various classi-
fication methods for HE prediction in cirrhosis, demonstrating that the weighted random forest model is suitable for 
developing a risk assessment system for HE. Bajaj et al[51] established a 20-microbial species stool signature using 
machine learning, which was validated in a multicenter cohort, to distinguish HE from non-HE cases and correct misdia-
gnoses, thereby improving diagnostic precision and risk stratification for HE. Radiomics enhances these approaches by 
extracting high-dimensional quantitative features from medical imaging, such as magnetic resonance imaging and 
computed tomography, to identify biomarkers linked to disease severity and neurological outcomes. Chen et al[52] 
constructed a model (area under the curve = 0.719) to predict post-TIPS OHE via 3D liver and spleen evaluation, 
optimizing the TIPS candidacy assessment. Models utilizing clinical and hepatic vascular characteristics from computed 
tomography images (area under the curve = 0.814) showed robust performance in predicting OHE risk, with good 
calibration[53]. Collectively, these technologies enable more precise diagnosis, enhanced prediction of HE episodes, and 
personalized therapeutic strategies, ultimately improving patient outcomes. Future research should focus on refining the 
accuracy of post-TIPS HE prediction.

MANAGEMENT STRATEGIES
Assessment of patients before TIPS placement
Pre-TIPS liver function is significantly correlated with postoperative prognosis, and a Child-Pugh score > 13 or a model 
for end-stage liver disease score > 19 has been advocated as a contraindication for TIPS[54]. Common factors that affect 
HE after TIPS include age, a history of HE, the use of proton pump inhibitors (PPIs), serum sodium and creatinine levels, 
and the presence of sarcopenia[55,56]. Advanced age is a significant risk factor for post-TIPS HE. A meta-analysis 
revealed that patients over 70 years of age had a significantly greater incidence of HE after TIPS and a marked increase in 
readmission rates within 30 days[57,58]. This finding may be related to increased BBB permeability and decreased 
function of neural cells in elderly patients[59]. Moreover, a history of HE increases the incidence of HE following TIPS, 
and recurrent or persistent OHE has been advocated as a contraindication for TIPS[60]. PPIs are widely used in 
gastrointestinal diseases such as reflux esophagitis and peptic ulcers. A retrospective study revealed that the duration of 
preoperative PPI use was positively correlated with the incidence of postoperative HE, and the incidence of HE decreased 
after the discontinuation of PPIs[61]. This could be associated with PPIs modifying the pH of the gastrointestinal tract, 
which results in alterations in the gut microbiota that subsequently impact blood ammonia metabolism[62]. However, a 
study including 397 patients with liver cirrhosis who received TIPS revealed that 59.1% of patients treated with PPIs did 
not have a clear indication for PPI use[63]. Therefore, it is essential to adhere strictly to appropriate prescribing in-
dications, especially for patients planned for the TIPS procedure. Additionally, preoperative serum sodium levels have 
also been identified as relevant to HE following TIPS. Merola et al[64] conducted a retrospective chart review and 
reported that a lower preoperative serum sodium concentration was associated with a greater risk of HE within the first 
week post-TIPS. Hyponatraemia exacerbates cerebral edema and combines with hyperammonamia to further impair 
brain cell function[65]. The serum creatinine level, which reflects renal function, is positively correlated with the incidence 
of HE after TIPS, as renal dysfunction can impede blood ammonia metabolism and affect the elimination of metabolic 
products[66]. Skeletal muscle is one of the sites of ammonia metabolism; however, most patients with liver cirrhosis have 
sarcopenia. Other studies have shown that the presence of sarcopenia before TIPS placement is a risk factor for post-TIPS 
HE, and improvements in sarcopenia reduce the occurrence of post-TIPS HE[48,67]. Furthermore, reduced muscle mass, 
such as that associated with myosteatosis, also increases the risk of HE occurring after TIPS[68]. The controlling 
nutritional status score, which consists of the serum albumin level, total cholesterol, and total peripheral lymphocyte 
count, has emerged as a reliable indicator for assessing the risk of OHE in patients with cirrhosis after the TIPS procedure
[69]. Moreover, Liu et al[19] reported that sarcopenia can be improved in cirrhotic patients following TIPS placement. 
Although these factors increase the risk of post-TIPS HE, they are not absolute contraindications for TIPS placement. A 
full understanding of patient characteristics is essential to establish more accurate evaluations and effective treatment 
strategies.

Shunt diameter determination
The selection of the TIPS stent diameter is crucial for the occurrence of HE after TIPS. A stent diameter that is too small 
can result in insufficient shunting and ineffective reduction of portal pressure, whereas a stent diameter that is too large 
increases the incidence of postoperative HE. Currently, a uniform recommendation for the selection of the stent diameter 
is lacking. The use of the smallest possible stent that can effectively control the complications of portal hypertension is 
generally advised. The 2023 American Association for the Study of Liver Diseases guidelines recommend a stent diameter 
of 8 mm[70]. The European guidelines do not specify a particular stent diameter[71]. According to the Baveno VII 
guidelines, a hepatic venous pressure gradient of < 12 mmHg or a reduction in the portal pressure gradient (PPG) of 
more than 50% from baseline after stent placement can effectively reduce the risk of recurrent variceal bleeding[72].

Several studies have compared the impact of placing stents with different diameters on portal hypertension complic-
ations and the incidence of HE. Initially, patients who underwent TIPS were randomly assigned to either the 8-mm 
diameter stent group or the 10-mm diameter stent group by Riggio et al[73]. They reported that the incidence of portal 
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hypertension complications was greater in the 8-mm diameter stent group, whereas there was no significant difference in 
HE between the two groups. However, a meta-analysis including 5 studies and 489 patients indicated that, compared 
with a 10-mm stent, placing an 8-mm diameter stent did not significantly affect variceal rebleeding but did reduce the 
incidence of HE[74]. A randomized controlled trial (RCT) revealed that, compared with a 10-mm diameter stent, an 8-mm 
diameter stent not only reduced liver impairment but also halved the risk of HE, with no significant difference in 
rebleeding rates[75]. Furthermore, Trebicka et al[76] reported that covered stents with an 8 mm diameter may improve 
survival compared with 10 mm stents. The above studies suggest that an 8-mm diameter stent may be recommended for 
use in patients to prevent variceal bleeding because it does not increase the risk of rebleeding or liver impairment. 
However, the most critical factor in selecting the stent diameter is the patient’s baseline characteristics and treatment 
goals rather than the specific size of the stent. A retrospective study revealed that a 6-mm shunt significantly reduced the 
incidence of OHE, protected perioperative liver function, and did not affect the rebleeding rate in patients with a small 
liver volume[77]. For patients with cirrhosis and refractory ascites who are at high risk for postoperative HE, a stent 
diameter smaller than 8 mm may be more appropriate[18].

Adjustable stents provide a balanced approach for managing post-TIPS HE and complications related to portal 
hypertension. Monnin-Bares et al[78] introduced a technique using a balloon-expandable stent-graft and a lasso catheter 
for adjustable shunt diameter reduction, permitting reversible titration via stent-graft dilation or lasso tightening. The use 
of adjustable stents requires further validation in large-scale studies to confirm their efficacy and safety.

SPSS embolization
SPSS was identified in 71% of patients with medically refractory HE[79]. These shunts develop as a compensatory 
mechanism to alleviate portal hypertension, allowing blood to flow from the portal vein directly into the systemic 
circulation via collateral vessels[33]. Spontaneous splenorenal shunts and spontaneous gastrorenal shunts are relatively 
common types of SPSSs in patients with cirrhosis[80]. The presence of spontaneous shunts allows some of the portal 
venous blood to bypass the liver and directly enter the systemic circulation, including gut-derived toxins such as 
ammonia. These toxins can cross the BBB and interfere with the function of neuroglial cells[37]. Once formed, SPSSs tend 
to persist and do not easily regress. One-third of SPSSs remain even after TIPS normalizes portal pressure, which may be 
one of the reasons for persistent HE after TIPS[81]. A multicenter study revealed that the total area of the SPSS can 
independently predict the incidence of HE and mortality in patients with cirrhosis[82]. An RCT revealed that in patients 
with variceal bleeding, the combination of TIPS and embolization of a large SPSS decreased the incidence of post-TIPS HE 
without significantly increasing the risk of other complications[83]. Additionally, a meta-analysis conducted by Yang et al
[84] involving a total of 4 studies and 1243 patients demonstrated that the prevalence of SPSS is associated with an 
increased risk of OHE after TIPS and that embolization of the SPSS during TIPS placement reduces the risk of OHE. The 
North American practice guidelines recommend considering embolization for SPSSs > 6 mm to reduce the risk of HE 
after TIPS[85]. Commonly used methods for SPSS embolization include balloon-occluded retrograde transvenous 
obliteration, plug-assisted retrograde transvenous obliteration, and coil-assisted retrograde transvenous obliteration[86]. 
However, the above studies have certain limitations, such as small sample sizes and the inclusion of patients with 
cirrhosis, primarily due to hepatitis B virus infection.

HE prophylaxis and treatment after TIPS operation
Nutrition management: Malnutrition is a prevalent issue in patients with liver cirrhosis, affects 20%-50% of this patient 
population, and poses a risk for the development of post-TIPS HE[48,87]. Although restricted protein intake was 
previously recommended for patients with HE, more recent research has suggested that protein restriction in patients 
with HE should be based on the severity of HE and the patient’s current nutritional status[88,89]. The European 
Association for the Study of the Liver (EASL) clinical practice guidelines also recommend that daily protein and caloric 
intake for patients with HE should not fall below the general recommendations for cirrhotic patients, with a minimum 
daily caloric intake of 35 kcal/kg and a minimum daily protein intake of 1.2-1.5 g/kg[90]. The use of vegetables and dairy 
protein over animal protein is encouraged[91]. An RCT of 120 cirrhotic patients demonstrated that nutritional therapy 
(30-35 kcal/kg and 1.0-1.5 g of vegetable protein/kg of ideal body weight/day) effectively treats MHE and improves 
health-related quality of life[92]. Kato et al[93] also reported that 8 weeks of nutritional support improved MHE in 68.4% 
of patients. A recent retrospective cohort study revealed that nutritional counseling effectively improved mortality and 
prevented OHE in patients with alcohol-associated liver disease[94].

However, to date, protein intake management has focused primarily on the prevention and treatment of HE in patients 
with liver cirrhosis. Only one retrospective prospective study reported that early dietary intervention can reduce the 
incidence of HE after TIPS in patients with cirrhosis[95]. Therefore, guidelines that recommend dietary management for 
the prevention of HE after TIPS placement are currently lacking. In clinical practice, both nutritional interventions and 
dietary counseling are essential and cost-effective measures. However, their efficacy is often constrained by patient 
compliance and variations in dietary habits.

Medical therapy: Lactulose, a nonabsorbable disaccharide metabolized by the colonic microbiota into short-chain organic 
acids, creates an acidic environment that inhibits NH3-producing bacteria, promotes beneficial microorganisms, and 
converts NH3 to nonabsorbable NH4+ to reduce ammonia levels[96]. Wang et al[97] demonstrated that lactulose is a safe 
and effective treatment for MHE because it decreases the abundance of Pediococcus, Clostridium, and Pseudomonas and 
increases the abundance of Anaerosinus and Akkermansia. The EASL guidelines recommend lactulose as the first-line 
treatment for HE, and it is effective for treating covert HE, preventing HE, and providing secondary prophylaxis after the 
first episode of OHE[90]. A recent clinical trial demonstrated that lactulose plus rifaximin decreased ammonia production 
in patients with cirrhosis, as quantified by the constant ammonia infusion technique, which measures whole-body 
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ammonia metabolism[98]. In addition, lactulose promotes the elimination of accumulated blood in the gastrointestinal 
tract of patients with concurrent esophageal variceal bleeding and suppresses the production and absorption of ammonia 
to prevent HE. However, some studies have also shown that lactulose can lead to complications such as bloating, 
flatulence, and severe and unpredictable diarrhea, which may result in dehydration[99]. Current studies on the use of 
lactulose for the treatment and prevention of HE after TIPS are limited. An RCT from 2005 by Riggio et al[100] suggested 
that lactulose is not effective in the prophylaxis of HE after TIPS compared with no treatment. However, this study only 
compared the incidence of HE within 1 month after TIPS, so factors including insufficient medication duration cannot be 
completely excluded. Furthermore, Seifert et al[101] reported that the combination of lactulose and rifaximin is more 
effective in patients with HE prior to TIPS than in those with no history of HE. Lactulose is effective in the treatment and 
prevention of HE in patients with cirrhosis who have not received a TIPS. However, most current treatments and 
preventive measures for HE after TIPS are not significantly different from those used in the control group. This lack of 
efficacy may be due to insufficient medication time for patients and the impact of preoperative HE episodes. Altern-
atively, the preventive effect of lactulose through the aforementioned mechanisms may be insufficient to prevent HE in 
patients with a high risk of HE compared with patients who have not received a TIPS. Further large-scale RCTs are 
needed to explore the effects of lactulose alone on HE in patients who have undergone TIPS.

Rifaximin, a nonsystemic antibiotic based on rifamycin, has low gastrointestinal absorption and broad-spectrum 
antibacterial action without ototoxicity or nephrotoxicity[102]. Owing to its minimal absorption, it has high bioavailability 
within the gastrointestinal tract[99]. Rifaximin can be used to treat HE by improving bacterial translocation and systemic 
endotoxemia, reducing systemic inflammation, and repairing the intestinal barrier[103,104]. Rifaximin selectively in-
creases the abundance of Bifidobacterium, Faecalibacterium prausnitzii, and Lactobacillus while reducing the abundance of 
Veillonellaceae without significantly altering the overall composition of the gut microbiota[105]. Furthermore, recent 
research utilizing human small intestinal organoids has demonstrated that rifaximin exerts direct effects on ammonia 
clearance within the small intestinal epithelium by enhancing intracellular nitrogen detoxification through mechanisms 
independent of the pregnane X receptor[106]. Bass et al[99] reported that rifaximin was more effective than placebo in 
maintaining remission from HE and reducing the risk of hospitalization related to HE over a six-month follow-up period. 
Furthermore, Wang et al[97] reported that rifaximin is efficacious in the treatment of MHE and can improve the com-
position of the gut microbiota. A multicenter RCT suggested that rifaximin is efficacious in preventing HE following TIPS 
by comparing patients who received rifaximin in conjunction with lactulose therapy post-TIPS to those who did not[107]. 
However, most of the studies evaluating the treatment of HE after TIPS were based on the combination of lactulose and 
rifaximin. Thus, the therapeutic effect of rifaximin alone on post-TIPS HE could not be comprehensively assessed. To 
date, only one prospective RCT has evaluated the therapeutic and prophylactic effects of rifaximin alone for OHE within 
6 months after TIPS and revealed that rifaximin can prevent the development of post-TIPS OHE. Nonetheless, this study 
focused mainly on patients with alcoholic cirrhosis and recurrent ascites. As a result, the preventive efficacy of rifaximin 
in patients with other etiologies and variceal rebleeding remains undetermined[108]. The 2022 EASL guidelines and 2023 
American Association for the Study of Liver Diseases practice guidelines suggest that rifaximin can be considered to 
prevent HE in cirrhotic patients with a history of OHE before TIPS placement[70,71]. However, in clinical practice, several 
studies have noted that the increasing incidence of Clostridium difficile infection and its relatively high cost limit its 
widespread use[109,110]. Therefore, the efficacy, safety, and optimal duration of rifaximin treatment for managing post-
TIPS HE should be further evaluated in future multicenter RCTs.

Probiotics: HE is linked to an imbalance of in intestinal homeostasis[111]. Probiotics primarily affect the intestine, treating 
HE by regulating intestinal flora dysbiosis, enhancing intestinal mucosal barrier function, and modulating intestinal 
immunity and inflammation-related factors[112]. Various probiotics contain different combinations of bacterial species 
and play different roles in the treatment and prevention of HE. Bajaj et al[113] demonstrated that Lactobacillus GG is 
associated with reduced endotoxemia and microecological imbalance, whereas Stadlbauer et al[114] reported that Lactoba-
cillus casei Shirota restored neutrophil phagocytic capacity. Yang et al[115] found that ProBiotic-4 (Bifidobacterium lactis, 
Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus acidophilus) alleviated cognitive impairment in aged mice via 
the suppression of Toll-like receptor 4- and RIG-I-induced nuclear factor-kappa B signaling and inflammation. Most 
current studies on probiotic treatment for HE include Bifidobacterium longum, Lactobacillus bulgaricus, and Streptococcus 
thermophilus which are key components of their probiotic formulations[116,117]. Probiotics are as effective as lactulose 
and rifaximin in reversing MHE and preventing OHE, with the added advantage of having fewer side effects[118]. Xia et 
al[119] demonstrated the efficacy of probiotics in treating MHE in patients with hepatitis B virus-induced cirrhosis by 
comparing changes in cognitive function, the gut microbiota, and venous blood ammonia levels after three months of 
probiotic treatment vs no treatment. Another RCT reported that taking probiotics for three months is effective in 
preventing the occurrence of HE in patients with liver cirrhosis[120]. Dhiman et al[121] conducted a double-blind RCT 
and revealed that the oral administration of probiotics for six months can prevent the recurrence of HE and reduce 
hospitalization rates. Notably, while the aforementioned studies indicate the effectiveness of probiotics in the treatment 
or prevention of HE, these studies have included populations from different regions, with inconsistent probiotic adminis-
tration times and varying types of probiotics. Therefore, the optimal duration for probiotic treatment and the generaliz-
ability of these probiotics in HE patients are unclear.

However, the role of probiotics in the prevention and treatment of post-TIPS HE remains uncertain. Probiotics reduce 
ammonia production by modulating the composition of the intestinal flora, thereby reducing the amount of ammonia 
that enters the BBB and lowering the incidence of HE. Theoretically, although the use of portal-systemic shunts is 
increased after TIPS, the incidence of post-TIPS HE is reduced if less ammonia is absorbed from the intestine into the 
blood. This has been demonstrated in our preliminary study on the prophylaxis of HE after TIPS with probiotics 
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(ChiCTR2200062996). Multicenter prospective RCTs are needed to confirm the role of probiotics in the treatment and 
prevention of HE following TIPS.

L-ornithine-L-aspartate: The main metabolic pathway for ammonia is the synthesis of urea in the liver through the urea 
cycle, and ornithine and aspartate are essential substrates in the urea cycle. Moreover, in extrahepatic tissues such as the 
brain and muscles, ammonia is converted into glutamine, a nontoxic transport form, through the action of GS, which is 
activated by ornithine and aspartate[122]. L-ornithine-L-aspartate (LOLA) is a combination of ornithine and aspartate that 
plays an important role in reducing blood ammonia levels both within and outside the liver[123].

A double-blind RCT conducted by Jain et al[124], which focused primarily on patients with grade 3 to 4 OHE, revealed 
that the continuous intravenous infusion of LOLA for 5 days, in addition to lactulose and rifaximin treatment, was more 
effective in improving HE grades and reducing the time to recovery from HE than lactulose and rifaximin alone were and 
decreased 28-day mortality. Other studies have shown that, compared with lactulose and probiotics, LOLA has an 
equivalent therapeutic effect on HE[125]. Whether the effect of LOLA treatment on HE is associated with the different 
types of HE (acute HE, chronic HE, or MHE) and the route of LOLA administration (oral or intravenous) remains contro-
versial a review of the treatment and prevention of HE in patients with liver cirrhosis indicated that the efficacy of LOLA 
is not related to different types of HE or the route of administration[126]. Jiang et al[127] reported that the LOLA is 
effective in the treatment of acute HE and chronic HE but ineffective in the treatment of MHE. A meta-analysis revealed 
that oral administration of LOLA is more effective than intravenous infusion in the treatment of MHE[128]. Bai et al[113] 
compared the venous blood ammonia levels of patients who did and did not receive a LOLA infusion and reported a 
decrease in venous blood ammonia levels in the group that received a LOLA infusion 7 days post-TIPS. Furthermore, the 
levels of transaminases and bilirubin were significantly lower in the LOLA-treated group than in the control group, 
indicating that LOLA can improve liver function after TIPS[113]. However, Seifert et al[101] found no significant dif-
ference in the prevention of HE after TIPS between patients with previous HE who received LOLA in addition to 
rifaximin and lactulose treatment and those who did not. Rees et al[129] enrolled 7 patients who received a TIPS and 8 
patients who did not undergo TIPS, challenged them with a glutamine load and administered either LOLA or placebo 
intravenously, finding that the LOLA improved psychometric testing performance in the non-TIPS group, but no 
significant improvement was observed in the TIPS group. This may be related to the higher baseline blood ammonia 
levels in patients who underwent TIPS. However, the study included only 15 patients, so it is difficult to exclude selective 
bias and other nonintervention factors leading to this conclusion. In summary, we can preliminarily conclude that the 
LOLA can reduce blood ammonia levels after TIPS and improve cognitive function in patients. However, this effect 
seems to be insignificant in patients with previous HE.

Branched-chain amino acids: The occurrence of HE is related to an imbalance in the ratio of branched-chain amino acids 
(BCAAs) (valine, leucine, and isoleucine) to aromatic amino acids (AAAs) (phenylalanine, tyrosine, and tryptophan) in 
the blood[130]. In healthy individuals, BCAAs and AAAs provide energy for the body and participate in protein syn-
thesis and the regulation of various physiological functions through a series of complex biochemical reactions. In patients 
with cirrhosis, liver function is impaired, which reduces the synthesis of BCAAs and decreases the breakdown of AAAs 
to ultimately increase the BCAA/AAA ratio. Excess AAAs can cross the BBB and be converted into neurotransmitters 
within the brain. The abnormal accumulation of these neurotransmitters can lead to neurological dysfunction and 
interfere with neural signal transmission.

Supplementation with BCAAs can increase the ratio of BCAAs in the blood, restoring amino acid balance and thereby 
inhibiting the production and release of false neurotransmitters, thus treating HE[131]. In addition, BCAAs decrease the 
occurrence of HE by regulating the gut microbiota and improving gut barrier function[132]. An RCT revealed that 
patients with alcoholic cirrhosis and HE who received a combination of antibiotics and BCAAs had faster and more 
complete recoveries than did those who received antibiotics alone[133]. Additionally, Vidot et al[134] found that the 
combination of BCAAs and prebiotics was more effective in treating HE than prebiotics alone. However, in an RCT that 
included 116 patients with cirrhosis and a previous episode of HE, supplementation with BCAAs in the diet did not 
reduce the recurrence rate of HE but did improve MHE and skeletal muscle mass[135]. Furthermore, an early study 
suggested that BCAAs reduce the concentration of AAAs in the blood of HE patients but do not improve brain function
[136]. Therefore, the EASL clinical practice guidelines state that while BCAAs are beneficial for HE patients, their role in 
preventing HE recurrence still needs to be further validated by high-quality RCTs[71]. Regarding the treatment and 
prevention of HE after TIPS placement, further research on the role of BCAAs is still needed.

Fecal microbiota transplantation: The intestinal microbiome, which consists of various bacteria, fungi, viruses, and other 
organisms, has proinflammatory or anti-inflammatory effects[137]. In healthy individuals, the intestinal microbiota 
remains in a balanced state. In patients with liver cirrhosis combined with HE, the reduced production of bile acids 
disrupts this balance, leading to an increase in harmful bacteria and a decrease in beneficial bacteria[111]. The reduced 
production of short-chain fatty acids leads to an increase in the intestinal pH, allowing urease-producing bacteria to 
continue to grow and produce ammonia and endotoxins, which results in hyperammonamia, systemic inflammation, and 
impaired intestinal barrier function[138].

Fecal microbiota transplantation (FMT) involves transferring fecal materials from healthy donors to patients with 
dysregulated intestinal environments to restore the gut microbiota balance. Administration methods include colo-
noscopy, enema, nasogastric, or nasojejunal routes[139,140]. The mechanism by which FMT exerts its effects may involve 
increasing the colonization of beneficial gut bacteria in patients with liver cirrhosis and HE, thereby reducing intestinal 
edema, mucosal injury, and inflammatory infiltration[141]. Additionally, FMT reduces blood ammonia levels and 
improves HE by downregulating the expression of proinflammatory cytokines[142]. An RCT divided patients with 
recurrent HE into a standard treatment (SOC) group and an SOC plus 5 days of broad-spectrum antibiotic treatment 



Li Y et al. Management of post-TIPS HE

WJG https://www.wjgnet.com 9 April 21, 2025 Volume 31 Issue 15

followed by the FMT group. This study revealed that FMT did not increase the incidence of serious adverse events in 
patients. Additionally, the SOC plus 5 days of broad-spectrum antibiotic treatment followed by FMT group presented 
improved psychometric hepatic encephalopathy scores and increased gut microbiota diversity[143]. However, in this 
study, the specific SOC regimen was not detailed, and it is unclear whether patients continued to receiving rifaximin 
treatment after FMT is unclear. Furthermore, patients received 5 days of broad-spectrum antibiotic treatment prior to 
FMT, which hindered the evaluation of the impact of FMT on changes in the gut microbiota separately. Bajaj et al[144] 
reported that decompensated cirrhotic patients, including those with HE, presented increased levels of virulence factors 
(VFs). Compared with the control and pre-FMT methods, FMT was able to reduce VF. The efficacy of FMT is closely 
related to the selection of both the recipient and the donor. Bloom et al[141] conducted an open-label study based on fecal 
metagenomic testing before and after FMT. They reported that FMT improved cognitive function in HE patients and that 
its efficacy varied with changes in donors and recipients. Additionally, the authors noted that FMT did not completely 
reshape the faecal microbiome; instead, subtle or proximal gut changes may underlie its therapeutic mechanism. A meta-
analysis that included twenty-one studies indicated that microbiome therapies, including probiotics, symbiotics, and 
FMT, were more effective at improving MHE and preventing progression to OHE[145]. However, none of these studies 
specified the dose of fecal material, dosing frequency, or ideal donor and delivery modality. Additionally, most of the 
studies included a limited number of patients.

Although changes in the gut microbiota are associated with the occurrence of HE after TIPS, no studies have yet been 
conducted on the use of FMT for the treatment of HE following TIPS placement has not yet been studied. Li et al[32] 
conducted a prospective longitudinal study of 106 patients with cirrhosis who had undergone TIPS and reported that gut 
microbiota dysbiosis was associated with the occurrence of post-TIPS HE. These findings suggest that the gut microbiome 
is a target for the treatment of post-TIPS HE. Additionally, in the open-label study by Bloom et al[141] mentioned above, 
four patients (40%) had received a TIPS prior to FMT, and TIPS did not significantly affect the treatment of HE with FMT.

Post-TIPS HE is correlated with gut microbiota shifts. In a study by Li et al[146], two cirrhotic patients with recurrent 
grade 2-3 HE experienced improved liver function and a significant decline in HE attacks following three FMT 
treatments. Bloom et al[147] reported in their open-label study that 40% of patients (n = 4) had a history of TIPS before 
receiving FMT, and TIPS placement did not significantly impact the therapeutic outcomes of FMT for HE. These findings 
suggest that the gut microbiome could be a potential therapeutic target for post-TIPS HE and that the role of FMT needs 
further validation through RCTs.

Endovascular techniques for shunt reduction: An episode of OHE occurs in 35% to 50% of patients after TIPS, whereas 
refractory HE, including recurrent or persistent HE that cannot be controlled by dietary and pharmacological in-
terventions, occurs in approximately 8% of patients[7,148]. For such patients, stent occlusion or diameter reduction 
represents a potential therapeutic strategy. However, stent occlusion is associated with a marked increase in the incidence 
of portal hypertension-related complications and is generally not recommended. To date, the primary techniques for stent 
reduction include the parallel stent method, the hourglass configuration method, and the tapered stent-graft method. 
Among these methods, the parallel stent method is more widely applied. Moreover, research has indicated that the 
hourglass configuration method can be utilized to alter the stent graft, efficiently diminishing shunt flow and improving 
OHE[149]. In an observational study of 12 patients who developed refractory HE after TIPS, shunt reduction was 
performed via an hourglass-shaped balloon-expandable expanded polytetrafluoroethylene stent-graft inserted into the 
original shunt. A follow-up at approximately 1 year revealed no recurrence of HE, but there was no improvement in liver 
dysfunction[150]. Additionally, Rowley et al[151] employed the parallel reduction technique to reduce the stent in 10 
patients who developed refractory HE after TIPS. Among them, recurrent HE improved in 8 out of 10 patients, but the 
survival rate at 1 year without liver transplantation was only 10%. These findings suggest that stent reduction can 
effectively alleviate refractory HE after TIPS, but it may not improve liver function or the survival rate. Furthermore, the 
recurrence of portal hypertension-related complications such as ascites and variceal bleeding after stent reduction is also 
a major issue. Shah et al[152] studied 33 patients who required stent reduction, 14% of whom experienced a recurrence of 
ascites after the stent reduction procedure. A review highlighted that following TIPS stent reduction, which involves an 
increase in the PPG from 8 mmHg to 12 mmHg, the recurrence rate of portal hypertension-related symptoms is 29%[153].

Notably, while the abovementioned studies offer insights into managing post-TIPS refractory HE, their small sample 
sizes and absence of control groups indicate that the observed improvements in HE could be due to factors unrelated to 
stent reduction. Moreover, comparing the differences in symptoms related to portal hypertension, liver function, and 
patient survival rates between those who have undergone stent reduction and those who have not is essential to assess 
the efficacy of stent reduction precisely for patients with refractory HE following TIPS placement.

FUTURE DIRECTIONS
First, early detection and identification of MHE following TIPS is crucial for the timely removal of precipitating factors, 
thereby preventing the occurrence of OHE. The creation of an efficient predictive model for MHE based on serum 
biochemical indicators, cognitive assessment systems, and radiomics warrants further investigation. Second, when 
sarcopenia is targeted as a therapeutic endpoint, comprehensive preoperative and postoperative nutritional assessments 
for patients who receive a TIPS, along with dietary guidance provided by nutritionists, may represent a nonpharmaco-
logical approach to prevent HE after TIPS placement. Third, the optimal size of the shunt channel that should be 
embolized to increase the prevention efficiency of HE after TIPS creation needs further investigation. Fourth, future 
research should focus on developing adjustable stents based on PPG and post-TIPS HE. Finally, the efficacy and safety of 
FMT as a treatment for HE following TIPS placement need to be investigated in the future.
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CONCLUSION
This review is based on physiopathology and provides a detailed exposition about the assessment of patients before TIPS 
placement, the determination of stent diameter during the procedure, the combination of SPSS embolization, and patient 
diet, medication, FMT and stent reduction management after TIPS placement. Although TIPS increases the risk of HE in 
patients, most cases of HE can be effectively controlled by dietary intervention and drug management, and only a small 
number of recurrent or persistent HE cases require stent reduction. An increasing number of management strategies have 
been shown to be effective in the treatment of post-TIPS HE. A recent study confirmed that post-TIPS HE does not affect 
patient survival rates[154]. TIPS also decreases the further decompensation rates of complications other than HE[155]. 
Therefore, we believe that HE should not be a major barrier to the performance of TIPS. Multicenter RCTs are needed to 
further validate the effectiveness of the aforementioned HE management strategies after TIPS and to explore new 
therapeutic options in the future.
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Abstract
The prevalence of intrahepatic cholangiocarcinoma (ICC) is increasing globally. 
Despite advancements in comprehending this intricate malignancy and for-
mulating novel therapeutic approaches over the past few decades, the prognosis 
for ICC remains poor. Owing to the high degree of malignancy and insidious 
onset of ICC, numerous cases are detected at intermediate or advanced stages of 
the disease, hence eliminating the chance for surgical intervention. Moreover, 
because of the highly invasive characteristics of ICC, recurrence and metastasis 
postresection are prevalent, leading to a 5-year survival rate of only 20%-35% 
following surgery. In the past decade, different methods of treatment have been 
investigated, including transarterial chemoembolization, transarterial radioembol-
ization, radiotherapy, systemic therapy, and combination therapies. For certain 
patients with advanced ICC, conversion treatment may be utilized to facilitate 
surgical resection and manage disease progression. This review summarizes the 
definition of downstaging conversion treatment and presents the clinical 
experience and evidence concerning conversion treatment for advanced ICC.
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Core Tip: The conversion treatment for unresectable intrahepatic cholangiocarcinoma (ICC) can reduce tumor burden and 
enhance the likelihood of surgical resection. Chemotherapy is still the base treatment for advanced ICC. However, locore-
gional therapies and systemic therapies are promising treatment strategies for advanced ICC, aiming to enhance tumor 
response and improve patient outcomes. Achieving an adequate future liver remnant is crucial to prevent posthepatectomy 
liver failure; techniques are being investigated to enhance future liver remnant and improve outcomes in patients with 
advanced ICC.

Citation: Liu JJ, Zhou M, Yuan T, Huang ZY, Zhang ZY. Conversion treatment for advanced intrahepatic cholangiocarcinoma: 
Opportunities and challenges. World J Gastroenterol 2025; 31(15): 104901
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/104901.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.104901

INTRODUCTION
Intrahepatic cholangiocarcinoma (ICC) ranks as the second most prevalent primary liver cancer after hepatocellular 
carcinoma (HCC), constituting approximately 10%-15% of primary liver cancers[1]. Chronic inflammation typically 
occurs when ICC develops, leading to cholestasis and subsequent cholangiocyte injury[2]. The numerous risk factors for 
ICC include bile duct cysts, cholangitis, Caroli’s disease, hepatolithiasis, cirrhosis, viral hepatitis, parasitic infection, 
digestive diseases, and metabolic and endocrine disorders, among others[3]. As the main risk factors for ICC have 
become more common over the past few decades, mortality from this disease has tended to grow in a number of areas 
across the world[4].

Surgical treatment is the most effective approach for achieving long-term survival in patients with cholangiocarcinoma. 
The patient should undergo surgery if radical resection of cholangiocarcinoma is feasible and if there are no distant 
metastases or other surgical contraindications[5]. However, cholangiocarcinoma is typically asymptomatic in the initial 
stages, leading to a diagnosis only when the disease has progressed significantly, severely limiting therapy options and 
resulting in a poor outcome[6,7]. Only 20%-30% of patients have resectable disease[8]. Even in cases where surgical 
resection is performed with the goal of curing the disease, the 5-year overall survival (OS) rate is only 20%-35%[2].

Nonsurgical therapy for ICC has advanced significantly in recent years. Chemotherapy, targeted therapy, immuno-
therapy, and their combination might yield favorable outcomes in the management of advanced or unresectable ICC; 
furthermore, localized interventions such as transarterial chemoembolization (TACE), hepatic arterial infusion (HAI) 
chemotherapy (HAIC), transarterial radioembolization (TARE), and radiotherapy are frequently utilized. Advancements 
in technology and pharmaceuticals, coupled with systemic therapies, not only yield superior outcomes in terms of tumor 
reduction but also increase patient survival. Conversion treatment is the process of transforming an unresectable ICC into 
a resectable ICC and then surgically excising the tumor. Several studies have shown that conversion treatment, which 
involves the use of systemic or local therapies, can increase the percentage of patients suitable for curative resection, 
hence considerably improving their long-term survival rates[9-13].

As methods of treatment improve, future research will focus mostly on identifying the most efficient conversion 
treatment procedures for advanced ICC, particularly to determine which patients are most likely to benefit from this 
strategy. A unified definition of conversion treatment and explicit criteria for patient selection are essential for the 
advancement of this therapeutic technique and the assurance of consistent clinical outcomes.

CONCEPT AND SIGNIFICANCE OF CONVERSION TREATMENT
The conversion treatment method is a novel approach for unresectable malignancies that was originally suggested for 
HCC patients and aims to reduce the tumor burden by applying combination therapy, thereby making patients 
appropriate for surgical resection[14,15]. In recent years, conversion treatment has received increasing interest in the field 
of ICC, as increasing amounts of data indicate that multimodal strategies for treatment can enhance resectability and 
patient outcomes. In contrast to HCC, where conversion treatment is well established, ICC has historically exhibited low 
conversion rates; however, advancements in systemic and locoregional therapies are progressively altering this approach. 
A study showed that patients with advanced ICC who undergo surgical resection following successful conversion 
treatment have a two-year survival rate of 88%, with a median survival of 46 months[16].

In certain instances, radical excision may be unfeasible because of the advanced stage of the tumor and its infiltration 
into hepatic blood vessels[13]. Nonetheless, some patients may have the chance to undergo radical resection via 
conversion treatment to achieve tumor downstaging. Given the rapid development of antitumor therapies, a combination 
therapy approach may lead to tumor downstaging in patients with unresectable ICC, increase the likelihood of radical 
surgical resection, and prolong patient survival. The optimal conversion treatment results in a high objective response 
rate (ORR), minimal harmful effects on patients, and the ability to achieve conversion as rapidly as possible. In addition 
to improving survival, conversion treatment can also offer symptomatic relief by diminishing the tumor burden, 
potentially alleviating biliary obstruction, discomfort, and other symptoms related to ICC. Thus, this may result in an 
increase in quality of life, even when complete resection is not possible.

https://www.wjgnet.com/1007-9327/full/v31/i15/104901.htm
https://dx.doi.org/10.3748/wjg.v31.i15.104901
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Conversion treatment typically involves the application of active treatment modalities (such as targeted therapy, 
immunotherapy, etc.) to manage or reverse tumor proliferation, which has significant potential for a cure or prolonged 
response. In contrast, palliative care primarily aims to alleviate symptoms and enhance quality of life[17]. It includes 
interventions such as percutaneous transhepatic biliary drainage and biliary stenting. It is typically employed for 
individuals with advanced ICC and has poor treatment efficacy on the tumor itself.

There are currently no clear criteria for the indications for conversion treatment in ICC. Some patients with advanced 
ICC who are unsuitable for surgical resection due to inadequate residual liver volume, impaired liver function, and other 
factors might be included in conversion treatment. The following section outlines the significant breakthroughs in locore-
gional and systemic as well as combination therapies for the conversion treatment of ICC.

OPTIONS FOR ICC CONVERSION TREATMENT
Chemotherapy
In 2010, the ABC-02 study recommended the gemcitabine + cisplatin (GC) regimen as a first-line treatment option for 
advanced cholangiocarcinoma and reported an ORR of 26.1%[18]. In another phase III clinical study (KHBO1401-
MITSUBA), the ORR for the GC regimen group in patients with advanced cholangiocarcinoma was 15%, with no 
instances of successful conversion treatment reported. In the GC + S-1 regimen, the ORR was 41.5%, with three patients 
successfully converted to surgical resection[19]. In addition to the GC regimen, the combination of gemcitabine and 
oxaliplatin (Gemox) is another therapy recommended by the National Comprehensive Cancer Network guidelines for 
advanced cholangiocarcinoma[20]. Despite the absence of a randomized trial evaluating the efficacy of the Gemox 
regimen against the GC regimen, Gemox was favored as a standard regimen in certain areas and was utilized as a 
reference regimen in multiple clinical trials for cholangiocarcinoma[21].

A retrospective study assessed the efficacy of neoadjuvant chemotherapy in managing initially unresectable ICC. 
Among the 74 advanced ICC patients, 39 (53%) successfully converted and underwent further resection following a 
median of six cycles of treatment[22]. The results revealed that individuals with locally advanced ICC who underwent 
surgical intervention after neoadjuvant chemotherapy presented comparable outcomes to those with initially resectable 
ICC who received surgery only[22]. A GC regimen combined with nab-paclitaxel was studied in a clinical trial. The 
survival results were encouraging, with a median OS of 19.2 months[23]. Twelve patients (20%) were successfully 
converted from unresectable to resectable and subsequently underwent surgery[23].

Radiotherapy
Owing to the different radiosensitivities of hepatic tissue and the limitations of radiotherapy technology, radiotherapy is 
infrequently utilized for the management of liver cancer. Nonetheless, advancements in imaging and radiation techno-
logies, together with an enhanced comprehension of the radiation tolerance of normal liver tissue, have prompted an 
increasing number of researchers to use radiotherapy for the treatment of liver cancer[24,25]. The treatment effects 
observed in contemporary research exhibit considerable variability[26-28], potentially attributable to disparities in 
radiotherapy methods and study cohorts.

A retrospective analysis involved 79 patients with unresectable ICC, 70 of whom underwent systemic chemotherapy 
prior to radiation. The overall 3-year survival rate for the total group was 44%. Patients receiving a biologically equivalent 
radiation dose exceeding 80.5 Gy had a superior survival rate of 73% compared with 38%, and the local control (LC) rates 
were 78% and 45%, respectively[29]. Another phase II study evaluated the application of proton radiation in 92 patients 
with localized, unresectable ICC or HCC. Patients underwent 15 portions of proton treatment, culminating in a maximum 
cumulative dosage of 67.5 Gy equivalent. The ICC patients had a median tumor size of 6 cm, with 25% having more than 
one tumor and 30% having vascular thrombosis. The two-year LC and OS rates in the ICC group were 94% and 47%, 
respectively[30]. Data from preclinical and clinical studies have shown that radiation therapy enhances T cell infiltration, 
increases the quantity of lymphocytes that infiltrate tumors, and broadens the repertoire of T cell receptors[31]. This could 
serve as a potential method to augment the efficacy of immunotherapy, offering a combination therapy alternative for the 
conversion treatment of unresectable ICC.

TACE
TACE is a therapeutic approach for people with locally advanced malignancies that aims to administer locally high 
concentrations of chemotherapy to induce tumor ischemia[32,33]. TACE has been utilized in multiple liver malignancies, 
including ICC. In this method, the hepatic artery supplying blood to the tumor is accessible, typically through femoral 
artery access, and identified via conventional angiography[34]. TACE is performed by administering an emulsion 
containing chemotherapy drugs and an oily contrast medium such as lipiodol conventional TACE or special particles 
combined with chemotherapy drugs (drug-eluting bead-TACE). The chemotherapy drugs mixed with the oil-based 
contrast agent are injected into the hepatic artery during conventional TACE. The artery is subsequently embolized with 
embolic material, cutting off the tumor’s blood supply[35]. Common chemotherapy medications include cisplatin, 
mitomycin C, and doxorubicin[36]. However, the high liquidity of lipiodol leads to systemic toxicity. Consequently, 
alternative interventional embolic materials, including drug-eluting beads, have been studied to increase drug loading 
and release in TACE therapy, referred to as drug-eluting bead-TACE[37].

Compared with HCC, ICC has a limited arterial blood supply, making it challenging for TACE to achieve optimal 
embolization efficacy. The OS following TACE is limited, with considerable variation in patient selection, sample size, 
and research methodology across different studies. Overall, the median OS reported in various studies ranged from 6 to 
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21 months[37-43]. It has been reported that when combined with the GC regimen, the ORR of D-TACE can reach 68%, 
enabling the effective conversion of 25% of patients into operable patients. The median OS of the combined treatment 
group was 33.7 months[44].

TARE
The technique used in TARE parallels that utilized in TACE. This method uses microspheres tagged with the β-emitter 
yttrium-90 (Y-90) to direct radiation onto inoperable primary or metastatic liver cancers[45]. Owing to the preferential 
entrapment of Y-90 microspheres in tumor blood vessels, substantial doses of radiation can be delivered to the tumor 
while presenting acceptable radiation levels for adjacent normal liver tissue[46].

Mouli et al[47] reported that Y-90 radioembolization for unresectable ICC resulted in an overall objective tumor 
response in 98% of patients; the mean tumor shrinkage rate was 35%. According to the World Health Organization 
standards, 11 patients (25%) achieved a partial response, 33 patients (73%) demonstrated stable disease, and 1 patient 
(2%) experienced increasing disease. Five patients (11%) were downstaged to a resectable condition following treatment 
and successfully underwent R0 resection[47]. Similarly, in another study combining GC chemotherapy and Y-90 
microspheres, 9 patients (22%) were able to be downstaged to surgery, and 8 of them (20%) successfully underwent R0 
surgical resection, with a median OS of 46 months after surgery[16].

In previous studies on TARE, tumor size or load has typically not been regarded as an exclusion criterion. Several 
studies have included patients with tumors larger than 5 cm or exhibiting multifocal intrahepatic disease[48,49]. The 
inclusion of patients with significant tumor burdens indicates that TARE may serve as a feasible therapeutic alternative 
for conversion treatment in ICC. TARE may effectively reduce tumor size and enhance resectability, serving as a bridge to 
curative surgery for patients with originally unresectable ICC. Further research on TARE for the treatment of ICC can 
elucidate more patient tumor characteristics and identify more suitable treatment populations to improve treatment 
outcomes.

HAIC
Compared with systemic chemotherapy, HAIC aims to provide substantial quantities of chemotherapeutic agents into the 
hepatic circulation, resulting in a more prominent local cytotoxic effect[50]. In HAIC, frequently utilized chemothera-
peutic agents include floxuridine, gemcitabine, oxaliplatin, cisplatin, and their combinations[51-54]. Tumor size is not a 
contraindication for HAIC treatment, and certain trials have incorporated patients with tumors exceeding 10 cm in 
diameter[53,55].

A phase II clinical trial assessed the efficacy of HAI of floxuridine in conjunction with systemic chemotherapy for the 
treatment of 38 patients with unresectable ICC. The 6-month progression free survival (PFS) rate was 84.1%, 22 patients 
(58%) achieved a partial response, 32 patients (84%) achieved disease control, and 4 patients were successfully converted 
to surgical resection, with one achieving complete response[53]. In another study of HAI with gemcitabine in conjunction 
with oxaliplatin for the treatment of locally advanced ICC, 2 out of 12 patients achieved a partial response and underwent 
R0 resection surgery[56]. A study evaluated the therapeutic efficacy of HAIC vs first-line systemic chemotherapy for ICC, 
revealing superior outcomes for patients in the HAIC cohort compared with those receiving systemic chemotherapy[57]. 
In the subgroup analysis, patients with single tumors appeared to benefit from the consideration of HAIC for OS and PFS. 
These findings indicate that HAIC may exhibit superior efficacy in patients with early unresectable ICC. Nonetheless, 
additional prospective and randomized investigations are needed to validate this conclusion.

Targeted therapy
Targeted therapy is a treatment approach that has developed dramatically over the past decade. The mechanism of action 
involves inhibiting the signal transduction pathway during tumor proliferation by binding to the specific targets via 
chemical compounds, thereby inducing apoptosis in tumor cells, ultimately facilitating tumor stage reduction, and 
increasing the likelihood of surgical resection. In targeted therapy, key oncogenic targets in ICC tumor cells have been 
identified, and drugs to inhibit these targets have been developed. Mutations in genetic targets can be detected in nearly 
40% of cholangiocarcinoma patients[58]. Common mutations may vary depending on where the tumor occurs. Mutations 
in isocitrate dehydrogenase-1 (IDH1) and rearrangements of fibroblast growth factor receptor 2 (FGFR2) are predom-
inantly associated with ICC, whereas mutations in TP53 and KRAS, together with ERBB2 amplifications, are more 
frequently observed in extrahepatic cholangiocarcinoma (ECC)[21,59]. Mutations in the BAP1 and neurotropic tyrosine 
kinase receptor (NTRK) genes are commonly observed in ICC, whereas ECC typically shows abnormalities in the ELF3 
and ARID1B genes, along with fusions of PRKACA and PRKACB[60-62].

FGFR abnormalities (fusion, mutation, and amplification) are crucial in the development of ICC; however, the 
mutation rate is low in ECC and gallbladder carcinoma[63]. Mutations in FGFR can result in dysregulated FGFR 
signaling, which may promote cancer by increasing cell proliferation, invasion, and angiogenesis[64]. Therapeutics 
targeting FGFR2 and its gene family have demonstrated significant potential in the treatment of ICC[65]. Pemigatinib, an 
inhibitor of FGFR1-3, has obtained Food and Drug Administration approval for the management of advanced cholan-
giocarcinoma[66]. Among patients with advanced cholangiocarcinoma who had FGFR2 rearrangements and fusion 
mutations, pemigatinib had an ORR of 35.5% in the FIGHT-202 study; 98% of these patients had ICC. Furthermore, 
among 107 advanced cholangiocarcinoma patients, two individuals who experienced tumor downstaging underwent 
effective surgical intervention, with a conversion rate of 1.8% and an average survival duration of 17.8 months[67].

IDH1 mutations are prevalent in cholangiocarcinoma, and occur more commonly in ICC than in ECC[68]. IDH1 is a 
member of the IDH protein family. Mutant IDH enzymes exhibit neomorphic activity, catalyzing the conversion of the 
physiological metabolite α-ketoglutarate to 2-hydroxyglutarate. 2-hydroxyglutarate functions as an oncometabolite, and 
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its accumulation induces multiple epigenetic alterations[69]. Ivosidenib, a targeted agent for IDH1 mutations, prolongs 
OS among patients with advanced cholangiocarcinoma with IDH1 mutations[70]. In the ClarIDHy trial, patients with 
advanced cholangiocarcinoma who received ivosidenib exhibited a median OS of 10.3 months[71]. The findings of the 
trial supported the approval of this drug for clinical use[71].

The overexpression of human epidermal growth factor receptor 2 (HER2) is more prevalent in ECC (19.9%) than in ICC 
(4.8%)[72]. The overexpression of HER2 proteins promotes the formation of homodimers or heterodimers. Consequently, 
development and proliferation are predominantly facilitated by the mitogen-activated protein kinase and 
phosphatidylinositol 3-kinase pathways[73]. A phase II clinical trial (KCSG-HB19-14) demonstrated that trastuzumab in 
combination with oxaliplatin, leucovorin, and 5-fluorouracil (FOLFOX) chemotherapy resulted in an ORR of 29.4% in 
patients with HER2-positive advanced cholangiocarcinoma who had previously failed GC chemotherapy, with a median 
OS of 10.7 months and no reported cases of successful conversion[74].

The incidence of NTRK gene fusion in cholangiocarcinoma is less than 1%, and it is not commonly used as a regular 
screening marker[75]. However, some clinical trials have shown positive outcomes. Entrectinib and larotrectinib are 
NTRK inhibitors that have demonstrated success in treating patients with advanced malignancies that are NTRK fusion 
positive. Among patients with systemic treatment-treated NTRK fusion-positive advanced malignancies, those treated 
with entrectinib had an ORR of 57%[76]. Another clinical trial of larotrectinib for the treatment of NTRK fusion-positive 
malignancies reported an ORR of 75%[77].

In addition to single-target inhibitors, multitarget inhibitors have also shown efficacy in the treatment of ICC. 
Lenvatinib is a multitarget inhibitor of tyrosine kinase receptors that targets FGFR1-4, vascular endothelial growth factor 
receptor 1-3, and platelet-derived growth factors receptor-α, among others[78]. A phase II clinical trial demonstrated that 
lenvatinib monotherapy as a second-line treatment for advanced cholangiocarcinoma can achieve an ORR of 11.5% and a 
median survival duration of 7.35 months[79]. In 2021, the American Society of Clinical Oncology Annual Meeting 
reported a phase II clinical trial (NCT03951597) assessing the treatment of advanced ICC with lenvatinib combined with 
toripalimab and Gemox chemotherapy. In patients who completed the follow-up, the ORR was 80%, and the disease 
control rate (DCR) was 93.3%. Three patients were successfully converted and received surgical therapy[80]. Given the 
high ORR of 80%, it is important to interpret these results with caution. The limitations of this investigation, including 
sample size, bias in patient selection, treatment regimen variability, and study design, should be noted. In summary, 
while the high ORR is encouraging, it is crucial to emphasize that further studies are needed to confirm these findings in 
a broader patient population and with more standardized treatment protocols. For patients with ICC, the use of targeted 
therapies has new potential for conversion treatment. Many targeted therapies are in basic or clinical research, with 
several demonstrating promising antitumor efficacy; however, additional multicenter clinical trials are necessary to 
provide more reliable clinical evidence.

Immunotherapy
Immunotherapy has been investigated for ICC as a significant treatment option, and positive outcomes have been 
reported. As research on tumor immunity has advanced, an increasing number of studies have focused on programmed 
cell death 1 (PD-1), its ligand (PD-L1) inhibitors, and adoptive cell therapy (ACT). Research indicates that PD-L1 
expression is increased in ICC tumor tissues, suggesting that PD-1/PD-L1 inhibitors could function as effective immuno-
therapies for ICC patients.

A clinical study of nivolumab performed a subgroup analysis of PD-L1 expression levels to evaluate its impact on 
median PFS. The findings indicated that patients exhibiting PD-L1 positivity (characterized by ≥ 1% of tumor cells 
exhibiting PD-L1 expression) experienced prolonged PFS[81]. Compared with chemotherapy alone, the findings of the 
TOPAZ-1 study indicated that the combination of durvalumab with GC enhanced OS, PFS, and the ORR in patients with 
unresectable advanced cholangiocarcinoma. The median OS for patients receiving combination therapy was 12.9 months, 
whereas it was 11.3 months for those receiving chemotherapy[82]. In another clinical trial, KEYNOTE-966, which had a 
median follow-up duration of 36.6 months, the median OS for the pembrolizumab cohort was 12.7 months, whereas it 
was 10.9 months for the placebo cohort[83]. The TOPAZ-1 and KEYNOTE-966 clinical trials confirmed the efficacy of 
immune checkpoint inhibitors targeting PD-1 and PD-L1 when combined with chemotherapy for advanced cholangiocar-
cinoma treatment. However, the variability in treatment protocols across studies, including differences in drug doses, 
treatment durations, and combination regimens, can impact the comparability and reliability of these results.

Early clinical results have been encouraging for ACT, a treatment based on the engineering and isolation of living T 
cells along with other immune cells[84]. This form of therapy has been extensively utilized in melanoma[85]. Kverneland 
et al[86] utilized ACT to treat three patients with advanced cholangiocarcinoma; one of the patients achieved a partial 
response. Furthermore, several reports exist regarding chimeric antigen receptor-modified T cell therapy for cholan-
giocarcinoma. A study targeting epidermal growth factor receptor (EGFR) in advanced cholangiocarcinoma included 19 
patients with unresectable biliary system malignancies exhibiting high EGFR positivity (> 50% of cancer cells expressed 
EGFR). The findings indicated that one patient achieved a complete response, whereas the disease remained stable in 10 
patients, yielding a median PFS of 4 months[87]. In recent years, ACT has demonstrated efficacy in various tumor 
treatments through optimization and improvement. However, its potential pivotal role in ICC conversion treatment 
requires further fundamental and clinical investigation.

Conversion treatment for future liver remnant volume
Posthepatectomy liver failure (PHLF) following major liver resection is linked to a high mortality rate. An adequate 
future liver remnant (FLR) is a critical element in reducing the risk of PHLF[88]. The method of promoting an FLR 
increase prior to tumor resection is a prevalent approach for facilitating conversion treatment in patients with FLR 
deficiency. A study revealed that an FLR less than 25% triples the likelihood of postoperative hepatic dysfunction and 
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serves as a predictor of morbidity and duration of hospitalization. Ninety percent of patients who underwent trisection-
ectomy with an FLR of 25% or less exhibited postoperative hepatic dysfunction, while none of those with an FLR over 
25% did[89].

By encouraging FLR hypertrophy, causing shrinkage of the liver volume intended for resection, and refining patient 
selection, portal vein embolization (PVE) lowers the risk of major hepatectomy[90]. The duration necessary for the 
remnant liver to regenerate post-PVE is typically prolonged (approximately 4 to 6 weeks), and more than 20% of patients 
ultimately forfeit the opportunity to have surgery because of tumor advancement or inadequate FLR proliferation during 
the interim period[91,92]. Current treatment techniques for these patients include combined TACE, hepatic vein 
embolization, and other methods to increase FLR growth and control tumor development[93,94]. Presently, PVE is 
infrequently used in the management of cholangiocarcinoma[95,96], and additional clinical trials are needed to 
investigate its value in conversion treatment. Some experts suggest that PVE is particularly crucial when the FLR is 
projected to be less than 25% of the whole hepatic volume in a healthy liver, less than 30% in cases of chemotherapy-
induced liver damage, or less than 40% in a liver weakened by underlying cirrhosis. However, PVE must be administered 
cautiously to patients with severe liver cirrhosis, older patients, and rapidly progressing tumors.

To prevent PHLF, associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) have been 
implemented to promote hypertrophy of the FLR[97,98]. This novel approach was swiftly embraced by hepatobiliary 
surgery for managing advanced liver tumors owing to its extremely high R0 resection rate[99,100]. A propensity score 
matching analysis demonstrated a significantly greater OS for patients with locally advanced ICC in the ALPPS group 
than for those receiving palliative chemotherapy[101]. Similarly, to validate the use of ALLPS in conversion treatment, 
further research with a greater degree of evidence is necessary.

Other treatments
The immunogenic subtype of ICC is correlated with increased sensitivity to immune checkpoint inhibitors, indicating that 
antigen-presenting cells may play a role in T cell priming and activation[102]. A recent preclinical study revealed that 
CD40-mediated activation of antigen-presenting cells in ICC markedly improved the efficacy of anti-PD-1 therapy, 
offering a novel approach for combination immunotherapy[103]. Photodynamic therapy is an advanced treatment that 
involves the intravenous delivery of a photosensitizing chemical, which is then activated by light exposure at a certain 
wavelength, leading to ischemic necrosis[104]. Many researchers have investigated its ability to reshape the tumor 
environment and efficiently stimulate antitumor immunity[105,106]. Thymosin alpha 1 is endogenously present in the 
thymus and is essential for T cell maturation and differentiation[107]. Recent research has indicated that thymosin alpha 1 
could markedly increase OS in HCC patients[108]. Its potential involvement in the conversion treatment of ICC warrants 
further investigation by researchers.

Endoluminal radiofrequency ablation (RFA) has emerged as a novel therapeutic in the past decade. A radiofrequency 
catheter is inserted into the bile duct during endoscopy. RFA can diminish the tumor burden by inducing localized tumor 
damage and may also contribute to the modulation of tumor immunity, hence offering survival advantages for patients 
who are ineligible for radical surgery[109]. Nonetheless, the impact of RFA on survival remains contentious[110]. In 
addition, studies have explored the role of microwave ablation in the treatment of advanced ICC[111,112]. To standardize 
therapy options and improve patient selection, more prospective trials are needed.

COMBINATION THERAPY: OPPORTUNITIES AND CHALLENGES
Combination therapy is an excellent approach that enhances efficacy, significantly surpassing that of monotherapy. The 
combination of many therapies can augment the immunogenicity of tumor cells and modify the tumor environment, 
yielding more promising outcomes. Researchers have recently assessed the safety and clinical efficacy of lenvatinib 
combined with durvalumab and FOLFOX-HAIC among individuals with unresectable ICC. The findings indicated that 
the ORR according to the mRECIST criteria was 65.2%, the median PFS was 11.9 months, and 3 patients (13%) demon-
strated tumor reduction or downstaging posttreatment, ultimately undergoing radical tumor resection[113]. A 
retrospective real-world study demonstrated that a triple regimen of chemotherapy, lenvatinib, and an anti-PD-1 anti-
body yielded favorable outcomes. The PFS was 4.6 months for the chemotherapy-only group, 11.9 months for the 
chemotherapy combined with anti-PD-1 antibody dual-regimen group, and 23.4 months for the triple-regimen group. In 
the triple-regimen cohort, two patients had substantial posttreatment outcomes, allowing them to proceed with radical 
surgical operations[114]. More clinical studies on combination conversion treatment for advanced ICC are listed in 
Table 1.

Advancements in different methods of treatment have increased hope in the management of ICC (Figure 1). 
Nonetheless, the optimal timing for surgical intervention following effective conversion treatment remains uncertain. 
Furthermore, considerations must include the duration required for the medicine to exhibit efficacy, potential adverse 
reactions, and the necessity for prior discontinuation of the medication. Some clinicians endorse prompt curative 
resection subsequent to successful conversion treatment. The degree of urgency is predicated on the potential risk of 
forfeiting surgical options should tumor reprogression occur. Nevertheless, in practical settings, many patients who 
achieve effective tumor control via conversion treatment are often reluctant to undergo surgery, preferring to sustain their 
current condition. This hesitance predominantly stems from apprehensions regarding surgical intervention and the 
possible disruption of the tumor microenvironment postoperatively, which may heighten the risk of tumor recurrence. 
The timing of surgery is predominantly contingent upon the physician’s experience. For patients with ICC, multidiscip-
linary teams (MDTs) may be helpful in determining the best time for surgery and conversion treatment. Owing to the 
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Table 1 Summary of clinical studies on conversion treatment for advanced intrahepatic cholangiocarcinoma

Study design Intervention Patients, n Conversion 
treatment rate (%) Key findings Ref.

Retrospective 
study

Lenvatinib + 
durvalumab + 
FOLFOX-HAIC

23 13 Lenvatinib + durvalumab + FOLFOX-HAIC 
showed high ORR (65.2% mRECIST, 39.1% 
RECIST 11), with a median OS of 17.9 months 
and PFS of 11.9 months, supporting its potential 
as a first-line option for unresectable ICC

Zhao et al[113], 
2024

Retrospective 
study

GC chemotherapy vs 
GC chemotherapy + 
PD-1 inhibitors vs GC 
chemotherapy + 
lenvatinib + PD-1 
inhibitors

22 vs 20 vs 53 0 vs 0 vs 3.8 The triple-regimen group had the longest OS 
(39.6 months), significantly exceeding the dual-
regimen (OS = 20.8 months) and chemo-only 
groups (OS = 13.1 months). ORR was 18.2% 
(chemo), 55.5% (dual), and 54.7% (triple), 
indicating superior efficacy of combination 
therapy for advanced ICC

Dong et al[114], 
2024

Retrospective 
study

Gemox-HAIC + Gem-
SYS combined with 
lenvatinib and PD-1 
inhibitor

21 19 Gemox-HAIC plus Gem-SYS with lenvatinib + 
PD-1 inhibitor achieved a median OS of 19.5 
months in large unresectable ICC. ORR was 
52.3%. The regimen was well tolerated, with no 
grade 5 AEs

Ni et all[128], 
2024

Retrospective 
study

Systemic chemotherapy 
vs systemic 
chemotherapy + PD-L1 
inhibitors vs HAIC + 
lenvatinib + PD-L1 
inhibitors

50 vs 49 vs 42 0 vs 2 vs 9.5 ORR (50.0%) and DCR (88.1%) were highest in 
the HAIC + lenvatinib + PD-L1 inhibitor group, 
surpassing systemic chemotherapy alone (ORR = 
6.0%, DCR = 52.0%) and systemic chemotherapy 
+ PD-L1 inhibitor (ORR = 18.4%, DCR = 73.5%). 
Fewer grade 3-4 AEs were reported in the HAIC 
+ lenvatinib + PD-L1 inhibitor group, supporting 
its superiority over systemic chemotherapy alone 
for unresectable ICC

Lin et al[129], 
2024

Retrospective 
study

Chemotherapy vs 
chemotherapy + PD-
1/L1

30 vs 51 0 vs 5.9 The chemotherapy + anti-PD-1/PD-L1 group 
had significantly longer OS (11 months vs 8 
months) than chemotherapy alone. ORR (29.4%) 
and DCR (78.4%) were also higher compared to 
chemotherapy alone (ORR = 13.3%, DCR = 
73.3%), supporting its superior efficacy

Madzikatire et 
al[130], 2024

Retrospective 
study

Radiotherapy vs EQD2 
< 60 Gy + GC 
chemotherapy vs EQD2 
≥ 60 Gy + GC 
chemotherapy

21 vs 70 vs 25 0 vs 8.6 vs 28 Patients receiving EQD2 ≥ 60 Gy + chemotherapy 
had the highest curative resection rate (28%) and 
significantly better OS than those receiving 
lower-dose radiotherapy or radiotherapy alone. 
These findings suggest that high-dose 
radiotherapy combined with chemotherapy 
improves outcomes in locally advanced 
unresectable ICC

Im et al[131], 
2024

Retrospective 
study

SIRT using yttrium-90 28 34.5 SIRT for localized and locally advanced ICCA 
achieved a radiologic response rate of 57.1%, 
with a median OS of 22.9 months. 34.5% of 
patients were successfully downstaged to 
surgery or transplant, leading to significantly 
longer OS, supporting SIRT as an effective 
treatment option for advanced ICC

Yu et al[48], 
2024

Retrospective 
study

GC chemotherapy vs 
HAIP chemotherapy

76 vs 192 1.3 vs 6.8 HAIP chemotherapy significantly improved 
survival in liver-confined unresectable ICCA 
compared to systemic chemotherapy. Median OS 
was 27.7 months with HAIP vs 11.8 months with 
GC chemotherapy

Franssen et al
[132], 2024

Retrospective 
study

PD-1 inhibitors + 
lenvatinib + Gemox 
chemotherapy

53 11.3 PD-1 inhibitor + lenvatinib + Gemox 
chemotherapy showed a median OS of 14.3 
months in advanced ICC. ORR was 52.8% and 
DCR was 94.3%, demonstrating high anti-tumor 
activity. Tumor burden score, TNM stage, and 
PD-L1 expression were identified as independent 
prognostic factors for survival

Zhu et al[133], 
2023

Phase 2 clinical 
trial

Toripalimab + 
lenvatinib + Gemox 
chemotherapy

30 10 Toripalimab + lenvatinib + Gemox achieved an 
ORR of 80% and a DCR of 93.3% in advanced 
ICC. Median OS was 22.5 months, and PFS was 
10.2 months. Patients with PD-L1 positivity (≥ 
1%) showed a trend toward improved response

Shi et al[134], 
2023

Yttrium-90 TARE combined with gemcitabine, 
cisplatin, and capecitabine achieved a median OS 
of 29 months and PFS of 13 months in locally 

Retrospective 
study

Yttrium-90 + 
gemcitabine, cisplatin, 
and capecitabine

13 53.8 Ahmed et al
[135], 2023
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advanced ICC. 53.8% of patients were 
downstaged to surgery, leading to significantly 
improved OS. Complete and partial responses 
were observed in 38.5% and 46.2% of patients, 
respectively

Retrospective 
study

TACE + TKIs + anti-PD-
1 vs HAIC + TKIs + 
anti-PD-1

19 vs 39 0 vs 15.4 The HAIC + TKIs + anti-PD-1 group achieved 
significantly higher ORR (RECIST: 48.7% vs 
15.8%; mRECIST: 61.5% vs 21.1%) and DCR 
(82.1% vs 36.8%) compared to TACE + TKIs + 
anti-PD-1 in unresectable ICC

Zhang et al
[136], 2022

Retrospective 
study

TACE + lenvatinib 44 63.6 TACE combined with lenvatinib successfully 
downstaged 63.6% of patients with initially 
unresectable ICC to surgical resection. Among 
them, 82.1% achieved R0 resection. Patients who 
underwent successful downstaging had 
significantly better OS

Yuan et al[137], 
2022

Phase 2 clinical 
trial

Gem/Cis vs Gem/Cis-
DEBIRI

22 vs 24 8 vs 25 (downsizing to 
resection/ablation)

The Gem/Cis + DEBIRI group had significantly 
higher ORR at 2, 4, and 6 months compared to 
Gem/Cis alone. Downsizing to 
resection/ablation was more frequent (25% vs 
8%). Median OS (33.7 months vs 12.6 months) 
were significantly improved, supporting 
Gem/Cis + DEBIRI as a safe and effective 
treatment option for unresectable ICC

Martin et al[44], 
2022

Retrospective 
study

Yttrium-90 136 8.1 Yttrium-90 radioembolization achieved a median 
OS of 14.2 months in unresectable ICC. 8.1% of 
patients were downstaged to resection, with 
72.7% achieving R0 resection. Post-resection 
median OS was 39.9 months, supporting Y90 as 
an effective treatment with potential for 
downstaging and long-term survival benefits

Gupta et al
[138], 2022

Retrospective 
study

Yttrium-90 81 3.7 Yttrium-90 transarterial radioembolization 
achieved a median OS of 14.5 months in 
unresectable ICC, with objective response and 
DCRs of 41.8% and 83.6%, respectively

Bargellini et al
[139], 2020

Retrospective 
study

Yttrium-90 115 4 Yttrium-90 radioembolization in unresectable 
ICC resulted in a median OS of 29 months from 
diagnosis. 4% of patients were downstaged to 
curative-intent resection, supporting yttrium-90 
as a potential option for tumor control and 
downstaging

Buettner et al
[140], 2020

Phase 2 clinical 
trial

HAI floxuridine + 
systemic Gemox

38 11 HAI plus systemic Gemox achieved a median OS 
of 25.0 months and a median PFS of 11.8 months 
in unresectable ICC. 58% of patients achieved a 
partial response, and 4 patients (11%) were 
downstaged to resection, with 1 complete 
pathologic response. Patients with IDH1/2 
mutations had significantly better two-year OS

Cercek et al[53], 
2020

Phase 2 clinical 
trial

SIRT + chemotherapy 41 22 SIRT combined with cisplatin and gemcitabine 
achieved a 39% response rate (RECIST) and a 
98% DCR in unresectable ICC. Median PFS was 
14 months, and median OS was 22 months. 22% 
of patients were downstaged to surgery, with 
20% achieving R0 resection. These findings 
support SIRT plus chemotherapy as an effective 
treatment with potential for surgical 
downstaging

Edeline et al
[16], 2020

Retrospective 
study

HAI of gemcitabine 
plus oxaliplatin

12 16.7 HAI of gemcitabine + oxaliplatin for unresectable 
locally advanced ICC achieved a DCR of 91%. 
Median OS was 9.1 months, and time to 
progression was 20.3 months. Partial responses 
enabled R0 resection in 2 patients, supporting 
HAI as a promising and tolerable therapy for 
locally advanced ICC

Ghiringhelli et 
al[56], 2013

Retrospective 
study

Drug eluting bead-
TACE

26 3.8 Drug-eluting bead transarterial chemoembol-
ization achieved a median OS of 11.7 months and 
PFS of 3.9 months. Local tumor control was 
achieved in 66% of DEB-TACE patients, with one 
patient successfully downstaged to resection. 
These findings suggest DEB-TACE is a safe and 
effective alternative for ICC

Kuhlmann et al
[141], 2012

Prospective Drug-eluting bead Drug-eluting bead therapy achieved a median Schiffman et al24 12.5
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multicenter 
study

therapy loaded with 
irinotecan

OS of 17.5 months, significantly longer than 
chemotherapy alone in unresectable ICC. One 
patient was successfully downstaged to 
resection. These findings suggest that drug-
eluting bead therapy is a safe and effective 
adjunctive treatment for ICC, providing a 
survival advantage over chemotherapy alone

[142], 2011

FOLFOX: Oxaliplatin, leucovorin, and 5-fluorouracil; HAIC: Hepatic arterial infusion chemotherapy; RECIST: Response evaluation criteria in solid tumors; 
ORR: Objective response rate; OS: Overall survival; PFS: Progression-free survival; ICC: Intrahepatic cholangiocarcinoma; GC: Gemcitabine plus cisplatin; 
PD-1: Programmed cell death protein 1; AEs: Adverse events; PD-L1: Programmed cell death-ligand 1; DCR: Disease control rate; Gemox: Gemcitabine and 
oxaliplatin; Gem-SYS: Systemic gemcitabine chemotherapy; EQD2: Equivalent radiotherapy dose in 2 Gy fractions; SIRT: Selective internal radiation 
therapy; ICCA: Intrahepatic cholangiocarcinoma; TNM: Tumor-node-metastasis; HAIP: Hepatic arterial infusion pump; TKIs: Tyrosine kinase inhibitors; 
TACE: Transarterial chemoembolization; DEBIRI: Irinotecan drug-eluting beads; HAI: Hepatic arterial infusion; IDH: Isocitrate dehydrogenase.

Figure 1 Schematic presentation of multiple conversion treatment options for intrahepatic cholangiocarcinoma. TACE: Transarterial 
chemoembolization; HAIC: Hepatic arterial infusion chemotherapy; TARE: Transarterial radioembolization; PD-1: Programmed cell death 1; PD-L1: Programmed cell 
death-ligand 1; FGFR2: Fibroblast growth factor receptor 2; IDH1: Isocitrate dehydrogenase-1; HER2: Human epidermal growth factor receptor 2; NTRK: Neurotropic 
tyrosine kinase receptor; RET: Rearranged during transfection; Gem: Gemcitabine; Cis: Cisplatin; Gemox: Gemcitabine and oxaliplatin; FOLFOX: Oxaliplatin, 
leucovorin, and 5-fluorouracil; ALPPS: Associating liver partition and portal vein ligation for staged hepatectomy; PVE: Portal vein embolization.



Liu JJ et al. Conversion treatment for advanced ICC

WJG https://www.wjgnet.com 10 April 21, 2025 Volume 31 Issue 15

essential contribution of MDTs in enhancing patient outcomes, the National Comprehensive Cancer Network and other 
authorities advocate the use of MDTs in the management of cholangiocarcinoma[20,115-117]. Future studies are needed 
to ascertain the optimal period for effective conversion treatment and to identify suitable biological markers for 
predicting treatment efficacy (Table 2).

Table 2 Ongoing clinical trials of combination therapy for advanced intrahepatic cholangiocarcinoma

ClinicalTrials.gov reference Study phase Interventions Primary endpoint Status

NCT05400902 Phase 2 HAIC combined with tislelizumab and 
apatinib

ORR Recruiting

Regorafenib and HAICNCT05535647 Phase 2

FOLFOX

ORR Not yet recruiting

NCT06239532 Phase 2 TAE + HAIC + tislelizumab + surufatinib ORR Recruiting

NCT05010668 Phase 2 Cryoablation combined with sintilimab plus 
lenvatinib

ORR Recruiting

NCT04954781 Phase 2 TACE in combination with tislelizumab ORR Recruiting

NCT06298968 Phase 2 Combined therapy using GC, lenvatinib and 
adebrelimab

ORR Recruiting

HAIC with FOLFOXNCT04961970 Phase 3

Systemic chemotherapy with GP

OS Recruiting

NCT06335927 Phase 2 HAIC-Gemox + cadonilimab + regorafenib ORR Recruiting

Y-90 SIRT + durvalumabNCT04238637 Phase 2

Y-90 SIRT + durvalumab + tremelimumab

ORR Recruiting

Toripalimab, lenvatinib, and gemcitabine-
based chemotherapy

Toripalimab, oral placebo, and gemcitabine-
based chemotherapy

NCT05342194 Phase 3

Intravenous placebo, oral placebo, and 
gemcitabine-based chemotherapy

OS Not yet recruiting

NCT04299581 Phase 2 Cryoablation combined with anti-PD-1 
antibody

ORR Recruiting

NCT05781958 Phase 2 Cadonilimab combined with gemcitabine 
and cisplatin

ORR Active, not recruiting

NCT05174650 Phase 2 Combined treatment with atezolizumab and 
derazantinib

ORR Active, not recruiting

NCT05422690 Phase 2 Gemcitabine, cisplatin and durvalumab 
chemotherapy treatments with Y-90

ORR Recruiting

NCT04454905 Phase 2 Camrelizumab in combination with apatinib PFS Recruiting

Adebrelimab + irinotecan liposomes + 5-
fluorouracil + calcium folinate + lenvatinib

NCT06648525 Phase 2

Adebrelimab + irinotecan liposomes + 5-
fluorouracil + calcium folinate

PFS Not yet recruiting

NCT05738057 Phase 2 Combined therapy using D-TACE, 
gemcitabine and cisplatin, and camrelizumab

Conversion rate Recruiting

NCT05835245 Phase 2 Cryoablation combined with sintilimab plus 
lenvatinib

ORR Recruiting

NCT06058663 Phase 1 Radioembolization with tremelimumab and 
durvalumab

Incidence of 
treatment-emergent 
adverse events

Recruiting

PFSNCT05655949 Phase 2 Gemcitabine + cisplatin + durvalumab + Y-
90 selective internal radiation therapy

Incidence of grade 3 
or higher treatment-
related toxicity

Recruiting
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NCT06567600 Phase 2 Low-dose gemcitabine and cisplatin and PD-
1/PD-L1 antibody

ORR Not yet recruiting

NCT04634058 Phase 2 PD-L1 antibody combined with CTLA-4 
antibody

ORR Recruiting

NCT01862315 Phase 2 Hepatic arterial infusion with floxuridine 
and dexamethasone combined with systemic 
Gemox

PFS Active, not recruiting

NCT05348811 Phase 2 HAIC combined with donafenib and 
sintilimab

ORR Recruiting

NCT06192797 Phase 2 Combined HAIC, lenvatinib and 
pucotenlimab

Number of patients 
amendable to 
curative surgical 
interventions

Recruiting

NCT06192784 Phase 2 Combined DEB-TACE, lenvatinib and 
pucotenlimab

Number of patients 
amendable to 
curative surgical 
interventions

Recruiting

ORRNCT04834674 Phase 2 DEB-TACE combined with apatinib and PD-
1 antibody

PFS

Recruiting

NCT05913661 Phase 2 Pemigatinib combined with PD-1 inhibitor ORR Recruiting

HAIC: Hepatic arterial infusion chemotherapy; ORR: Objective response rate; FOLFOX: Oxaliplatin, leucovorin, and 5-fluorouracil; TAE: Transcatheter 
arterial embolization; GC: Gemcitabine plus cisplatin; GP: Gemcitabine and cisplatin; Gemox: Gemcitabine and oxaliplatin; Y-90: Yttrium-90; SIRT: 
Selective internal radiation therapy; OS: Overall survival; PD-1: Programmed cell death 1; PFS: Progression free survival; PD-L1: Programmed cell death-
ligand 1; CTLA-4: Cytotoxic T-lymphocyte antigen-4; DEB-TACE: Drug-eluting bead transarterial chemoembolization.

BIOMARKERS FOR TREATMENT GUIDANCE AND RESPONSE PREDICTION
On the basis of extensive research on the pathogenesis of ICC, personalized precision therapy based on immune and 
targeted therapy has emerged as a new treatment approach that has transformed clinical practice in recent years. 
Additionally, a number of studies have investigated biomarkers in order to better achieve the goal of precision treatment. 
It is becoming increasingly recognized that biomarkers, as potent tools for predicting treatment effects and patient 
prognosis, can be used to guide clinical practice and optimize the benefits of patient conversion treatment.

As mentioned above, the identification of sensitive biomarkers, such as FGFR2 fusions and IDH1 mutations, has 
become an important step in selecting ICC patients for targeted therapy. Furthermore, more genes are under invest-
igation as biomarkers. In a previous study, researchers discovered that ARID1A is downregulated in ICC, which was 
correlated with unfavorable clinicopathological characteristics and poor prognosis, indicating that ARID1A may function 
as a prognosis indicator for ICC patients[118]. BAP1 is also regarded as a putative tumor suppressor in ICC and may 
function as a significant prognostic indicator and potential therapeutic target. Reduced BAP1 expression is strongly 
associated with OS and recurrence-free survival after surgery[119].

PD-1/PD-L1 expression is frequently utilized as a biomarker for immune checkpoint inhibitors. In the setting of ICC, 
PD-L1 expression is strongly linked with tumor invasion, tumor-node-metastasis stage, and other markers[120,121]. The 
immune system may successfully resume its attack on tumor cells by blocking the interaction between PD-1/PD-L1, and 
this therapeutic approach has emerged as a significant advancement in cancer treatment today[122].

Microsatellite instability has been investigated as a biomarker for the treatment of ICC[123], but the infrequency of 
microsatellite instability in ICC has hindered the ability to draw definitive conclusions about its occurrence and 
prognostic significance[124]. Furthermore, research has demonstrated that tumor mutation burden is an independent 
marker for the prognosis of ICC patients[125]. In addition to the biomarkers mentioned above, other factors that are being 
investigated include circulating tumor DNA and interleukin-6[126,127]. The identification of ICC biomarkers offers a 
basis for the development of clinical treatment strategies. Consequently, it is crucial to focus on the identification and 
investigation of ICC molecular targets and immune checkpoints to facilitate conversion treatment for patients with 
advanced ICC.

CONCLUSION
ICC remains an aggressive cancer that is almost always fatal and is becoming more common. Liver resection is one 
treatment that can improve long-term survival for people with ICC; however, the overall prognosis for these patients 
remains poor. Through ongoing advancements in tumor therapy, the stage of ICC can be reduced via systemic or local 
treatments in conjunction with techniques such as PVE and ALPPS, hence improving the resectability of ICC.

Conversion treatment has emerged as a viable option for patients with initially unresectable ICC, aiming to reduce the 
tumor burden and increase the likelihood of successful surgical resection. Although this approach has potential, there are 
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still several challenges. The interventions used for ICC differ markedly among studies regarding combinations of 
medicines, dosing protocols, and patient criteria, resulting in diversity in clinical outcomes. The purpose of most related 
clinical trials is to explore the efficacy of new treatment options, and a small number of patients have unexpected 
conversion resections obtained during palliative treatment. Consequently, the treatment methods that yielded favorable 
outcomes in the trial have limited applicability for ICC conversion treatment. In conclusion, while conversion treatment 
may serve as a revolutionary treatment approach for patients with locally advanced ICC, considerable efforts are needed 
to produce more solid data. Reliable recommendations for the clinical implementation of conversion treatment in ICC can 
be established only through these procedures.
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Abstract
BACKGROUND 
Gastroparesis may repeatedly induce diabetic ketoacidosis (DKA), and the differ-
ential diagnosis of these diseases is challenging because of similar gastrointestinal 
symptoms. If DKA is accompanied by gastroparesis, patients present with persis-
tent gastrointestinal symptoms without relief and may even experience recurrent 
DKA. Misdiagnosis results in poor treatment outcomes and prognosis. We hypo-
thesized that biomarkers or screening tools can be identified by comparing the 
clinical data between DKA alone and DKA + gastroparesis to facilitate early 
screening.

AIM 
To achieve early detection and diagnosis of DKA + gastroparesis to enable early 
treatment aimed at relieving gastrointestinal symptoms and preventing re-
induction of DKA.

METHODS 
We conducted a case-control study in which 15 patients hospitalized for DKA at 
the Endocrinology Department of Peking Union Medical College Hospital and 
diagnosed with DKA and gastroparesis between December 1999 and January 2023 
(DKA + gastroparesis group) were included. Then, we selected 60 DKA patients 
without DKA as a control group (DKA alone group) based on gender, age, disease 
course, and diabetes subtype in a 1:4 matching ratio. Clinical manifestations and 
physical and laboratory examination results were statistically compared between 
the groups.

https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v31.i15.101695
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RESULTS 
The DKA + gastroparesis group was composed of nine males and six females, with a mean age of 35 ± 11 years, 
while the DKA alone group included 34 males and 26 females, with a mean age of 34 ± 17 years. In the DKA + 
gastroparesis group, urine ketone levels normalized, while gastrointestinal symptoms persisted despite treatment, 
and the tests indicated lower glycosylated hemoglobin levels (HbA1c; 7.07% vs 11.51%, P < 0.01), largest amplitude 
of glycemic excursions (5.86 vs 17.41, P < 0.01), standard deviation of blood glucose (SDBG; 2.69 vs 5.83, P < 0.01), 
and coefficient of blood glucose variation (0.31 vs 0.55, P = 0.014) compared with the DKA alone group. Probable 
gastroparesis was considered at HbA1c < 8.55%. Besides, the patients in the DKA + gastroparesis group had lower 
body mass index (19.28 kg/m2 vs 23.86 kg/m2, P = 0.02) and higher high density lipoprotein cholesterol level (2.34 
mmol/L vs 1.05 mmol/L, P = 0.019) compared to the DKA alone group, but no difference was observed in the 
remaining lipid profiles between the two groups.

CONCLUSION 
Gastroparesis should be considered in DKA patients who fail to have improved gastrointestinal symptoms after 
ketone elimination and acidosis correction, particularly when the HbA1c level is < 8.55%.

Key Words: Diabetes mellitus; Diabetic ketoacidosis; Diabetic gastroparesis; Early detection; Diagnosis

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Persistent gastroparesis can repeatedly trigger diabetic ketoacidosis (DKA) and is difficult to correct. We compared 
the clinical manifestations and biomarkers between patients with DKA alone and those with DKA + gastroparesis to help 
promptly detect and diagnose DKA with gastroparesis, relieve gastrointestinal symptoms, and prevent re-induction of DKA. 
Notably, we found that if patients with DKA present persistent gastrointestinal symptoms without relief, lower glycosylated 
hemoglobin (HbA1c) levels, lower body mass index, and higher high-density lipoprotein cholesterol levels after ketone 
elimination and acidosis correction, gastroparesis should be considered in clinical practice, particularly when the HbA1c 
level is < 8.55%. Furthermore, gastrointestinal examinations should be performed in a timely manner to facilitate diagnosis.

Citation: Han L, Peng QY, Yu J, Liu YW, Li W, Ping F, Zhang HB, Li YX, Xu LL. Early detection of gastroparesis with diabetic 
ketoacidosis as initial manifestation: A case-control study. World J Gastroenterol 2025; 31(15): 101695
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/101695.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.101695

INTRODUCTION
Gastroparesis is a gastrointestinal disease with objective evidence of delayed gastric emptying of solid foods after 
excluding mechanical distal gastric obstruction. Clinical symptoms of gastric retention include nausea, vomiting, early 
satiety, and abdominal distension[1]. Diabetic gastroparesis is a serious complication in patients with diabetes during 
disease progression, and a gastroparesis risk of up to 50% exists in patients with types 1 and 2 diabetes and poor blood 
glucose control[2]. In addition to gastrointestinal symptoms, diabetic gastroparesis may manifest as hypoglycemia, which 
is induced by frequent glucose variation secondary to delayed postprandial plasma glucose elevation due to slowed 
gastrointestinal motility[3]; it may also manifest as hyperglycemic symptoms of diabetic ketoacidosis (DKA) or 
hypertonic hyperglycemia syndrome (HHS). The risk of DKA or HHS was 4-fold higher in patients with diabetic gastro-
paresis than in those without[4]. In gastroparesis patients, delayed gastric emptying leads to delayed peak blood glucose 
levels. Unchanged pre-meal insulin timing increases the risk of postprandial early hypoglycemia and pre-meal 
hyperglycemia. Therefore, delayed gastric emptying complicates blood glucose control in patients with diabetes, 
especially in those receiving insulin treatment[5]. Gastroparesis is a chronic condition, with an average symptom duration 
of 26.5 months[6]; however, a sharp rise in blood glucose can alter gastric emptying in the short term by influencing 
glucose-excited/inhibited neurons in gastric excitation/inhibition neural pathways[5]. For example, a rapid increase in 
blood glucose in DKA can induce acute gastroparesis, and they may occur simultaneously. DKA patients often present 
with similar gastrointestinal symptoms similar to gastroparesis patients, including nausea, vomiting, and abdominal 
pain. Thus, the differential diagnosis of DKA and gastroparesis is challenging based on clinical symptoms, and imaging 
examinations, such as gastric emptying scintigraphy, wireless motility capsule, and 13C-urea breath test, are not routinely 
performed for DKA patients, which makes DKA + gastroparesis easily neglected. During the diagnosis and treatment of 
patients with DKA, DKA is caused by gastroparesis only in a small number of patients. Misdiagnosis by physicians may 
result in these patients enduring persistent gastrointestinal symptoms, poor blood glucose control, and recurrent DKA in 
a short period. Therefore, the early diagnosis of DKA + gastroparesis is necessary but challenging for clinicians. However, 
there is limited research on this topic, and the conclusions are inconsistent. Two case reports reported DKA with gastro-
paresis[6,7], while others reported that moderate DKA does not affect gastric emptying[8]. The small sample size, severity 

https://www.wjgnet.com/1007-9327/full/v31/i15/101695.htm
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of DKA, blood glucose levels, and regional factors may help explain these differences. Therefore, the present study statist-
ically analyzed the differences in clinical manifestations and biochemical indices between patients with gastroparesis-
induced DKA and those with DKA only, with an aim to provide a reference for clinical diagnosis and treatment of these 
conditions.

MATERIALS AND METHODS
This was a cross-sectional study. A total of 1176 patients who were hospitalized for DKA at the Endocrinology 
Department of Peking Union Medical College Hospital (PUMCH) between December 1999 and January 2023 were 
included. To compare the differences between DKA + gastroparesis and DKA alone patients, we reviewed the medical 
records of 15 patients diagnosed with DKA + gastroparesis between December 1999 and January 2023 (DKA + gastro-
paresis group). To select a control group, we adopted a matched design, typical of case-control studies. To optimize 
statistical power, we used a 1:4 matching ratio. Each patient was paired with four controls based on gender, age, disease 
course, and diabetes subtype in a 1:4 ratio. Finally, 60 DKA alone patients of similar gender, age, disease course, and 
diabetes subtype were selected as a control group.

The inclusion criteria for the 15 patients with DKA + gastroparesis were as follows: (1) Patients previously diagnosed 
as having type 1 or 2 diabetic mellitus; (2) DKA was diagnosed according to the following criteria: Arterial blood gas pH 
< 7.3 and/or HCO3- < 18 mmol/L, blood ketone > 3.0 mmol/L, or urine ketone body (++) or above, and blood glucose > 
13.9 mmol/L; (3) Patients who met the diagnostic criteria for gastroparesis: Presence of clinical manifestations, such as 
nausea, vomiting, early satiety, abdominal distension, and other gastrointestinal symptoms; 5-hour gastric emptying < 
50%; or 48-hour total gastrointestinal emptying < 90% after excluding mechanical gastrointestinal obstruction, ulceration, 
and gastrointestinal bleeding by gastrointestinal endoscopy, upper gastroenterography, or abdominal X-ray plain scan, or 
other imaging diagnosis evidence including gastric dysrhythmia and bradygastria confirmed by electrogastrogram; (4) 
Laboratory tests included routine blood examination, liver and kidney function, inflammatory markers, and routine stool 
testing to help exclude gastrointestinal infections; and (5) Patients with DKA whose urine ketone levels normalized, while 
gastrointestinal symptoms persisted despite treatment.

A total of 60 DKA alone patients of similar age, gender, disease course, and diabetes subtype to the DKA + gastro-
paresis group were retrieved using the PUMCH medical record query and analysis system as controls, and the inclusion 
criteria were as follows: (1) Diagnosis of type 1 or 2 diabetes mellitus but with no history of gastroparesis; (2) DKA was 
diagnosed according to the following criteria: Arterial blood gas pH < 7.3 and/or HCO3- < 18 mmol/L, blood ketone > 
3.0 mmol/L, or urine ketone body (++) or above, and blood glucose > 13.9 mmol/L; and (3) patients who were hospit-
alized for DKA and achieved improvement in gastrointestinal symptoms after the treatment of ketone elimination and 
acidosis correction. The control group patients were regularly followed at our outpatient clinic, and to date, none have 
presented with unexplained gastrointestinal symptoms or received a diagnosis of gastroparesis upon gastrointestinal 
examination. The Gastroparesis Cardinal Symptom Index (GCSI), a screening questionnaire, was used to assess the 
severity of gastroparesis-related symptoms. It comprises nine items and measures important symptoms associated with 
gastroparesis, including nausea or vomiting, postprandial fullness or early satiety, and abdominal bloating. If no 
gastrointestinal symptoms exist, a GCSI score < 18 points does not meet the clinical suspicion criteria for gastroparesis[9]. 
Therefore, gastroparesis was ruled out clinically.

General data, clinical symptoms and manifestations, and laboratory examination data were collected from the medical 
records of patients in the two groups, and the clinical indices were statistically analyzed between the groups. Particularly, 
the largest amplitude of glycemic excursions (LAGE), standard deviation of blood glucose (SDBG), mean amplitude of 
glucose excursions (MAGE), coefficient of blood glucose variation (CV), and pre- and post-prandial blood glucose 
variations were calculated from daily multipoint blood glucose recordings during hospitalization in both DKA and DKA 
+ gastroparesis patients.

Statistical analysis
Statistical analyses were performed using SPSS software (version 27.0; IBM Corp., Armonk, NY, United States). The 
normally distributed quantitative data are presented as the mean ± SD, while the qualitative data with a skewed distri-
bution are expressed as median and quartiles (Q1, Q3). Laboratory examination results were comparatively analyzed 
between the DKA + gastroparesis and DKA groups. The sample size of the DKA + gastroparesis group was < 20, and the 
normality test lacked sufficient power. Intergroup comparisons of continuous variables with a skewed distribution, 
including age, body mass index (BMI), course of disease, total cholesterol (TC), triglycerides (TG), high-density 
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), glycosylated hemoglobin (HbA1c), LAGE, 
SDBG, MAGE, CV, and preprandial and postprandial blood glucose variation, were performed using the Mann-Whitney 
U test. The significance level of α = 0.05 was used, and P < 0.05 for two-tailed tests indicated that the difference between 
groups was statistically significant. R studio software (version 4.3.1) was employed to plot ROC curves and calculate the 
area under the curve (AUC). AUC > 0.5 and P < 0.05 indicated appreciated prediction and diagnostic value, with larger 
AUC values indicating higher diagnostic value. MedCalc software was used for validation and to calculate the cut-offs 
and corresponding sensitivity and specificity indices.
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Table 1 Comparison between diabetic ketoacidosis with gastroparesis and diabetic ketoacidosis alone

DKA + gastroparesis (n = 15) DKA alone (n = 60) P value1

Age (mean, ± SD) (years) 35.47 ± 10.97 33.60 ± 17.1 0.474

Female patients, n (%) 6.0 (40.0) 26.0 (43.3) 0.818

Type 2 DM, n (%) 7.0 (46.7) 28.0 (46.7) 0.495

Course of disease (years) 9.0 (5.0-13.0) 7.0 (0-14.0) 0.265

BMI (kg/m2) 19.28 ± 3.16b 23.86 ± 5.90b 0.007

TC (mmol/L) 6.09 ± 2.64 5.26 ± 2.14 0.263

TG (mmol/L) 3.82 ± 4.39 2.85 ± 5.41 0.553

HDL-C (mmol/L) 2.34 ± 1.60a 1.05 ± 0.36a 0.019

LDL-C (mmol/L) 4.44 ± 2.61 3.08 ± 1.31 0.09

HbA1c (%) 7.07 ± 1.04a 11.51 ± 2.75a 0.01

SDBG (mmol/L) 2.69 ± 0.56a 5.83 ± 2.07a 0.01

LAGE (mmol/L) 5.86 ± 2.87a 17.41 ± 7.22a 0.01

MAGE (mmol/L) 4.50 ± 1.62 6.36 ± 3.41 0.125

CV (%) 0.31 ± 0.11a 0.55 ± 0.25a 0.014

Blood glucose variation before and after 
meals (mmol/L)

2.85 ± 1.79 3.44 ± 4.19 0.473

Fasting C-peptide (nmol/L) 0.44 ± 0.33 0.75 ± 0.75 0.353

Fasting insulin (μU/mL) 23.40 ± 27.86 20.40 ± 32.71 0.9

ACR (mg/g) 245.22 ± 320.06 125.12 ± 416.71 0.536

1Mann-Whitney U test.
aP < 0.05.
bP < 0.01.
DKA: Diabetic ketoacidosis; BMI: Body mass index; TC: Total cholesterol; TG: Triglycerides; HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-
density lipoprotein cholesterol; HbA1c: Glycosylated hemoglobin; SDBG: Standard deviation of blood glucose; LAGE: Largest amplitude of glycemic 
excursions; MAGE: Mean amplitude of glucose excursions; CV: Coefficient of blood glucose variation; ACR: Urinary albumin-creatinine ratio.

RESULTS
Sample disposition
A total of 75 patients were enrolled in the study, including 15 DKA + gastroparesis patients [9 (60%) males and 6 (40%) 
females; mean age: 35 ± 11 years; ratio of type 1/type 2/other special types diabetic patients: 7:7:1; mean course of 
diabetes mellitus: 7 (6, 11 years)] and 60 DKA alone patients  [34 (56.7%) males and 26 (43.3%) females; mean age: 34 ± 17 
years; ratio of type 1/type 2/unclear type diabetic patients: 19/28/13; mean course of diabetes mellitus: 7 (0, 14) years] 
(Table 1).

Clinical symptoms pre- and post-treatment
Clinical symptoms of polyuria, polydipsia, dehydration, respiratory compensation, and changes in cognitive state before 
therapy quickly improved after ketone elimination and acidosis correction in both groups. Patients in the DKA + gastro-
paresis group exhibited several types of gastrointestinal discomfort. Apart from nausea and vomiting, abdominal 
distension was particularly prominent and was characterized by early satiety, postprandial fullness, and prolonged 
duration. This sensation of fullness significantly affected their ability to eat. Other symptoms included reflux, heartburn, 
abdominal pain, and constipation. The gastrointestinal symptoms persisted even after the correction of ketonuria and 
acidosis. Prompt diagnosis and treatment using prokinetic agents led to significant improvement in gastrointestinal 
symptoms, with abdominal distension exhibiting the most remarkable improvement. In contrast, patients in the DKA 
alone group mainly experienced nausea and vomiting, with other gastrointestinal symptoms being less pronounced. 
Gastrointestinal symptoms rapidly disappeared after the resolution of ketonuria.

Laboratory examination
Lower HbA1c levels, LAGE, SDBG, and CV were observed in the DKA + gastroparesis group (7.07% vs 11.51%, P < 0.01; 
5.86 vs 17.41, P < 0.01; 2.69 vs 5.83, P < 0.01; 0.31 vs 0.55, P = 0.014, respectively), but no significant difference was 
observed in MAGE between the two groups. BMI was lower and HDL-C level was higher in the DKA + gastroparesis 
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group than in the DKA group (19.28 vs 23.86 kg/m2, P = 0.02; 2.34 vs 1.05 mmol/L, P = 0.019), and no significant 
differences were observed in TC, TG, or LDL-C between the two groups. Similarly, no remarkable differences were 
observed in the fasting C-peptide level, fasting insulin level, and urinary albumin creatinine ratio between the groups 
(Table 1).

For lower HbA1c levels in the DKA + gastroparesis group, we further investigated whether HbA1c could be used to 
predict gastroparesis in DKA patients. The AUC (Figure 1) was 0.918 (P < 0.0001, 95% confidence interval [CI]: 0.779-
0.981), cutoff was 8.55% (sensitivity = 0.825, 95%CI: 0.663-0.958; specificity = 1, 95%CI: 0.715-1.0), and HbA1c < 8.55% 
indicated probable DKA + gastroparesis.

DISCUSSION
This study summarized the clinical manifestations and biochemical indices of DKA + gastroparesis, and the study results 
suggested that if patients with DKA have no improvement in gastrointestinal symptoms after urine ketone normalization 
and acidosis correction, gastroparesis should be considered. The patients with DKA as onset symptom who were finally 
diagnosed with gastroparesis had significant differences in blood glucose variation and lipid from DKA patients, 
specifically lower BMI and HbA1c level, higher HDL-C level, and smaller random blood glucose variation; HbA1c < 
8.55% indicates a greater probability of gastroparesis in DKA patients.

Serum HbA1c level is not only an important factor influencing the gastric emptying time in patients with type 2 
diabetes[10,11], but its increase is also a risk factor for gastrointestinal symptoms in these patients, as reported in a cross-
sectional epidemiological study[12]. Poor blood glucose control and high blood glucose and HbA1c levels are regarded as 
early predictors of gastroparesis in type 2 diabetes mellitus and risk factors for its progression[13,14]. Notably, this study 
demonstrated that patients diagnosed with DKA + gastroparesis had lower HbA1c levels, suggesting good blood glucose 
control in the short term; at HbA1c < 8.55%, probable gastroparesis was considered for DKA patients, which may be 
inconsistent with previous research findings. This can be attributed to several factors. Due to varying disease durations 
among patients, hyperglycemia is indeed a key factor in the development of gastroparesis, with significantly elevated 
HbA1c levels observed in early and mid-stage cases. However, in our study, in patients with gastroparesis, the condition 
persisted for a long time before admission, leading to reduced food intake, early satiety, weight loss, lower blood glucose 
levels, and smaller random blood glucose variations. However, because hyperglycemia is a known risk factor for gastro-
paresis, clinicians may easily overlook the diagnosis of gastroparesis when the HbA1c level is only mildly elevated. 
Currently, there is a lack of relevant foundational and clinical research, so the other potential pathophysiological 
mechanisms remain unclear. Further prospective studies are needed to gain a deeper understanding of these findings. 
Our study results proved that for DKA patients with HbA1c < 8.55%, close attention must be paid to changes in 
gastrointestinal symptoms, and if these symptoms persist after urine ketone levels normalize, relevant examinations 
should be performed to identify gastroparesis.

None of previous studies have indicated that lipid dysmetabolism is associated with gastroparesis[15], but the later can 
delay the arrival time of nutrients to the small intestine and thus result in continuous lipid absorption and elevation of 
blood lipids, especially TG, and the affected patients have a poor response to conventional lipid-lowering treatment[16]. 
In a rat experiment of diabetic gastroparesis, postprandial hypertriglyceridemia was observed and significantly improved 
after treatment with gastro-kinetic agents[17]. In this study, both the DKA alone and DKA + gastroparesis groups 
exhibited lipid abnormalities based on the average levels of each lipid component. Lipid abnormalities may not be 
recognized as diagnostic factors. However, patients with DKA + gastroparesis had a lower BMI but higher HDL-C levels 
though there were no significant differences in TC, TG, or LDL-C levels between the groups, which is not consistent with 
results from previous studies. The underlying causes and pathophysiological mechanisms may be considered as follows: 
(1) In gastroparesis patients with a chronic and prolonged disease, an underlying gastrointestinal neuropathy exists[18], 
which may be re-induced or worsened by acute hyperglycemia in DKA, and previous long-term gastrointestinal 
discomfort can lead to a decrease in food intake, body weight, and BMI. Weight loss can also increase HDL-C levels. For 
every 1 kg of weight loss, HDL-C levels can reportedly rise by 0.35-0.46 mg/dL[19]; and (2) HDL-C is primarily syn-
thesized in the liver and small intestine. Diet and nutrition reportedly influence cholesterol homeostasis, affecting lipid 
metabolism and progression of atherosclerosis[20]. Plasma HDL concentrations correlate directly with plasma sterol 
markers of intestinal cholesterol absorption and reciprocally with cholesterol synthesis[21]. Gastroparesis affects normal 
gastric emptying and disrupts food digestion and absorption, leading to intestinal lipid absorption and metabolism 
disorders. Abnormal intestinal lipid absorption and metabolism may explain the increased HDL-C levels. However, 
whether BMI and HDL-C levels affect gastroparesis progression and treatment outcomes remains unclear. Future 
prospective studies are needed to validate these findings and establish a more causal relationship.

Based on previous case reports, patients with DKA + gastroparesis presented with persistent vomiting without relief, 
nausea, abdominal pain, and other gastrointestinal symptoms, which did not improve after simple hydration and insulin 
treatment; the imaging examination indicated gastric retention, and the aforementioned symptoms were relieved after 
gastrointestinal decompression and drainage using a nasogastric tube[6]. Meanwhile, a case study showed that gastro-
paresis could repeatedly induce DKA; thus, it was regarded as one of the factors that aggravates or induces DKA[7]. If 
DKA patients present with persistent gastrointestinal symptoms without relief, lower HbA1c levels and BMI, and higher 
HDL-C levels after ketone elimination and acidosis correction, gastroparesis should be considered, and gastrointestinal 
examinations such as gastric emptying scintigraphy, wireless motility capsule, and 13C-urea breath test should be 
performed promptly[22]. Moreover, decompression and gastrointestinal prokinetic therapy, such as metoclopramide, 
erythromycin, domperidone, and mosapride, should be initiated as soon as possible to prevent the re-induction of DKA.
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Figure 1 Receiver operating characteristic curve of glycosylated hemoglobin-based prediction of gastroparesis in diabetic ketoacidosis 
patients. Receiver operating characteristic curve analysis of the relationship between glycosylated hemoglobin (HbA1c) and diabetic ketoacidosis + gastroparesis 
exhibited an area under the curve of 0.918 (P < 0.001). The HbA1c threshold with the best sensitivity (82.5%) and specificity (100%) was 8.55%. HbA1c: 
Glycosylated hemoglobin; AUC: Area under the curve.

This study has several strengths. First, few previous studies on DKA + gastroparesis exist; specifically, only two case 
reports have reported it. Limited literature exists on the incidence and clinical characteristics of DKA + gastroparesis 
patients. This is the first clinical study to retrospectively analyze the differences in clinical manifestations and biochemical 
indices between DKA + gastroparesis patients and those with DKA alone. Although only 15 patients with DKA + gastro-
paresis were included, the sample size was relatively large, which has considerable reference value for clinical applic-
ations. Second, many indices, besides HbA1c level, were used in this study to evaluate daily blood glucose variations, 
such as CV, SDBG, LAGE, and MAGE. The findings of lower CV, LAGE, and SDBG levels in the DKA + gastroparesis 
group reflected a smaller daily blood glucose variation, which assessed blood glucose control and variation from a 
different perspective.

This study also has some limitations. First, this was a single-center study with a small sample size, and the general-
ization of the statistical analysis results is limited. Advancements in primary-tier diabetes management have made the 
early detection of gastroparesis and DKA in community hospitals possible, enabling timely intervention without hospital-
ization. In contrast, some patients with DKA complicated by gastroparesis may be initially discharged after resolution of 
ketoacidosis, with the diagnosis of coexisting gastroparesis becoming evident only after multiple DKA-related hospital 
admissions. Consequently, the number of hospitalized patients with DKA and coexisting gastroparesis remains limited. 
Although our study involved a relatively small sample size, it offers certain advantages over previous studies, partic-
ularly in terms of sample size. Future studies with larger sample sizes and multicenter design are necessary to validate 
our conclusions. Second, inherent limitations associated with retrospective studies exist: (1) Our study may have been 
subject to unmeasured or unaccounted-for biases and confounding factors. To address this, we employed matched 
controls in the selection of the control group to minimize selection bias and mitigate the influence of confounders. 
However, owing to the nature of retrospective studies, eliminating these potential biases and confounders remains 
challenging; and (2) Clinical data were incomplete and difficult to trace. For example, when calculating the daily blood 
glucose variation, the blood glucose data at seven time points within a day were required[23] to compute the CV, but 
only the blood glucose data at five time points were collected by reviewing the medical records of the patients in this 
study, resulting in a bias in the computed blood glucose variation value. Future large-scale prospective studies are 
needed to validate these findings and explore the underlying causal relationships and potential mechanisms.

CONCLUSION
In summary, gastroparesis should be considered in clinical practice if patients with DKA experience persistent gas-
trointestinal symptoms without relief. For DKA patients with HbA1c < 8.55%, smaller random blood glucose variation, 
lower BMI, and higher HDL-C levels, probable gastroparesis should be considered. Imaging examinations must be 
performed to establish a definitive diagnosis (Figure 2). After diagnosis, gastro-kinetic agents should be administrated 
promptly to not only improve gastric retention and relieve gastrointestinal symptoms but also strengthen blood glucose 
control, reduce blood glucose variation, and avoid re-induction of DKA.

Continuous gastroparesis can repeatedly trigger DKA, which is challenging to address. The risk of recurrent DKA can 
be fundamentally reduced by promptly identifying and treating triggers. Prospective studies with larger sample sizes 
and multicenter design are required to enhance the depth of the research and provide more valuable insights for clinical 
practice.
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Figure 2 Flow for early detection of gastroparesis in patients with diabetic ketoacidosis. HbA1c: Glycosylated hemoglobin; BMI: Body mass index; 
HDL-C: High density lipoprotein cholesterol.
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Abstract
BACKGROUND 
Acute pancreatitis (AP) is an emergency gastrointestinal disease that requires 
immediate diagnosis and urgent clinical treatment. An accurate assessment and 
precise staging of severity are essential in initial intensive therapy.

AIM 
To explore the prognostic value of inflammatory markers and several scoring 
systems [Acute Physiology and Chronic Health Evaluation II, the bedside index of 
severity in AP (BISAP), Ranson’s score, the computed tomography severity index 
(CTSI) and sequential organ failure assessment] in severity stratification of early-
phase AP.

METHODS 
A total of 463 patients with AP admitted to our hospital between 1 January 2021 
and 30 June 2024 were retrospectively enrolled in this study. Inflammation marker 
and scoring system levels were calculated and compared between different 
severity groups. Relationships between severity and several predictors were 
evaluated using univariate and multivariate logistic regression models. Predictive 
ability was estimated using receiver operating characteristic curves.

RESULTS 
Of the 463 patients, 50 (10.80%) were classified as having severe AP (SAP). The 
results revealed that the white cell count significantly increased, whereas the 
prognostic nutritional index measured within 48 hours (PNI48) and calcium (Ca2+) 
were decreased as the severity of AP increased (P < 0.001). According to multi-
variate logistic regression, C-reactive protein measured within 48 hours (CRP48), 
Ca2+ levels, and PNI48 were independent risk factors for predicting SAP. The area 
under the curve (AUC) values for the CRP48, Ca2+, PNI48, Acute Physiology and 
Chronic Health Evaluation II, sequential organ failure assessment, BISAP, CTSI, 
and Ranson scores for the prediction of SAP were 0.802, 0.736, 0.871, 0.799, 0.783, 
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0.895, 0.931 and 0.914, respectively. The AUC for the combined CRP48 + Ca2+ + PNI48 model was 0.892. The 
combination of PNI48 and Ranson achieved an AUC of 0.936.

CONCLUSION 
Independent risk factors for developing SAP include CRP48, Ca2+, and PNI48. CTSI, BISAP, and the combination of 
PNI48 and the Ranson score can act as reliable predictors of SAP.

Key Words: Acute pancreatitis; Scoring systems; Severity stratification; Prognostic nutritional index; Severity

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Acute pancreatitis (AP) is an emergency gastrointestinal disease that requires immediate diagnosis and urgent 
clinical treatment. An accurate assessment and staging of severity are essential in initial intensive therapy. This study 
systematically explored the prognostic value of inflammatory markers and several scoring systems in severity stratification 
of early-phase AP. 463 patients with AP were enrolled in this study. The results revealed that C-reactive protein measured 
within 48 hours, calcium and prognostic nutritional index measured within 48 hours were independent risk factors for 
predicting severe AP. Computed tomography severity index, bedside index of severity in AP, and the combination of 
prognostic nutritional index measured within 48 hours and the Ranson score can act as reliable predictor of severity AP.

Citation: Shi PN, Song ZZ, He XN, Hong JM. Evaluation of scoring systems and hematological parameters in the severity strati-
fication of early-phase acute pancreatitis. World J Gastroenterol 2025; 31(15): 105236
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/105236.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.105236

INTRODUCTION
Acute pancreatitis (AP), a serious and rapidly developing inflammatory process of the pancreas, is one of the leading 
gastrointestinal diseases requiring immediate diagnosis and urgent clinical treatment[1-3]. Biliary sludge and/or 
gallstones, alcohol consumption, and hypertriglyceridemia, are the most common causes of AP, whereas drugs, obesity, 
diabetes, autoimmune disease, and infection are also potential causes[4,5]. AP can be classified into three categories based 
on severity: Mild AP (MAP), moderately severe AP (MSAP), and severe AP (SAP), according to the Atlanta’s criteria in 
2012. Most cases of AP are self-limited and resolve spontaneously with a favorable clinical recovery. However, the 
remaining approximately 20%-30% of patients may develop severe forms of AP and serious local and/or systemic 
complications with deterioration[6]. Severe cases may deteriorate rapidly for a brief period of time in the early stages of 
disease, resulting in systemic inflammatory response syndrome and even multiple organ dysfunction syndrome[7]. An 
accurate assessment and precise staging of severity are essential in the initial intensive therapy, thereby improving the 
prognosis.

Currently, numerous risk scoring systems have been proposed and applied to identify the severity of AP. Acute 
Physiology and Chronic Health Evaluation II (APACHE II), the bedside index of severity in AP (BISAP), Ranson’s score, 
and the computed tomography (CT) severity index (CTSI) are commonly used scoring systems in the clinic[8]. The 
APACHE II score is helpful for intensive care unit outcome prediction; however, its use is complex and prone to mistakes
[9]. CTSI can be used to evaluate pancreatic inflammation and necrosis to predict the severity of AP and is usually used 
after 48-72 hours post-presentation[10,11]. Other recent scores, such as the BISAP score, have been proposed as simple 
and accurate tools for the early identification of in-hospital mortality[12]. The sequential organ failure assessment (SOFA) 
score has also been applied to stratify risk and monitor responses to treatment in recent years[9]. However, these scoring 
systems have been criticized at times due to limitations such as low sensitivity, unnecessary complexity, an overly 
restrictive process, high cost, and too many parameters limiting widespread use[13]. Concurrently, a number of hemato-
logical and biochemical parameters have been used to predict the prognosis of AP at an early stage, such as C-reactive 
protein (CRP), blood urea nitrogen, and D-dimer[8]. However, most of these parameters cannot be used to compre-
hensively and systematically assess the severity of AP. Previous studies have suggested a potential clinical relationship 
between some combined hematological parameters and systemic inflammation, including the neutrophil-lymphocyte 
ratio (NLR), platelet-lymphocyte ratio (PLR), lymphocyte-monocyte ratio (LMR), and red cell distribution width[14,15]. 
The prognostic nutritional index (PNI), which is calculated by the ratio of the albumin concentration and lymphocyte 
count, has attracted attention as an easily accessible biomarker reflecting inflammation and nutritional status[16]. These 
inflammation-based laboratory markers have also been investigated to predict illness severity in AP[17-19]. However, 
although scoring systems and hematological parameters have been previously explored to identify the adverse outcomes 
associated with AP, previous studies have revealed inconsistencies in their predictive ability. Few systematic studies have 
focused on the combination of these values in AP. Thus, this study systematically explored the prognostic value of these 
inflammatory markers (NLR, LMR, PLR, PNI, and CRP) and several scoring systems (APACHE II, SOFA, BISAP, CTSI, 
and Ranson) in the severity stratification of AP in the early phase.
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MATERIALS AND METHODS
Patient selection
This study consecutively analyzed patients with AP admitted to Ningbo Yinzhou No. 2 Hospital between January 1, 2021, 
and June 30, 2024. The study was approved by the Human Ethics Committee of the Yinzhou No. 2 Hospital (approval 
number: Y2024-50) and the study was conducted with the patients’ informed consent. The diagnosis and severity strati-
fication of AP were performed according to the 2012 revised Atlanta classification. The diagnosis of AP was based on two 
or more of the following features: (1) Abdominal pain characteristic of AP; (2) Threefold elevation of serum amylase and/
or lipase levels above the upper limit of normal; and (3) Characteristic findings of AP on abdominal ultrasonography, 
magnetic resonance imaging or CT scan[1]. MAP was defined as an absence of organ failure and local complications; 
MSAP was defined as the presence of local or systemic complications and/or organ failure relieved within 48 hours; and 
SAP was defined as persistent organ failure for more than 48 hours[1]. The definition of organ failure included 
respiratory, renal, and cardiovascular failure, which was based on a score of 2 or more using the modified Marshall 
scoring system[20]. Biliary AP was defined as the existence of gallstones or biliary sludge on ultrasonography, CT, or 
magnetic resonance imaging. Hypertriglyceridemia-induced AP was defined as a serum triglyceride (TG) level reaching 
11.3 mmol/L or TG levels between 5.65 and 11.3 mmol/L with chylous serum. Alcoholic AP was defined as a history of 
alcohol abuse within 48 hours before the onset of illness. Other possible causes of AP should be excluded when the above 
etiological diagnosis is made. Patients who met the following criteria were excluded: Age < 16 years, short hospital stay 
of less than 48 hours, pregnancy, chronic pancreatitis or pancreatic carcinoma, metastatic tumor, or severe infectious and 
immunosuppressive conditions.

Data collection
A detailed history and physical examinations of all enrolled patients, including age, gender, and body mass index (BMI), 
were conducted after admission. Laboratory parameters were collected upon arrival at the hospital, including complete 
blood counts, blood gas analyses, serum amylase, electrolytes, D dimer, and renal and hepatic function. The calcium 
(Ca2+) level was measured within 48 hours after admission. The worst value of all the laboratory parameters and vital 
signs were selected during the collection period. Additional outcome measures included length of hospital stay, the 
interval between medical attention and symptom onset, the presence of organ failure, and local complications. Contrast-
enhanced CT was performed in all patients on days 2-5 after admission. Two senior radiologists calculated the CTSI score 
after contrast-enhanced CT. The radiologists who participated were blinded to all the clinical data and the scoring results 
of the other evaluators. The APACHE II, BISAP, and SOFA scores in the first 24 hours and the Ranson score at 48 hours 
after admission were recorded. Markers of inflammation (NLR, LMR, and PLR) levels were calculated at admission. PNI 
and CRP levels were measured at admission (PNIi; CRPi) and within 48 hours (PNI48; CRP48). There were no missing data 
during the research process.

Statistical analysis
Statistical analysis was performed with Statistical Product and Service Solutions software 27.0 (SPSS, Chicago, IL, United 
States) and GraphPad Prism (GraphPad Software, La Jolla, CA, United States). Sample size calculation was performed 
using Power Analysis and Sample Size (PASS, Kaysville, UT, United States) at the study design stage. The calculation was 
based on a predefined type I error of 0.05 (α = 0.05) and a test power of 0.9 (β = 0.1). Categorical variables were statist-
ically compared using the χ2 test or Fisher’s exact test and are presented as numbers and percentages. Continuous 
variables were verified by the Kolmogorov-Smirnov test for the normality test. Variables that were normally distributed 
are presented as the means with standard deviations and were compared by one-way analysis of variance (ANOVA). 
Variables with skewed distributions are presented as medians with interquartile ranges and were compared using 
Kruskal-Wallis H test. Multiple variables were further evaluated and adjusted using the Bonferroni method for multiple 
comparisons. All parameters were tested by univariate logistic regression and P values < 0.05 were considered potentially 
significant. The clinical significance of each parameter was also considered for selection. The potential independent 
predictive variables were subsequently evaluated using forward stepwise multivariate logistic regression analyses. 
Multivariate models were established after eliminating the factors with collinearity. Receiver operating characteristic 
(ROC) analysis was used, and the area under the curve (AUC) was compared to evaluate the predictive accuracy of each 
scoring system and the laboratory predictive variables. The sensitivity, specificity, positive predictive value, and negative 
predictive value were assessed for severity prediction. A P value < 0.05 was considered to indicate statistical significance.

RESULTS
A total of 463 patients with AP were enrolled and categorized into three groups: MAP (n = 319, 68.90%), MSAP (n = 94, 
20.30%), and SAP (n = 50, 10.80%). Tables 1 and 2 show the clinical profiles and basic characteristics of the patients. There 
were 309 (66.7%) males and 154 (33.3%) females with a median age of 49.0 (37.0-63.0) years and a mean BMI of 25.27 ± 
4.01 kg/m2. There were no differences in respect to age (P = 0.057), gender (P = 0.683), or BMI (P = 0.700) among the three 
groups. The majority of etiologies included hypertriglyceridemia (n = 162, 35.0%) and gallstone (n = 156, 33.7%). With 
regard to comorbidities, 121 patients (26.1%) had diabetes mellitus, 154 patients (33.3%) had hypertension, 24 patients 
(5.2%) had coronary artery disease, 10 patients (2.2%) had chronic kidney disease, and 184 patients (39.7%) had biliary 
tract disease. As the disease worsened, the length of hospital stays significantly increased (P < 0.001). However, the 
duration of medical attention from symptom onset among the three groups was not significantly different (P = 0.182).
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Table 1 Demographics and clinical profile in patients with acute pancreatitis, n (%)

Variables MAP MSAP SAP Total P value
n 319 94 50 463

Age (years) 48.0 (36.0-60.0) 50.5 (37.0-73.3) 52.0 (37.8-71.8) 49.0 (37.0-63.0) 0.057

Gender

Male 209 (67.6) 66 (21.4) 34 (11.0) 309 (66.7)

Female 110 (71.4) 28 (18.2) 16 (10.4) 154 (33.3)

0.683

Etiology of AP

Gallstone 100 (21.6) 37 (8.0) 19 (4.1) 156 (33.7)

Alcohol 26 (5.6) 5 (1.1) 7 (1.5) 38 (8.2)

Hypertriglyceridemia 102 (22.0) 40 (8.6) 20 (4.3) 162 (35.0)

Others 91 (19.7) 12 (2.6) 4 (0.9) 107 (23.1)

0.002a

BMI (kg/m2), mean ± SD 25.16 ± 3.89 25.49 ± 4.36 25.54 ± 4.07 25.27 ± 4.01 0.700

Smoking 135 (42.3) 45 (47.8) 21 (42.0) 201 (43.4) 0.620

Comorbidities

Diabetes mellitus 63 (19.7) 38 (40.4) 20 (40.0) 121 (26.1) < 0.001a

Hypertension 97 (30.4) 43 (45.7) 14 (28.0) 154 (33.3) 0.015a

Coronary artery disease 11 (3.4) 8 (8.5) 5 (10.0) 24 (5.2) 0.027

Chronic kidney disease 6 (1.9) 3 (3.2) 1 (2.0) 10 (2.2) 0.684

Biliary tract disease 123 (38.6) 43 (45.7) 18 (36.0) 184 (39.7) 0.388

Healthy 104 (32.6) 18 (19.1) 10 (20.0) 132 (28.5) 0.015a

Medical attention from symptom onset (hours) 17.0 (10.0-27.0) 22.0 (10.0-38.5) 17.0 (8.8-24.0) 18.0 (10.0-30.0) 0.182

Hospital stay (days) 7.0 (6.0-9.0) 10.0 (8.0-13.0) 18.0 (15.0-26.0) 8.0 (6.0-11.0) < 0.001a

aP < 0.05.
AP: Acute pancreatitis; MAP: Mild acute pancreatitis; MSAP: Moderately severe acute pancreatitis; SAP: Severe acute pancreatitis; BMI: Body mass index.

Compared with the MAP group, the MSAP group presented significantly higher levels of CRPi, CRP48, D dimer, lactate 
dehydrogenase (LDH), and glucose (P < 0.001). However, they did not differ between the MSAP and SAP groups. The 
Ca2+ level significantly decreased as the severity of AP increased (P < 0.001), whereas the white cell count increased (P < 
0.001). The serum platelet and hematocrit levels did not differ significantly among the different severity groups. The NLR 
of the MSAP group was significantly greater than that of the MAP group (P < 0.001), whereas the LMR was lower (P = 
0.003). However, the NLR and LMR did not differ between the MSAP and SAP groups (P = 0.546; P = 1.000). There was 
no statistically significant difference in PLR between the different severity groups. The PNI48 was lower in the SAP group 
than in the MAP group (P < 0.001). APACHE II, BISAP, CTSI, SOFA, and Ranson scores all were significantly higher in 
the SAP group than in the MSAP group than in the MAP group (P < 0.001).

Univariate logistic regression analyses were used to evaluate all the predictors. The results revealed that etiology, 
diabetes mellitus status, white cell count, CRPi, CRP48, red cell distribution width, Ca2+, LDH, D dimer, TG, NLR, and 
PNI48 were potentially significant variables. Multivariate logistic regression revealed that CRP48 [adjusted odds ratio (OR) 
= 1.007, 95% confidence interval (CI): 1.002-1.011, P = 0.010], Ca2+ (adjusted OR = 0.125, 95%CI: 0.022-0.700, P = 0.007) and 
PNI48 (adjusted OR = 0.800, 95%CI: 0.720-0.880 P < 0.001) were independent risk factors for predicting SAP (Table 3). The 
combined CRP48 + Ca2+ + PNI48 model was constructed using the formula = 8.825 + 0.008 × CRP48 (mg/L) - 2.286 × Ca2+ 
(mmol/L) - 0.185 × PNI48.

Table 4 and Figure 1 showed the comparisons of the ROC curves for SAP among CRP48, Ca2+, and PNI48, the combined 
CRP48 + Ca2+ + PNI48 model, and all the scoring systems. The AUC values for CRP48, Ca2+, PNI48, APACHE II, SOFA, 
BISAP, CTSI, and Ranson scores for the prediction of SAP were 0.802, 0.736, 0.871, 0.799, 0.783, 0.895, 0.931 and 0.914, 
respectively. The sensitivity, specificity, positive predictive value, and negative predictive value for the above parameters 
were determined with optimal cutoff values of 118.25, 2.045, 38.53, 7.50, 1.50, 1.50, 4.50, and 2.50, respectively. The AUC 
for the combined CRP48 + Ca2+ + PNI48 model was 0.892, which was superior to those obtained for CRP48 (Z = 2.771, P = 
0.006) and Ca2+ (Z = 4.625, P < 0.001). However, a comparison between the PNI48 model and the combined CRP48 + Ca2+ + 
PNI48 model revealed no difference (Z = 1.610, P = 0.107). Among the single parameters, CTSI demonstrated the highest 
accuracy for predicting SAP. However, there was no significant difference between pairwise comparisons among CTSI, 
BISAP, and Ranson (CTSI vs BISAP, Z = 1.640, P = 0.101; CTSI vs Ranson, Z = 0.793, P = 0.428; Ranson vs BISAP, Z = 0.836, 
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Table 2 Basic characteristics in patients with acute pancreatitis

P value
Variables MAP MSAP SAP

All group 1 vs 2 2 vs 3

WCC (× 109/L) 10.2 (7.90-12.70) 13.05 (9.80-16.25) 13.41 ± 4.51 < 0.001 < 0.001 < 0.001a

Platelet (× 109/L) 227.58 ± 67.77 215.50 (168.00-
256.25)

213.72 ± 77.64 0.267 / /

CRPi (mg/L) 2.70 (0-19.30) 8.55 (1.70-75.95) 9.95 (0.83-73.35) < 0.001 < 0.001 1.000

CRP48 (mg/L) 34.10 (4.60-91.40) 119.50 ± 70.00 166.33 ± 88.67 < 0.001 < 0.001 0.125

HCT (%) 42.77 ± 5.05 43.29 ± 5.47 43.42 ± 6.27 0.562 / /

RDW 13.20 (12.80-13.80) 13.50 (12.90-14.20) 13.85 (13.20-14.65) < 0.001 0.178 0.102

GLU (mmol/L) 6.66 (5.40-8.72) 8.45 (6.42-12.04) 10.28 (7.48-14.33) < 0.001 < 0.001 0.326

BUN (mmol/L) 4.53 (3.55-5.59) 4.86 (3.63-6.32) 5.32 (4.18-6.29) 0.019 0.211 1.000

Ca2+ (mmol/L) 2.23 ± 0.15 2.14 ± 0.16 1.96 ± 0.34 < 0.001 < 0.001 < 0.001a

AST (IU/L) 25.00 (17.90-68.00) 34.65 (17.00-138.25) 41.00 (22.00-352.70) 0.067 / /

Creatinine (mg/dL) 63.00 (52.20-78.00) 67.00 (55.75-87.00) 65.50 (54.25-84.25) 0.082 / /

LDH 224.00 (189.00-
277.00)

250.00 (198.50-
426.75)

299.50 (228.25-
414.25)

< 0.001 0.031 0.080

D dimer 195.00 (105.00-
356.00)

358.50 (173.25-
967.50)

467.00 (211.50-
859.25)

< 0.001 < 0.001 0.782

Triglyceride 1.86 (1.05-8.44) 2.33 (1.06-17.50) 2.45 (1.21-20.99) 0.052 / /

NLR 5.61 (3.40-9.89) 8.73 (5.21-14.20) 10.23 (6.71-16.49) < 0.001 < 0.001 0.546

LMR 2.53 (1.60-3.69) 1.84 (1.01-3.22) 1.64 (0.98-3.01) < 0.001 0.003 1.000

PLR 153.37 (113.33-
230.19)

183.02 (115.48-
262.88)

201.41 (131.94-
297.87)

0.044 0.475 0.902

PNIi 50.7 (46.45-54.55) 49.61 ± 8.65 48.83 (41.29-52.75) 0.035 0.299 1.000

PNI48 43.37 ± 5.40 38.38 ± 5.68 34.43 ± 3.87 < 0.001 < 0.001 < 0.001a

APACHE II 5.00 (3.00-6.00) 7.50 (5.00-10.00) 9.00 (6.75-13.25) < 0.001 < 0.001 0.046a

SOFA 0 (0-1.00) 1.00 (0-3.00) 2.00 (1.00-4.00) < 0.001 < 0.001 0.011a

BISAP 0 (0-1.00) 2.00 (1.00-2.00) 2.00 (2.00-3.00) < 0.001 < 0.001 0.014a

CTSI 2.00 (2.00-3.00) 4.00 (3.00-5.00) 6.00 (5.00-6.25) < 0.001 < 0.001 0.004a

Ranson 1.00 (0-2.00) 3.00 (2.00-4.00) 4.50 (3.00-6.00) < 0.001 < 0.001 0.001a

aP < 0.05.
MAP: Mild acute pancreatitis; MSAP: Moderately severe acute pancreatitis; SAP: Severe acute pancreatitis; WCC: White cell count; CRPi: C-reactive protein 
measured at admission; CRP48: C-reactive protein measured within 48 hours; RDW: Red cell distribution width; HCT: Hematocrit; GLU: Glucose; BUN: 
Blood urea nitrogen; AST: Aspartate aminotransferase; LDH: Lactate dehydrogenase; NLR: Neutrophil-lymphocyte ratio; LMR: Lymphocyte-monocyte 
ratio; PLR: Platelet-lymphocyte ratio; PNIi: Prognostic nutritional index measured at admission; PNI48: Prognostic nutritional index measured within 48 
hours; APACHE II: Acute Physiology and Chronic Health Evaluation II; SOFA: Sequential organ failure assessment; BISAP: Bedside index of severity in 
acute pancreatitis; CTSI: Computed tomography severity index.

P = 0.403). Among the scoring systems evaluated in the first 24 hours, the BISAP score was superior to the APACHE II 
score (Z = 3.124, P = 0.002) and the SOFA score (Z = 3.084, P = 0.002). When both PNI48 and Ranson were measured within 
48 hours, the combination of PNI48 and Ranson achieved an AUC of 0.936.

DISCUSSION
AP is an inflammatory disease of the pancreas, with significant morbidity and mortality in severe cases. In this study, we 
compared the predictive value of hematological parameters and several scoring systems (APACHE II, SOFA, BISAP, 
CTSI, and Ranson) for the onset of AP. We identified three independent risk factors: CRP48, Ca2+, and PNI48. Our data also 
suggested that, among the comorbidities, diabetes mellitus was significantly associated with MSAP and SAP.
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Table 3 Results of univariate and multivariate logistic regression analysis for predicting severe acute pancreatitis

Univariate analysis Multivariate analysis
Variables

OR (95%CI) P value OR (95%CI) P value

Age (> 50 years) 1.271 (0.707-2.288) 0.423

Gender 1.066 (0.569-1.999) 0.841

Etiology of AP 0.780 (0.622-0.979) 0.032a 1.191 (0.850-1.668) 0.309

BMI (≥ 25 kg/m2) 1.180 (0.655-2.125) 0.617

Smoking 0.948 (0.724-1.243) 0.701

Comorbidities

Diabetes mellitus 2.059 (1.120-3.785) 0.020a 1.814 (0.807-4.074) 0.149

Hypertension 0.758 (0.396-1.453) 0.404

Coronary artery disease 2.304 (0.821-6.469) 0.113

Chronic kidney disease 0.916 (0.114-7.386) 0.934

Biliary tract disease 0.837 (0.455-1.540) 0.567

Medical attention from symptom 
onset (hours)

0.995 (0.981-1.010) 0.506

WCC (× 109/L) 1.095 (1.030-1.163) 0.003a 1.071 (0.994-1.155) 0.072

Platelet (× 109/L) 0.997 (0.993-1.002) 0.237

CRPi (mg/L) 1.006 (1.002-1.010) 0.001a / /

CRP48 (mg/L) 1.013 (1.009-1.017) < 0.001a 1.006 (1.001-1.011) 0.010a

HCT (%) 1.020 (0.964-1.079) 0.499

RDW 1.083 (1.002-1.170) 0.044a 1.000 (0.857-1.167) 0.998

GLU (mmol/L) 1.003 (0.994-1.013) 0.521

BUN (mmol/L) 0.999 (0.982-1.017) 0.943

Ca (mmol/L) 0.004 (0.001-0.021) < 0.001a 0.091 (0.016-0.512) 0.007a

AST (IU/L) 1.001 (1.000-1.002) 0.121

Creatinine (mg/dL) 1.000 (0.997-1.003) 0.993

LDH 1.003 (1.001-1.005) < 0.001a 1.001 (0.999-1.004) 0.282

D dimer 1.000 (1.000-1.001) 0.002a 1.000 (1.000-1.000) 0.189

Triglyceride 1.030 (1.004-1.056) 0.022a 1.032 (0.996-1.070) 0.086

NLR 1.036 (1.013-1.059) 0.002a 0.992 (0.961-1.024) 0.625

LMR 1.026 (0.975-1.081) 0.321

PLR 1.001 (1.000-1.003) 0.065

PNIi 1.003 (0.997-1.009) 0.277

PNI48 0.765 (0.711-0.823) < 0.001a 0.822 (0.749-0.902) < 0.001a

aP < 0.05.
OR: Odds ratio; CI: Confidence interval; AP: Acute pancreatitis; BMI: Body mass index; WCC: White cell count; CRPi: C-reactive protein measured at 
admission; CRP48: C-reactive protein measured within 48 hours; HCT: Hematocrit; RDW: Red cell distribution width; GLU: Glucose; BUN: Blood urea 
nitrogen; AST: Aspartate aminotransferase; LDH: Lactate dehydrogenase; NLR: Neutrophil-lymphocyte ratio; LMR: Lymphocyte-monocyte ratio; PLR: 
Platelet-lymphocyte ratio; PNIi: Prognostic nutritional index measured at admission; PNI48: Prognostic nutritional index measured within 48 hours.

The mechanisms and progressions of SAP are still poorly understood and may be associated with many factors. Some 
simple hematological parameters in the clinic, such as CRP and Ca2+, are widely used to evaluate the condition of AP 
patients. CRP is an essential indicator of inflammatory reactions. The localization and deposition of CRP appear to be key 
mediators of serious disease process, including AP[21]. CRP enhances the inflammatory cascade by stimulating the 
complement system and inducing the secretion of pro-inflammatory cytokines such as tumor necrosis factor-α and 
interleukin-1β, thereby aggravating pancreatic tissue damage[22,23]. Prior studies have shown the poor predictive value 
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Table 4 Statistical data of receiver-operating characteristics curve analysis for predicting severe acute pancreatitis by different 
parameters

Variables AUC (95%CI) P value Cut-off value Sensitivity, % Specificity, % PPV, % NPV, %

CRP48 0.802 (0.734-0.870) < 0.001 118.25 76.00 76.51 28.15 96.34

Ca2+ 0.736 (0.643-0.828) < 0.001 2.045 60.00 84.99 32.61 94.61

PNI48 0.871 (0.826-0.916) < 0.001 38.53 90.00 74.33 29.80 98.40

CRP48 + Ca2+ + 
PNI48

0.892 (0.843-0.940) < 0.001 0.15 78.00 86.68 40.86 96.76

APACHE II 0.799 (0.735-0.864) < 0.001 7.50 72.00 77.97 28.35 95.83

SOFA 0.783 (0.711-0.856) < 0.001 1.50 72.00 74.09 25.17 95.63

BISAP 0.895 (0.862-0.929) < 0.001 1.50 94.00 79.18 35.34 99.09

CTSI 0.931 (0.900-0.962) < 0.001 4.50 80.00 89.83 48.78 97.38

Ranson 0.914 (0.878-0.949) < 0.001 2.50 88.00 77.97 32.59 98.17

PNI48 + Ranson 0.936 (0.909-0.962) < 0.001 0.07 94.00 81.11 37.60 99.11

AUC: Area under the curve; CI: Confidence interval; PPV: Positive predictive value; NPV: Negative predictive value; CRP48: C-reactive protein measured 
within 48 hours; PNI48: Prognostic nutritional index measured within 48 hours; APACHE II: Acute Physiology and Chronic Health Evaluation II; SOFA: 
Sequential organ failure assessment; BISAP: Bedside index of severity in acute pancreatitis; CTSI: Computed tomography severity index.

Figure 1 Receiver operating characteristic curve analysis for predicting severe acute pancreatitis by different parameters. ROC: Receiver 
operating characteristic; CRP48: C-reactive protein measured within 48 hours; PNI48: Prognostic nutritional index measured within 48 hours; APACHE II: Acute 
Physiology and Chronic Health Evaluation II; SOFA: Sequential organ failure assessment; BISAP: Bedside index of severity in acute pancreatitis; CTSI: Computed 
tomography severity index; AUC: Area under the curve.

of CRP levels at an early stage[24]. However, after 24-48 hours, the CRP level has good prognostic accuracy for SAP, 
mortality, and pancreatic necrosis[25,26]. Our studies revealed that CRPi and CRP48 were significantly higher in MSAP 
compared with MAP, but no difference was detected between MSAP and SAP. CRP48 can be regarded as an 
independently predictive factor with the AUC value of 0.802. Therefore, continuous monitoring of CRP levels reliable for 
predicting severity.

Ca2+ is a versatile signal carrier that regulates various cellular functions[27]. Ca2+ overload and premature trypsinogen 
activation sabotage crucial cellular defense mechanisms, leading to pancreatic necrosis[28-30]. Previous studies have 
identified low Ca2+ levels as a risk factor for pancreatic necrosis, persistent organ failure, and SAP[31-33]. Similarly, in our 
study, the concentration of Ca2+ was negatively and significantly correlated with the severity of AP. PNI is regarded as a 
simple and effective parameter reflecting the nutritional and immunological status of the body. Prior studies confirmed 
the function of PNI as a predictive indicator for the prognosis of many cancers and inflammatory diseases[16,34]. Li et al
[35] reported that PNI was independently associated with the development of SAP and mortality in AP patients. Despite 
this evidence, very few studies have reported a relationship between PNI and the severity of AP. In our study, we 
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estimated the prognostic value of PNI for predicting the severity of AP. Multivariate regression analyses indicated that 
PNI48 was independently associated with the occurrence of SAP. ROC curve analysis revealed that the ability of PNI48 to 
predict SAP was preferable, with an AUC value of 0.871. We found that the PNI48 level significantly decreased as the 
severity of AP increased, whereas the PNIi level did not significantly change. The reason for this phenomenon may be 
inflammatory cascade and nutrient expenditure during the development of AP. Therefore, variations in the nutritional 
status of patients may be related to the severity of AP. As PNI may be affected by nutritional support, patients with a low 
PNI after nutritional treatment need more attention due to the possibility of AP aggravation.

Three inflammatory markers, CRP48, Ca2+, and PNI48, were combined to construct a logistic regression model, including. 
Previous studies have also explored the use of combined indicators to predict AP. For instance, Li et al[36] utilized a 
combination of fatty liver, procalcitonin, and the CRP-to-lymphocyte ratio to diagnose SAP, achieving an AUC of 0.795, 
which also reflects a high level of diagnostic performance. Similarly, Kong et al[37] identified heparin-binding protein, 
procalcitonin, and CRP as risk factors for SAP and combined these three markers to predict the severity of AP. Yi et al[38] 
reported the independent predictive value of CRP, LDH, Ca2+, and ascites in hypertriglyceridemia-induced AP. This 
combined diagnostic model demonstrated high accuracy, with an AUC of 0.960[38]. In our study, the AUC of the CRP48 + 
Ca2+ + PNI48 model reached 0.892, indicating strong predictive ability. To the best of our knowledge, we are the first to 
apply these three inflammatory markers to evaluate SAP. Our findings suggest that the combination of multiple hemato-
logical parameters can effectively predict SAP, highlighting the broader clinical practicability of integrated inflammatory 
parameters.

We found that the scores of several scoring systems (APACHE II, SOFA, BISAP, CTSI, and Ranson) significantly 
increased with the increasing severity of AP. The ROC curve indicated that CTSI achieved the highest AUC for the 
prediction of SAP among the single parameters, whereas the BISAP and Ranson scores presented similar results. The 
abilities of APACHE II and SOFA were fair, with AUC values of 0.799 and 0.783, respectively. The CTSI, a scoring system 
derived by Balthazar et al[39], has been widely used as a standard assessment to describe CT findings in AP[40]. Prior 
studies have confirmed that CTSI is significantly correlated with clinical outcome parameters, consistent with the revised 
Atlanta criteria grading of severity[11,41]. However, a CT scan is usually recommended after 48-72 hours to determine 
the exact extent of pancreatic necrosis[41]. Therefore, the CTSI obtained from CT scans in the early stage of the disease 
may not confirm the exact severity of AP. The evaluation of CTSI may emphasize local complications but not the systemic 
inflammatory response. Ranson and APACHE II have been used since the 1970s to assess the severity of AP. The main 
limitation of Ranson is the need for a 48-hour duration to complete the calculation. As PNI48 was also measured within 48 
hours with good prognostic accuracy, we found that the combination of PNI48 and the Ranson score reached an AUC of 
0.936, reflecting superior prognostic value. The BISAP was designed to construct a simple scoring system that provides an 
early estimation of AP risk based on five variables collected within 24 hours[12]. Our data showed BISAP performed 
better than APACHE II and SOFA in predicting SAP in patients during the first 24 hours. Therefore, BISAP is superior to 
other predictors in the prediction of SAP during the first 24 hours. As AP progresses to within 48 hours, the combination 
of PNI48 and the Ranson score could improve the prediction performance. CTSI can be a useful predictor of local complic-
ations.

There were several limitations in this study. Selection bias was inevitable since this was a retrospective single-center 
study with a limited sample size. Multicenter research with a large sample size could be conducted to confirm the value 
of the present analysis in further research. Second, laboratory parameters were collected upon arrival at the hospital and 
within 48 hours. Considering these variables change with time, they should be studied at additional time points. Using 
more detection methods and studying more relevant laboratory parameters may reveal other pertinent factors. Then, the 
common and classical scoring systems for AP were studied in this study. Some of the novel scoring systems are yet to be 
adopted and can be verified in future studies. Moreover, the mechanisms underlying the relationships between the 
predictors and severity of AP need to be investigated.

CONCLUSION
In conclusion, CRP48, Ca2+, and PNI48 were independent risk factors for AP in our study. The combination of CRP48, Ca2+, 
and PNI48 could be helpful tools as hematological parameters in evaluating SAP. CTSI was the best single parameter in 
predicting severity, but it had the shortcomings of assessing too later. BISAP can act as a simple and excellent predictor of 
SAP during the first 24 hours. As AP progresses to within 48 hours, the combination of PNI48 and the Ranson score could 
be a superior predictor of adverse outcomes in SAP.
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Abstract
BACKGROUND 
Patients with cirrhosis with hepatopulmonary syndrome (HPS) have a poorer prognosis. The disease has a subtle 
onset, symptoms are easily masked, clinical attention is insufficient, and misdiagnosis rates are high.

AIM 
To compare the clinical characteristics of patients with cirrhosis, cirrhosis combined with intrapulmonary vascular 
dilatation (IPVD), and HPS, and to establish predictive models for IPVD and HPS.

METHODS 
Patients with cirrhosis were prospectively screened at a liver-specialized university teaching hospital. Clinical 
information and blood samples were collected, and biomarker levels in blood samples were measured. Patients 
with cirrhosis were divided into three groups: Those with pure cirrhosis, those with combined IPVD, and those 
with HPS based on contrast-enhanced transthoracic echocardiography results and the pulmonary alveolar-arterial 
oxygen gradient values. Univariate logistic regression and Least Absolute Shrinkage and Selection Operator 
(LASSO) regression methods were utilized to identify risk factors for IPVD and HPS, and nomograms were 
constructed to predict IPVD and HPS.

RESULTS 
A total of 320 patients were analyzed, with 101 diagnosed with IPVD, of whom 54 were diagnosed with HPS. There 
were statistically significant differences in clinical parameters among these three groups of patients. Among the 
tested biomarkers, sphingosine 1 phosphate, angiopoietin-2, and platelet-derived growth factor BB were 
significantly associated with IPVD and HPS in patients with cirrhosis. Following LASSO logistic regression 
screening, prediction models for IPVD and HPS were established. The area under the receiver operating charac-
teristic curve for IPVD prediction was 0.792 (95% confidence interval [CI]: 0.737-0.847), and for HPS prediction was 
0.891 (95%CI: 0.848-0.934).

CONCLUSION 
This study systematically compared the clinical characteristics of patients with cirrhosis, IPVD, and HPS, and 
constructed predictive models for IPVD and HPS based on clinical parameters and laboratory indicators. These 
models showed good predictive value for IPVD and HPS in patients with cirrhosis. They can assist clinicians in the 
early prognosis assessment of patients with cirrhosis, ultimately benefiting the patients.

Key Words: Liver cirrhosis; Hepatopulmonary syndrome; Prediction model; Clinical parameters; Biomarkers

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study included 320 patients with liver cirrhosis, among whom 101 were diagnosed with intrapulmonary 
vascular dilatation (IPVD), and of these, 54 were diagnosed with hepatopulmonary syndrome (HPS). Nine potential 
biomarkers possibly related to HPS were tested, and the clinical parameters and biomarker levels of three patient groups 
were compared. Predictive models for IPVD and HPS were built respectively based on patients’ clinical information and 
three biomarkers: sphingosine 1 phosphate, angiopoietin-2, and platelet-derived growth factor BB.

Citation: Wu ZP, Wang YF, Shi FW, Cao WH, Sun J, Yang L, Ding FP, Hu CX, Kang WW, Han J, Yang RH, Song QK, Jin JW, Shi 
HB, Ma YM. Predictive models and clinical manifestations of intrapulmonary vascular dilatation and hepatopulmonary syndrome in 
patients with cirrhosis: Prospective comparative study. World J Gastroenterol 2025; 31(15): 105720
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/105720.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.105720

INTRODUCTION
Hepatopulmonary syndrome (HPS) is characterized by hypoxemia and a constellation of pathophysiological alterations 
and clinical manifestations resulting from intrapulmonary vascular dilatation (IPVD) and impaired arterial oxygenation 
in the context of chronic liver disease and/or portal hypertension[1,2]. The prevalence of HPS among patients with 
cirrhosis varies considerably, ranging from 4% to 47%, with pulmonary vasodilation detectable in 13% to 80% of liver 
transplant candidates[3]. A prospective study found that patients with HPS had poorer quality of life in certain domains 
compared to those without HPS. Additionally, patients with HPS had a higher risk of death, even after adjusting for age, 
sex, and race/ethnicity[4].
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Although the presence of HPS in patients with cirrhosis affects patient prognosis, clinical attention to HPS remains 
inadequate[2,5]. A diagnostic study of HPS in a large integrated healthcare system found that only a small fraction of 
patients with cirrhosis were diagnosed with HPS through International Classification of Diseases coding within the vast 
patient population. Following diagnosis, only a minority of patients met the diagnostic criteria[6]. The current gold 
standard for diagnosing HPS involves a combination of contrast-enhanced transthoracic echocardiography (CE-TTE) and 
assessment of the pulmonary alveolar-arterial oxygen gradient (P(A-a)O2)[3,7]. However, the specificity of CE-TTE in 
diagnosing HPS is low. Many patients with cirrhosis may have some degree of intrapulmonary shunting, but they may 
not meet the diagnostic criteria for HPS due to the lack of hypoxemia[8]. Additionally, CE-TTE has drawbacks such as 
being invasive and costly, making it difficult to be widely used in clinical settings. While identifying patients with low 
oxygen levels based on arterial blood gas is straightforward, patients with cirrhosis may experience respiratory 
difficulties due to conditions like ascites, leading to hypoxemia. Furthermore, it has poor sensitivity. Therefore, research 
on biomarkers for IPVD and HPS is of significant importance[9,10].

Several molecular markers of endothelial dysfunction and angiogenesis, which correlate with IPVD in HPS, have 
emerged as potential discriminators between patients with cirrhosis with and without HPS. Basic scientific research has 
implicated various cytokines and growth factors as potential therapeutic targets in HPS[11]. Li et al[12] identified soluble 
vascular endothelial growth factor receptor 1 (VEGFR1) and the ratio of soluble VEGFR1 to placental growth factor as key 
variables for distinguishing between patients with and without HPS. Recent investigations have also suggested that 
serum levels of vascular cellular adhesion molecule 1 (VCAM1), von Willebrand factor (vWF), and bone morphogenetic 
protein-9 may serve as diagnostic markers for HPS in patients with cirrhosis[13-15].

In this study, we relied on a large cohort of patients with cirrhosis to analyze clinical parameters, common laboratory 
indices, and levels of nine potential biomarkers including sphingosine 1 phosphate (S1P), angiopoietin-2, and vWF, 
aiming to identify the clinical characteristics of patients with cirrhosis with IPVD and HPS. Ultimately, we constructed 
predictive models for IPVD and HPS in patients with cirrhosis through univariate logistic regression and Least Absolute 
Shrinkage and Selection Operator (LASSO) regression methods. By focusing on the predictive capabilities of specific 
biomarkers and integrating comprehensive patient data, we aim to provide valuable insights to guide clinical decision-
making and improve patient outcomes.

MATERIALS AND METHODS
Participants
A total of 465 patients with liver cirrhosis admitted to Youan Hospital, Capital Medical University (Beijing, China) 
between April 2023 and May 2024 were included for screening. Demographic data, clinical information, and laboratory 
indices of the patients were collected from the electronic medical record system. Blood samples were retained from 
eligible patients for biomarker testing. Inclusion criteria were: (1) Patients with liver cirrhosis due to various reasons; (2) 
Age ≥ 18 years; 3) Availability of CE-TTE results and arterial blood gas analysis; and (4) Patient consent for participation 
in the study. Exclusion criteria were: (1) Concomitant primary lung diseases such as pneumonia, pulmonary vascular 
diseases, interstitial lung diseases, chronic obstructive pulmonary disease, bronchial asthma, and lung cancer; (2) Acute 
upper gastrointestinal bleeding; and (3) Refusal to participate in the study. The study was approved by the Hospital 
Ethics Committee (No. LL-2022-141-K) and registered in the ClinicalTrials.gov database under identifier number 
NCT05932927. All patients provided informed consent, and patient information was anonymized. Finally, 145 patients 
were excluded, primarily due to refusal to participate in the study and lack of CE-TTE results and arterial blood gas 
analysis. In the study, of 320 individuals, 101 were diagnosed with IPVD, and ultimately 54 individuals were diagnosed 
with HPS. Refer to Figure 1 for details.

Diagnostic methods
Diagnostic criteria for HPS: The gold standard for HPS diagnosis is the combination of CE-TTE and P(A-a)O2. The 
diagnostic criteria proposed in the 2016 “International Liver Transplantation Society Practice Guidelines: Diagnosis and 
Treatment of Hepatopulmonary Syndrome and Portal Hypertension” are used for diagnosis[1]: (1) Presence of liver 
disease (typically cirrhosis with portal hypertension); (2) Positive CE-TTE results; and (3) Abnormal arterial blood gas 
results: P(A-a)O2 ≥ 15 mmHg when the patient is breathing room air in an upright position (1 mmHg = 0.133 kPa, if age > 
64, then ≥ 20 mmHg). Patients diagnosed with HPS are classified based on severity using arterial oxygen pressure (PaO2): 
mild if PaO2 ≥ 80 mmHg, moderate if PaO2 ≥ 60 mmHg and < 80 mmHg, severe if PaO2 ≥ 50 mmHg and < 60 mmHg, and 
very severe if PaO2 < 50 mmHg.

Definition of P(A-a)O2: P(A-a)O2 is the most sensitive indicator for monitoring early lung ventilation abnormalities[16]. 
Patients are in an upright position, breathing room air, and undergo arterial blood gas testing. The formula for P(A-a)O2 
is: P (alveolar) O2 - P (arterial) O2 = [FiO2 (Patm - PH2O) - PaCO2/0.8] - PaO2, where FiO2 represents the inspired oxygen 
concentration, Patm denotes atmospheric pressure, PH2O indicates water vapor pressure, PaCO2 stands for arterial 
carbon dioxide partial pressure, and PaO2 represents arterial oxygen partial pressure.

Introduction to CE-TTE: CE-TTE is the preferred and cornerstone examination method for diagnosing IPVD[17,18]. A 
mixture of 10 mL of 0.5 g sodium bicarbonate injection and 300 mg of vitamin B6 injection is agitated in a syringe to form 
microbubbles with a diameter > 10 μm, which are then injected into a peripheral vein. In a normal human body, these 
bubbles are absorbed by the pulmonary capillary bed (diameter < 8-15 μm) when they return to the right heart via the 



Wu ZP et al. Predictive models of HPS

WJG https://www.wjgnet.com 4 April 21, 2025 Volume 31 Issue 15

Figure 1 Flow diagram of patient enrollment. CE-TTE: Contrast-enhanced transthoracic echocardiography; HPS: Hepatopulmonary syndrome; IPVD: 
Intrapulmonary vascular dilatation.

systemic circulation and enter the pulmonary circulation, not reaching the left heart, thus only visible in the right heart. In 
patients with HPS, microbubbles flow back through dilated capillary beds or arteriovenous shunts and can appear in the 
left atrium after 3-6 cardiac cycles, showing a misty shadow on echocardiography. Appearance of microbubbles in the left 
atrium within three cardiac cycles suggests intracardiac shunting. If microbubbles are seen in the left atrium within 3-6 
cardiac cycles after injection, the CE-TTE result is considered positive; the absence of microbubbles in the left atrium is 
considered a negative CE-TTE result.

Data collection
The following data were collected for all patients: Demographic information (e.g., sex, age, height, weight), etiology of 
liver cirrhosis (e.g., alcoholic hepatitis, hepatitis B virus, hepatitis C virus), comorbidities (e.g., history of hypertension and 
diabetes), assessment of disease severity (Child-Pugh classification and Model for End-Stage Liver Disease [MELD] 
score), arterial blood gas results, laboratory indices (e.g., complete blood count, liver function tests, renal function tests, 
coagulation function, infection markers), and the results of cardiac ultrasound examination. Refer to Table 1 for details.

Detection of biomarkers
A total of 10 mL of whole blood was drawn from patients who consented to participate in the study and placed into 
ethylene diamine tetraacetic acid-anticoagulated tubes. Plasma was separated by centrifugation at 2000 g for 10 minutes 
and stored at -80 °C in a freezer until uniform retrieval for the detection of plasma cytokine levels. Three biomarkers, S1P, 
angiopoietin-2, and vWF, were measured using enzyme-linked immunosorbent assay (ELISA) methods. Specifically, the 
following ELISA kits were used: Human S1P ELISA Kit (Catalog No. EKF58355), Angiopoietin-2 Human ELISA Kit 
(Catalog No. KHC1641), and Human vWF ELISA Kit (Catalog No. KHC1641). The levels of the additional six factors, sE-
selectin, intercellular adhesion molecule-1 (ICAM-1), platelet-derived growth factor BB (PDGF-BB), tumor necrosis factor 
alpha (TNF-α), VCAM-1, and VEGF-A, were measured using the custom ProcartaPlex 6-Plex Assay (Thermo Fisher 
Scientific, Waltham, MA, United States), and the data were read on the Luminex 200 Instrument (Luminex Co., Austin, 
TX, United States). All procedures were strictly conducted following the manufacturers’ instructions.

Statistical analyses
Statistical analyses were performed using SPSS 22.0 software and R language (version 4.0.3; IBM SPSS Statistics, Armonk, 
NY, United States). GraphPad Prism 9 (GraphPad Software, Inc., La Jolla, CA, United States) was used for graphing. 
Continuous variables are expressed as the median (mean) and interquartile range, while categorical variables are 
expressed as the number (n) and percentage (%). χ2 test or Fisher’s exact test was used for comparing categorical 
variables, t-test or Mann-Whitney U test was used for comparing continuous variables between two groups, and grouped 
F-test or the Kruskal-Wallis rank sum test was used for comparing continuous variables among multiple groups. Binary 
logistic regression models were used for univariate analysis of the association between variables and HPS, with results 
expressed as the odds ratio and 95% confidence interval (95%CI). LASSO regression was adopted to screen modeling 
factors, effectively avoiding overfitting, with 10-fold cross-validation set to select the appropriate parameter (λ). Receiver 
operating characteristic (ROC) curves were used to evaluate the classification and diagnostic efficacy of variables for HPS, 
with performance quantified by the area under the curve (AUC), and the optimal cut-off value determined by the Youden 
index. Cut-off value, sensitivity, specificity, accuracy, positive predictive value, and negative predictive value were also 
presented. Heatmaps were used to display correlation analysis between different clinical parameters and biomarkers. The 
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Table 1 Baseline characteristics and clinical data after hospitalization of patients with cirrhosis with and without intrapulmonary 
vascular dilatation, n (%)

Variables Total (n = 320) Without IPVD (n = 219) With IPVD (n = 101) P value

Demographic data

Sex, male 246 (77) 178 (81) 68 (67) 0.006

Age, years 58 (52-65) 59 (53-66) 56.00 (49-62) 0.001

Weight, kg 69 (60-77) 70 (61-77) 65 (56-77) 0.024

Height, m 1.70 (1.64-1.74) 1.70 (1.65-1.75) 1.68 (1.60-1.73) 0.052

BMI, kg/m2 24.03 (21.58-26.64) 24.47 (22.11-26.91) 23.24 (20.76-26.20) 0.046

Smoke 129 (40) 90 (41) 39 (39) 0.65

Drink 125 (39) 86 (39) 39 (39) 0.89 

Cause1

Alcoholic liver disease 65 (20) 43 (20) 22 (22) 0.66

Hepatitis B 189 (59) 142 (65) 47 (47) 0.002

Hepatitis C 44 (14) 31 (14) 13 (13) 0.76

NAFLD 5 (1.6) 3 (1.4) 2 (2.0) 0.65

Autoimmune hepatitis 26 (8.1) 12 (5.5) 14 (14) 0.011

Other 17 (5.3) 8 (3.7) 9 (8.9) 0.051

Co-morbidities

Hypertension 93 (29) 77 (35) 16 (16) < 0.001

Diabetes 91 (28) 73 (33) 18 (18) 0.004

Heart failure 25 (7.8) 18 (8.2) 7 (6.9) 0.69

Kidney failure 60 (19) 41 (19) 19 (19) 0.98

Liver cancer 193 (60) 143 (65) 50 (50) 0.007

Esophageal varices 201 (63) 137 (63) 64 (63) 0.97

Bleeding 89 (28) 59 (27) 30 (30) 0.61

Ascites 207 (65) 130 (59) 77 (76) 0.003

Hepatic encephalopathy 94 (29) 56 (26) 38 (38) 0.028

Clubbing of the fingers 3 (0.9) 2 (0.9) 1 (1.0) 0.99

Palmar erythema 61 (19) 35 (16) 26 (26) 0.039

Spider angioma 8 (2.5) 3 (1.4) 5 (5.0) 0.11

Disease severity

MELD score 11.1 (5.9-17.8) 8.9 (5.5-14.3) 15.4 (10.0-25.8) < 0.001

Child-Pugh classification < 0.001

I 113 (35) 99 (45) 14 (14)

II 147 (46) 91 (42) 56 (55)

III 60 (19) 29 (13) 31 (31)

Decompensated stage 238 (74) 151 (69) 87 (86) 0.001

Arterial blood gas

PH 7.44 (7.42-7.46) 7.43 (7.41-7.45) 7.45 (7.42-7.47) < 0.001

P(A-a)O2, mmHg 16.7 (8.0-26.6) 14.4 (7.8-24.7) 23.6 (8.3-31.2) 0.014

PaO2, mmHg 94.5 (84.6-105.1) 95.8 (85.6-105.9) 92.0 (81.5-102.5) 0.062

PaCO2, mmHg 33.2 (29.9-36.9) 33.7 (30.7-37.3) 32.0 (28.7-35.4) < 0.001
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SpO2, % 97.6 (96.8-98.3) 97.6 (96.9-98.3) 97.5 (96.6-98.2) 0.25

Laboratory parameters

CRP, mg/L 7.27 (2.26-17.74) 5.70 (2.25-19.10) 8.73 (2.30-15.97) 0.92

PCT, ng/mL 0.11 (0.05-0.38) 0.10 (0.05-0.28) 0.11 (0.07-0.56) 0.063

WBC count, × 109/L 4.13 (2.91-6.15) 4.35 (3.16-6.42) 3.73 (2.58-5.02) 0.015

HGB, g/L 115 (95-131) 120 (99-135) 104 (84-117) < 0.001

Platelet count, × 109/L 80 (55-125) 86 (63-133) 61 (41-93) < 0.001

Neutrophil count, × 109/L 2.55 (1.67-4.34) 2.72 (1.82-4.57) 2.20 (1.42-3.81) 0.032

Lymphocyte count, × 109/L 0.84 (0.53-1.25) 0.90 (0.57-1.31) 0.68 (0.47-0.99) 0.002

NLR 2.97 (1.83-6.03) 2.72 (1.84-6.03) 3.31 (1.78-5.91) 0.41

PLR 93.7 (67.2-148.7) 95.9 (69.1-156.7) 88.0 (59.1-129.4) 0.074

LCR 0.11 (0.04-0.34) 0.11 (0.04-0.41) 0.11 (0.04-0.30) 0.62

SII 248 (132-509) 261 (145-534) 200 (93-454) 0.020

CAR 0.20 (0.07-0.58) 0.16 (0.07-0.56) 0.31 (0.08-0.61) 0.58

Albumin, g/L 33.1 (29.5-37.3) 34.7 (30.3-38.4) 31.0 (27.5-34.3) < 0.001

Total protein, g/L 63.4 (57.8-69.0) 64.0 (58.6-69.4) 61.4 (57.4-67.5) 0.051

ALT, U/L 26 (18-47) 26 (18-51) 26 (19-35) 0.44

AST, U/L 43 (27-71) 41 (25-72) 47 (31-69) 0.11

TBIL, μmol/L 26.3 (16.6-50.2) 22.0 (14.9-38.5) 48.2 (26.8-87.4) < 0.001

DBIL, μmol/L 11.6 (7.0-23.1) 9.1 (5.9-17.9) 20.6 (11.7-47.1) < 0.001

BUN, mg/dL 5.59 (4.60-7.29) 5.58 (4.47-7.41) 5.59 (4.76-7.05) 0.94

Serum creatinine, mg/dL 62 (50-76) 62 (53-76) 62 (46-76) 0.40

Glucose, mg/dL 5.30 (4.71-6.44) 5.43 (4.84-6.82) 5.05 (4.56-5.79) 0.002

INR 1.19 (1.07-1.35) 1.14 (1.05-1.27) 1.30 (1.19-1.50) < 0.001

D-dimer, mg/L 1.3 (0.4-4.2) 1.1 (0.4-4.2) 1.8 (0.8-4.1) 0.016

Prothrombin time, seconds 10.9 (9.7-12.5) 10.4 (9.5-11.8) 12.0 (11.0-13.9) < 0.001

Prothrombin time activity, % 66 (55-80) 71 (60-83) 58 (47-67) < 0.001

Sodium, mmol/L 140 (137-142) 140 (137-142) 140 (136-142) 0.39

Ultrasound

Ejection fraction, % 69 (64-73) 69 (63-73) 69 (65-72) 0.671

Cardiac output, L/minute 5.4 (4.3-6.7) 5.0 (4.2-6.1) 6.1 (4.6-7.1) 0.011

E to e’ ratio 9.0 (8.0-11.5) 9.0 (8.0-11.0) 10.0 (8.0-12.5) 0.017

Cardiac index, L/minute/m² 3.05 (2.60-3.80) 2.90 (2.50-3.53) 3.40 (2.80-4.15) 0.003

Portal vein diameter, mm 13.0 (11.1-15.0) 13.0 (11.0-15.0) 13.0 (12.0-15.0) 0.443

Biomarkers

S1P, pg/mL 46 (26-77) 51 (31-85) 33 (18-58) < 0.001

Angiopoietin-2, pg/mL 3681 (2217-6473) 3110 (1975-5351) 5539 (3286-8805) < 0.001

VWF, ng/mL 14.3 (7.4-30.5) 13.7 (7.2-29.7) 15.4 (8.9-30.9) 0.312

sE-selectin, ng/mL 18.7 (14.5-24.4) 19.3 (14.8-23.8) 17.1 (14.3-25.1) 0.912

ICAM-1, ng/mL 165 (95-304) 161 (92-280) 201 (104-410) 0.022

PDGF-BB, pg/mL 62 (34-112) 71 (38-123) 45 (25-76) < 0.001

TNF alpha, pg/mL 42 (37-47) 42 (38-47) 41 (36-47) 0.412

VCAM-1, ng/mL 15.5 (10.0-22.3) 15.3 (10.1-21.2) 16.9 (10.0-23.4) 0.323
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VEGF-A, pg/mL 121 (86-204) 117 (82-193) 124 (96-244) 0.062

1Cause: If a patient has multiple etiologies simultaneously, record them separately.
Normally distributed continuous variables are displayed as the mean ± standard deviation and were compared using the independent samples Student’s t 
test. Non-normally distributed continuous variables are displayed as the median with interquartile range and were compared using the Mann-Whitney U 
test. Categorical variables are expressed as counts with percentages and were compared using Pearson’s χ2 or Fisher’s exact test. ALT: Alanine 
aminotransferase; AST: Aspartate aminotransferase; BMI: Body mass index; BUN: Blood urea nitrogen; CAR: C-reactive protein-to-albumin ratio; CRP: C-
reactive protein; DBIL: Direct bilirubin; HGB: Hemoglobin; ICAM-1: Intercellular adhesion molecule-1; INR: International normalized ratio; IPVD: 
Intrapulmonary vascular dilatation; LCR: Lymphocyte-to C-reactive protein ratio; MELD: Model for End-Stage Liver Disease; NAFLD: Non-alcoholic fatty 
liver disease; NLR: Neutrophil-to-lymphocyte ratio; P(A-a)O2: Alveolar-arterial oxygen gradient; PaO2: Partial pressure of oxygen in arterial blood; PaCO2: 
Partial pressure of carbon dioxide in arterial blood; PCT: Procalcitonin; PDGF-BB: Platelet-derived growth factor BB; PH: Potential of hydrogen; PLR: 
Platelet-to-lymphocyte ratio; S1P: Sphingosine 1 phosphate; SII: Systemic inflammation index calculated as (neutrophil count × platelet count)/lymphocyte 
count; SpO2: Peripheral oxygen saturation; TBIL: Total bilirubin; TNF: Tumor necrosis factor;  VCAM-1: Vascular cell adhesion molecule-1; VEGF-A: 
Vascular endothelial growth factor A; vWF: Von Willebrand factor; WBC: White blood cell.

larger the absolute value of the correlation coefficient r, the higher the correlation; a positive r value indicates a positive 
correlation, while a negative value indicates a negative correlation. Nomograms are constructed by integrating the 
identified predictive factors. The accuracy of these predictive tools was assessed using the Hosmer-Lemeshow goodness-
of-fit test and calibration plots. To evaluate their practical value in clinical settings, decision curve analysis was employed.

RESULTS
Clinical characteristics of patients with cirrhosis without IPVD, with IPVD, and with HPS showed statistically 
significant differences
After screening, a total of 320 patients were included in the analysis, with 101 patients meeting the diagnosis of IPVD, of 
whom 54 were diagnosed with HPS (Figure 1). The demographic data of these three patient groups, including age, sex, 
and weight, showed statistical differences. Differences were observed in etiology, including viral hepatitis B and 
autoimmune hepatitis. There were statistical differences in the proportions of comorbidities such as hypertension, 
diabetes, liver cancer, bleeding, and ascites. The severity of the diseases, as indicated by factors like MELD scores, and 
arterial blood gas analysis parameters such as oxygen partial pressure, also exhibited statistical differences. Laboratory 
markers such as procalcitonin, hemoglobin (HGB), and platelet count showed statistical variances. Additionally, 
significant statistical differences were observed in the levels of S1P, angiopoietin-2, ICAM-1, PDGF-BB, and VEGF-A 
measured in this study (Supplementary Table 1). Patients were further categorized into groups with and without IPVD 
(Table 1) and undiagnosed HPS and diagnosed HPS groups (Table 2).

Selection of variables to predict IPVD and HPS using univariate logistic regression and LASSO logistic regression
Univariate logistic regression was conducted on variables showing significant statistical differences between the IPVD 
and non-IPVD groups, revealing that the majority of variables with statistically significant differences among groups also 
displayed statistical differences in univariate regression analysis (Table 3). With the exception of body mass index, 
neutrophil count, systemic inflammation index, glucose, D-dimer, and ICAM-1, variables with statistically significant 
differences identified in univariate regression were included in the LASSO logistic regression, resulting in a final selection 
of seven factors: Age, hypertension, MELD score, P(A-a)O2, S1P, angiopoietin-2, and PDGF-BB (Supplementary Figure 1). 
The results of univariate logistic regression predicting the relationship between variables and HPS are shown in Table 4, 
while the results of LASSO logistic regression are presented in Supplementary Figure 2. In the model, two clinical 
indicators, age and P(A-a)O2, along with six laboratory markers, HGB, total bilirubin (TBIL), albumin, S1P, angiopoietin-
2, and PDGF-BB, were included. Comparison of the levels of the three biomarkers such as S1P, angiopoietin-2, and PDGF-
BB in individual patients among the three groups is shown in Figure 2. Areas under the ROC curves for predicting IPVD 
and HPS in patients with cirrhosis using these identified numerical factors are respectively illustrated in Figure 3. The 
predicted value information for different parameters is detailed in Table 5.

Heatmap of correlation analysis between different clinical parameters and biomarkers
Pairwise comparisons of correlations were performed for all variables that showed statistically significant differences in 
univariate logistic regression (Figure 4). Figure 4A shows the correlation coefficient r of Spearman’s rank correlation 
between each pair of parameters, while Figure 4B shows the corresponding P value for each correlation coefficient r. We 
can see that many parameters have statistically significant correlations with each other. For example, age is correlated 
with international normalized ratio, prothrombin time, and prothrombin time activity (r values are -0.229, -0.231, and 
0.231, respectively; all P < 0.001). We also observed that the correlations among the six numerical parameters included in 
the study were not statistically significant, suggesting that there is no collinearity among these parameters. This indicates 
that the combination of these parameters may better predict the presence of HPS in patients with cirrhosis. For instance, 
the P values of the correlation coefficients between age and the other five parameters are all greater than 0.05.

https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/b6ce577f-fbb3-4d55-ab88-c162e464f49b/105720-supplementary-material.pdf
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Table 2 Baseline characteristics and clinical data after hospitalization of patients with cirrhosis with and without hepatopulmonary 
syndrome, n (%)

Variables Total (n = 320) Without HPS (n = 266) With HPS (n = 54) P value

Demographic data

Sex, male 246 (77) 208 (78) 38 (70) 0.21

Age, years 58 (52-65) 59 (53-66) 56 (49-59) 0.006

Weight, kg 69 (60-77) 70 (60-76) 67 (60-79) 0.57

Height, m 1.70 (1.64-1.74) 1.70 (1.64-1.74) 1.69 (1.60-1.75) 0.68

BMI, kg/m2 24.03 (21.58-26.64) 24.17 (21.72-26.73) 23.42 (21.50-26.48) 0.54

Smoke 129 (40) 106 (40) 23 (43) 0.72

Drink 125 (39) 103 (39) 22 (41) 0.80

Cause1

Alcoholic liver disease 65 (20) 52 (20) 13 (24) 0.45

Hepatitis B 189 (59) 167 (63) 22 (41) 0.003

Hepatitis C 44 (14) 37 (14) 7 (13) 0.85

NAFLD 5 (1.6) 4 (1.5) 1 (1.9) 0.99

Autoimmune hepatitis 26 (8.1) 17 (6.4) 9 (17) 0.024

Other 17 (5.3) 12 (4.5) 5 (9.3) 0.18

Co-morbidities

Hypertension 93 (29) 82 (31) 11 (20) 0.12

Diabetes 91 (28) 81 (30) 10 (19) 0.076

Heart failure 25 (7.8) 19 (7.1) 6 (11) 0.40

Kidney failure 60 (19) 49 (18) 11 (20) 0.74

Liver cancer 193 (60) 169 (64) 24 (44) 0.009

Esophageal varices 201 (63) 137 (63) 34 (63) 0.91

Bleeding 89 (28) 79 (30) 10 (19) 0.095

Ascites 207 (65) 167 (63) 44 (81) 0.005

Hepatic encephalopathy 94 (29) 76 (29) 18 (33) 0.48

Clubbing of the fingers 3 (0.9) 3 (1.1) 0 (0.0) 0.99

Palmar erythema 61 (19) 48 (18) 13 (24) 0.30

Spider angioma 8 (2.5) 6 (2.3) 2 (3.7) 0.63

Disease severity

MELD score 11.1 (5.9-17.8) 9.5 (5.8-15.7) 17.8 (10.6-35.0) < 0.001

Child-Pugh classification < 0.001

I 113 (35) 110 (41%) 3 (5.6)

II 147 (46) 117 (44) 30 (56)

III 60 (19) 39 (15) 21 (39)

Decompensated stage 238 (74) 190 (71) 48 (89) 0.007

Arterial blood gas

PH 7.44 (7.42-7.46) 7.43 (7.42-7.45) 7.45 (7.42-7.47) 0.005

P(A-a)O2, mmHg 16.7 (8.0-26.6) 12.6 (6.6-23.4) 27.0 (24.4-38.0) < 0.001

PaO2, mmHg 94.5 (84.6-105.1) 97.9 (87.0-107.4) 83.4 (76.4-87.6) < 0.001

PaCO2, mmHg 33.2 (29.9-36.9) 33.8 (30.4-37.3) 31.0 (27.7-33.0) < 0.001
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SpO2, % 97.6 (96.8-98.3) 97.9 (97.0-98.4) 96.8 (95.6-97.3) < 0.001

Laboratory parameters

CRP, mg/L 7.27 (2.26-17.74) 5.87 (2.25-17.40) 10.30 (2.30-17.58) 0.44

PCT, ng/mL 0.11 (0.05-0.38) 0.10 (0.05-0.28) 0.25 (0.08-0.90) 0.011

WBC count, × 109/L 4.13 (2.91-6.15) 4.25 (2.93-6.18) 3.91 (2.88-5.52) 0.72

HGB, g/L 115 (95-131) 118 (96-134) 103 (78-117) < 0.001

Platelet count, × 109/L 80 (55-125) 82 (57-129) 64 (45-99) 0.035

Neutrophil count, × 109/L 2.55 (1.67-4.34) 2.55 (1.68-4.32) 2.52 (1.61-4.35) 0.99

Lymphocyte count, × 109/L 0.84 (0.53-1.25) 0.87 (0.53-1.26) 0.66 (0.42-1.13) 0.019

NLR 2.97 (1.83-6.03) 2.70 (1.78-5.85) 4.27 (2.77-6.99) 0.032

PLR 93.7 (67.2-148.7) 92.5 (67.7-148.7) 102.3 (61.4-148.2) 0.93

LCR 0.11 (0.04-0.34) 0.11 (0.04-0.41) 0.11 (0.04-0.18) 0.26

SII 248 (132-509) 242 (137-493) 280 (100-734) 0.99

CAR 0.20 (0.07-0.58) 0.18 (0.07-0.54) 0.38 (0.08-0.62) 0.21

Albumin, g/L 33.1 (29.5-37.3) 34.1 (30.2-38.0) 29.2 (26.3-33.2) < 0.001

Total protein, g/L 63.4 (57.8-69.0) 63.7 (58.1-69.2) 61.4 (56.4-68.0) 0.12

ALT, U/L 26 (18-47) 26 (18-48) 24 (18-46) 0.64

AST, U/L 43 (27-71) 41 (26-69) 52 (35-115) 0.022

TBIL, μmol/L 26.3 (16.6-50.2) 23.2 (15.9-42.5) 53.9 (33.3-110.1) < 0.001

DBIL, μmol/L 11.6 (7.0-23.1) 9.8 (6.5-19.6) 32.2(15.3-81.3) < 0.001

BUN, mg/dL 5.59 (4.60-7.29) 5.55 (4.48-7.41) 5.70 (4.87-6.97) 0.56

Serum creatinine, mg/dL 62 (50-76) 62 (51-76) 64 (45-84) 0.85

Glucose, mg/dL 5.30 (4.71-6.44) 5.31 (4.76-6.59) 5.27 (4.66-6.08) 0.49

INR 1.19 (1.07-1.35) 1.17 (1.06-1.31) 1.31 (1.20-1.49) < 0.001

D-dimer, mg/L 1.3 (0.4-4.2) 1.3 (0.4-4.2) 1.3 (0.5-4.5) 0.42

Prothrombin time, seconds 10.9 (9.7-12.5) 10.6 (9.6-12.1) 12.1 (11.2-13.8) < 0.001

Prothrombin time activity, % 66 (55-80) 9 (57-82) 56 (50-64) < 0.001

Sodium, mmol/L 140 (137-142) 140 (137-143) 138 (135-140) < 0.001

Ultrasound

Ejection fraction, % 69 (64-73) 69 (63-73) 68 (64-72) 0.83

Cardiac output, L/minute 5.4 (4.3-6.7) 5.1 (4.2-6.4) 6.6 (4.9-7.5) 0.002

E to e’ ratio 9.0 (8.0-11.5) 9.0 (8.0-11.0) 10.0 (8.0-12.0) 0.45

Cardiac index, L/minute/m² 3.05 (2.60-3.80) 3.00 (2.60-3.70) 3.75 (2.90-4.23) 0.005

Portal vein diameter, mm 13.0 (11.1-15.0) 13.0 (11.1-15.0) 13.0 (11.8-15.3) 0.34

Biomarkers

S1P, pg/mL 46 (26-77) 49 (28-83) 32 (20-51) 0.002

Angiopoietin-2, pg/mL 3681 (2217-6473) 3457 (2074-5741) 6500 (3790-10892) < 0.001

VWF, ng/mL 14.3 (7.4-30.5) 13.5 (7.3-26.8) 21.4 (8.9-30.9) 0.054

sE-selectin, ng/mL 18.7 (14.5-24.4) 18.7 (14.6-24.0) 19.0 (14.6-25.7) 0.53

ICAM-1, ng/mL 165 (95-304) 159 (90-284) 240 (121-392) 0.008

PDGF-BB, pg/mL 62 (34-112) 63 (35-118) 545 (25-77) 0.022

TNF alpha, pg/mL 42 (37-47) 42 (37-46) 41 (36-48) 0.68

VCAM-1, ng/mL 15.5 (10.0-22.3) 15.5 (10.0-21.4) 18.1 (10.5-24.5) 0.17
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VEGF-A, pg/mL 121 (86-204) 117 (83-191) 140 (99-343) 0.008

1Cause: If a patient has multiple etiologies simultaneously, record them separately.
Normally distributed continuous variables are displayed as the mean ± standard deviation and were compared using the independent samples Student’s t 
test. Non-normally distributed continuous variables are displayed as the median with interquartile range and were compared using the Mann-Whitney U 
test. Categorical variables are expressed as counts with percentages and were compared using Pearson’s χ2 or Fisher’s exact test. ALT: Alanine 
aminotransferase; AST: Aspartate aminotransferase; BMI: Body mass index; BUN: Blood urea nitrogen; CAR: C-reactive protein-to-albumin ratio; CRP: C-
reactive protein; DBIL: Direct bilirubin; HGB: Hemoglobin; HPS: Hepatopulmonary syndrome; ICAM-1: Intercellular adhesion molecule-1; INR: 
International normalized ratio; LCR: Lymphocyte-to C-reactive protein ratio; MELD: Model for End-Stage Liver Disease; NAFLD: Non-alcoholic fatty liver 
disease; NLR: Neutrophil-to-lymphocyte ratio; P(A-a)O2: Alveolar-arterial oxygen gradient; PaO2: Partial pressure of oxygen in arterial blood; PaCO2: 
Partial pressure of carbon dioxide in arterial blood; PCT: Procalcitonin; PDGF-BB: Platelet-derived growth factor BB; PH: Potential of hydrogen; PLR: 
Platelet-to-lymphocyte ratio; S1P: Sphingosine 1 phosphate; SII: Systemic inflammation index calculated as (neutrophil count × platelet count)/lymphocyte 
count; SpO2: Peripheral oxygen saturation; TBIL: Total bilirubin; TNF: Tumor necrosis factor; VCAM-1: Vascular cell adhesion molecule-1; VEGF-A: 
Vascular endothelial growth factor A; vWF: Von Willebrand factor; WBC: White blood cell.

Figure 2 Novel biomarkers for intrapulmonary vascular dilatation and hepatopulmonary syndrome in patients with cirrhosis. Comparisons 
among multiple groups were performed using the Kruskal-Wallis rank sum test. A: Serum sphingosine 1 phosphate concentration; B: Serum angiopoietin-2 
concentration; C: Serum platelet-derived growth factor BB concentration. HPS: Hepatopulmonary syndrome; IPVD: Intrapulmonary vascular dilatation; PDGF-BB: 
Platelet-derived growth factor BB; S1P: Sphingosine 1 phosphate.

Establishment of prediction models to predict IPVD and HPS in patients with cirrhosis
Based on LASSO regression, we developed a prediction model for IPVD in patients with cirrhosis using seven parameters 
(Figure 5A). The ROC curve (Figure 5B) for this model’s predictions showed an AUC of 0.792 (95%CI: 0.737-0.847). The 
calibration curves of the model (Figure 5C) suggested that the constructed model has good simulation performance (P = 
0.153). The decision curve also indicates that this clinical prediction model will effectively assist clinicians in identifying 
patients with cirrhosis with HPS (Figure 5D). The model for predicting HPS is presented in Figure 6A, with the area 
under the ROC curve of this model being 0.891 (95%CI: 0.848-0.934) (Figure 6B). The calibration curves depicted in 
Figure 6C indicate the well-performing simulation of the constructed model (P = 0.548). Furthermore, the decision curve 
in Figure 6D suggests that this clinical prediction model will effectively aid clinicians in identifying patients with cirrhosis 
with HPS.

DISCUSSION
HPS is a serious complication associated with liver cirrhosis, characterized by the triad of liver disease, pulmonary gas 
exchange abnormalities, and IPVD. This syndrome significantly impacts patients’ respiratory function and overall quality 
of life, leading to increased morbidity and mortality among those with cirrhosis. The underlying pathophysiological 
mechanisms of HPS involve alterations in pulmonary vascular tone and architecture, which can result in hypoxemia due 
to significant shunting and ventilation-perfusion mismatch[19,20]. Currently, there is insufficient attention to HPS in 
clinical practice, and the diagnostic rate is not high. Many patients with cirrhosis may have HPS but remain undiagnosed. 
The proportion of patients undergoing CE-TTE examination is not sufficiently high, and relying solely on low arterial 
blood gas analysis of oxygen partial pressure is also insufficient for diagnosing HPS, as some of these patients may not 
have IPVD.

This study classified patients with cirrhosis into three groups: Those without IPVD, those with isolated IPVD, and 
those with both IPVD and hypoxemia (HPS group). A comparison of the clinical characteristics and common laboratory 
indices among these three groups revealed statistically significant differences. The study also found significant statistical 
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Table 3 Univariable logistic regression analysis for the predictors of intrapulmonary vascular dilatation in patients with cirrhosis

Univariate analysis
Variables

OR (95%CI) P value

Sex, male 0.475 (0.277-0.812) 0.007

Age, years 0.957 (0.934-0.981) < 0.001

Weight, kg 0.979 (0.961-0.998) 0.027

BMI, kg/m2 0.946 (0.893-1.003) 0.064

Hepatitis B 0.472 (0.292-0.762) 0.002

Autoimmune hepatitis 2.776 (1.234-6.244) 0.014

Hypertension 0.347 (0.190-0.634) < 0.001

Diabetes 0.434 (0.242-0.776) 0.005

Liver cancer 0.532 (0.329-0.858) 0.010

Ascites 2.196 (1.291-3.738) 0.004

Hepatic encephalopathy 1.756 (1.060-2.907) 0.029

Palmar erythema 1.822 (1.026-3.236) 0.040

MELD score 1.018 (1.007-1.028) < 0.001

Child-Pugh classification

I

II 4.352 (2.269-8.345) < 0.001

III 7.559 (3.554-16.078) < 0.001

Decompensated stage 2.798 (1.486-5.269) 0.001

PH 12245 (13-11971501) 0.007

P(A-a)O2 1.028 (1.008-1.048) 0.006

PaCO2 0.915 (0.870-0.962) < 0.001

HGB, g/L 0.974 (0.964-0.983) < 0.001

Platelet count, × 109/L 0.991 (0.986-0.996) < 0.001

Neutrophil count, × 109/L 0.942 (0.855-1.038) 0.228

Lymphocyte count, × 109/L 0.472 (0.291-0.766) 0.002

SII 1.000 (0.999-1.000) 0.136

Albumin, g/L 0.880 (0.838-0.923) < 0.001

DBIL, μmol/L 1.004 (1.001-1.007) 0.006

Glucose, mg/dL 0.870 (0.754-1.003) 0.055

INR 6.529 (2.710-15.729) < 0.001

D-dimer, mg/L 1.000 (1.000-1.001) 0.346

Prothrombin time, seconds 1.164 (1.074-1.261) < 0.001

Prothrombin time activity, % 0.953 (0.938-0.968) < 0.001

Cardiac output, L/minute 1.251 (1.059-1.478) 0.009

Effective ejection fraction, % 1.140 (1.028-1.264) 0.013

Cardiac index, L/minute/m² 1.525 (1.128-2.061) 0.006

S1P, pg/mL 0.992 (0.986-0.997) 0.005

Angiopoietin-2, pg/mL 1.000 (1.000-1.000) < 0.001

VWF, ng/mL 1.000 (1.000-1.000) 0.556

sE-selectin, ng/mL 1.000 (1.000-1.000) 0.909
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ICAM-1, ng/mL 1.000 (1.000-1.000) 0.089

PDGF-BB, pg/mL 0.992 (0.988-0.997) < 0.001

TNF alpha, pg/mL 0.996 (0.982-1.011) 0.600

VCAM-1, ng/mL 1.000 (1.000-1.000) 0.257

VEGF-A, pg/mL 1.001 (1.000-1.001) 0.195

CI: Confidence interval; DBIL: Direct bilirubin; HGB: Hemoglobin; ICAM-1: Intercellular adhesion molecule-1; INR: International normalized ratio; MELD: 
Model for End-Stage Liver Disease; OR: Odds ratio; P(A-a)O2: Alveolar-arterial oxygen gradient; PaCO2: Partial pressure of carbon dioxide in arterial 
blood; PDGF-BB: Platelet-derived growth factor BB; PH: Potential of hydrogen; S1P: Sphingosine 1 phosphate; SII: Systemic inflammation index calculated 
as (neutrophil count × platelet count)/lymphocyte count; TNF: Tumor necrosis factor; VCAM-1: Vascular cell adhesion molecule-1; VEGF-A: Vascular 
endothelial growth factor A; vWF: Von Willebrand factor.

Figure 3 Receiver operating characteristic curves for predicting intrapulmonary vascular dilatation and hepatopulmonary syndrome by 
different parameters. A: Predicting intrapulmonary vascular dilatation (IPVD) in patients with cirrhosis. Area under the curve (AUC) for: Age was 0.613 (95% 
confidence interval [CI]: 0.546-0.679), Model for End-Stage Liver Disease (MELD) (score) 0.691 (95%CI: 0.629-0.753), arterial oxygen pressure 0.565 (95%CI: 0.496-
0.633), reticulocalbin 3 0.587 (95%CI: 0.518-0.656), sphingosine 1 phosphate (S1P) 0.649 (95%CI: 0.584-0.714), angiopoietin-2 0.699 (95%CI: 0.638-0.760), and 
platelet-derived growth factor BB (PDGF-BB) 0.647 (95%CI: 0.583-0.711); B: Predicting hepatopulmonary syndrome (HPS) in patients with cirrhosis. AUC for age 
was 0.618 (95%CI: 0.542-0.693), pulmonary alveolar-arterial oxygen gradient (P(A-a)O2) 0.837 (95%CI: 0.790-0.885), hemoglobin (HGB) 0.674 (95%CI: 0.600-
0.749), total bilirubin (TBIL) 0.749 (95%CI: 0.681-0.818), albumin (ALB) 0.734 (95%CI: 0.667-0.801), S1P 0.635 (95%CI: 0.556-0.713); angiopoietin-2 0.726 (95%CI: 
0.652-0.800), and PDGF-BB 0.599 (95%CI: 0.519-0.679). FPR: False-positive rate; TPR: True-positive rat.

differences in the levels of S1P, angiopoietin-2, and PDGF-BB among these groups. By combining these three biomarkers 
with clinical parameters, a clinical prediction model effectively predicted IPVD and HPS in patients with cirrhosis. The 
AUC for predicting IPVD was 0.792 (95%CI: 0.737-0.847), while for predicting HPS, the AUC was 0.891 (95%CI: 0.848-
0.934).

Our research found that there were significant differences in clinical characteristics between patients with IPVD or 
HPS. For example, there were noticeable distinctions in factors such as bleeding, ascites, and the severity of the patients’ 
conditions. Studies have shown that patients with HPS may not exhibit obvious respiratory symptoms in the early stages, 
only showing manifestations related to liver damage. As the disease progresses into the intermediate stage, patients may 
display varying degrees of hypoxia symptoms such as difficulty breathing, cyanosis, and clubbed fingers[2,21]. 
Regarding the severity of the disease, there is still debate on the relationship between the presence or severity of HPS and 
the severity of the patients’ liver disease. Prospective studies have indicated that the occurrence of HPS is related to the 
severity of liver disease, but the conclusions of these studies have not been consistent. Some studies suggest that HPS 
may be associated with either the MELD score or the Child-Pugh score but not both[22,23], while others indicate correl-
ations with both the MELD score and the Child-Pugh score[24-26]. However, previous studies have not consistently 
demonstrated differences in the severity of liver function between patients with and without HPS[4,18,27].

The pathogenesis of HPS remains incompletely elucidated. Current understanding posits that portal hypertension and 
hepatic dysfunction impair the liver’s capacity to clear circulating pulmonary vasodilators (e.g., nitric oxide) and 
modulate cytokine release (e.g., TNF-α), leading to pulmonary vascular dilation and angiogenesis, ultimately culminating 
in HPS[28-30]. Guided by this pathophysiological framework, we collected comprehensive clinical data, with particular 
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Table 4 Univariable logistic regression analysis for the predictors of hepatopulmonary syndrome in patients with cirrhosis

Univariate analysis
Variables

OR (95%CI) P value

Age, years 0.959 (0.931-0.988) 0.006

Hepatitis B 0.408 (0.224-0.740) 0.003

Autoimmune hepatitis 2.929 (1.230-6.979) 0.015

Liver cancer 0.459 (0.254-0.830) 0.010

Ascites 2.780 (1.340-5.767) 0.006

MELD score 1.019 (1.008-1.029) < 0.001

Child-Pugh classification

I

II 9.402 (2.790-31.687) < 0.001

III 19.744 (5.580-69.859) < 0.001

Decompensated stage 3.200 (1.315-7.788) 0.010

PH 2123 (0.517-8719201) 0.071

P(A-a)O2, mmHg 1.095 (1.065-1.126) < 0.001

PaO2, mmHg 0.921 (0.897-0.945) < 0.001

PaCO2, mmHg 0.864 (0.808-0.923) < 0.001

SpO2, % 0.726 (0.612-0.862) < 0.001

PCT, ng/mL 1.133 (0.979-1.312) 0.094

HGB, g/L 0.975 (0.964-0.987) < 0.001

Platelet count, × 109/L 0.995 (0.989-1.001) 0.105

NLR 1.052 (1.001-1.106) 0.044

Albumin, g/L 0.847 (0.797-0.901) < 0.001

AST, U/L 1.003 (0.999-1.007) 0.127

TBIL, μmol/L 1.004 (1.002-1.007) < 0.001

DBIL, μmol/L 1.005 (1.002-1.009) < 0.001

INR 3.457 (1.694-7.055) < 0.001

Prothrombin time, seconds 1.098 (1.028-1.172) 0.005

Prothrombin time activity, % 0.960 (0.943-0.978) < 0.001

Sodium, mmol/L 0.894 (0.840-0.952) < 0.001

Cardiac output, L/minute 1.346 (1.108-1.635) 0.003

Cardiac index, L/minute/m² 1.118 (0.929-1.347) 0.238

S1P 0.991 (0.983-0.999) 0.029

Angiopoietin-2 1.000 (1.000-1.000) < 0.001

vWF 1.000 (1.000-1.000) 0.762

sE-selectin, pg/mL 1.000 (1.000-1.000) 0.546

ICAM-1, pg/mL 1.000 (1.000-1.000) 0.225

PDGF-BB, pg/mL 0.994 (0.988-0.999) 0.027

TNF alpha, pg/mL 1.000 (0.988-1.012) 0.951

VCAM-1, pg/mL 1.000 (1.000-1.000) 0.133

VEGF-A, pg/mL 1.001 (1.000-1.002) 0.051
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AST: Aspartate aminotransferase; CI: Confidence interval; DBIL: Direct bilirubin; HGB: Hemoglobin; ICAM-1: Intercellular adhesion molecule-1; INR: 
International normalized ratio; MELD: Model for End-Stage Liver Disease; NLR: Neutrophil-to-lymphocyte ratio; OR: Odds ratio; P(A-a)O2: Alveolar-
arterial oxygen gradient; PaO2: Partial pressure of oxygen in arterial blood; PaCO2: Partial pressure of carbon dioxide in arterial blood; PCT: Procalcitonin; 
PDGF-BB: Platelet-derived growth factor BB; PH: Potential of hydrogen; S1P: Sphingosine 1 phosphate; SpO2: Peripheral oxygen saturation; TBIL: Total 
bilirubin; TNF: Tumor necrosis factor; VCAM-1: Vascular cell adhesion molecule-1; VEGF-A: Vascular endothelial growth factor A; vWF: Von Willebrand 
factor; SII: Systemic inflammation index calculated as (neutrophil count × platelet count)/lymphocyte count.

Table 5 Predicted value information of different parameters and the combined model for intrapulmonary vascular dilatation and 
hepatopulmonary syndrome in patients with cirrhosis

Variables Cut off value Sensitivity Specificity Accuracy PPV NPV Youden index

Predicting IPVD

Age, years 60 0.68 0.49 0.55 0.38 0.77 0.17

MELD score 9 0.78 0.55 0.63 0.45 0.85 0.33

P(A-a)O2, mmHg 24 0.52 0.72 0.65 0.49 0.73 0.23

S1P, pg/mL 36 0.58 0.69 0.66 0.46 0.78 0.27

Angiopoietin-2, pg/mL 2922 0.85 0.48 0.60 0.42 0.88 0.33

PDGF-BB, pg/mL 79 0.78 0.46 0.56 0.40 0.82 0.24

The combined model 0.27 0.87 0.59 0.69 0.52 0.90 0.47

Predicting HPS

Age, years 60 0.76 0.47 0.52 0.22 0.91 0.23

P(A-a)O2, mmHg, 18 0.96 0.64 0.71 0.41 0.99 0.60

HGB, g/L 115 0.72 0.55 0.58 0.25 0.91 0.27

Albumin, g/L 35 0.89 0.45 0.53 0.25 0.95 0.34

TBIL, μmol/L 29 0.81 0.61 0.64 0.30 0.94 0.42

S1P, pg/mL 36 0.61 0.65 0.64 0.26 0.89 0.26

Angiopoietin-2, pg/mL 4373 0.73 0.62 0.64 0.27 0.92 0.35

PDGF-BB, pg/mL 79 0.78 0.41 0.48 0.21 0.90 0.19

Combined model 0.14 0.94 0.74 0.78 0.47 0.98 0.68

HGB; Hemoglobin; HPS: Hepatopulmonary syndrome; IPVD: Intrapulmonary vascular dilatation; MELD: Model for End-Stage Liver Disease; NPV: 
Negative predictive value; P(A-a)O2: Alveolar-arterial oxygen gradient; PDGF-BB: Platelet-derived growth factor BB; PPV: Positive predictive value; S1P: 
Sphingosine 1 phosphate; TBIL: Total bilirubin.

emphasis on biomarkers associated with vascular dilation, angiogenesis, and inflammation (including S1P, angiopoietin-
2, vWF, sE-selectin, ICAM-1, PDGF-BB, TNF-α, VCAM-1, and VEGF-A) to develop a model for differentiating between 
patients with cirrhosis with and without HPS.

Experimental models of HPS have consistently demonstrated increased pulmonary angiogenesis[31,32]. Elevated 
angiopoietin-2 levels have been correlated with enhanced pathological angiogenesis in various studies of patients with 
liver disease. Kawut et al[23] reported that patients with HPS exhibited higher circulating levels of angiopoietin-2, 
VCAM-1, and vWF, and lower E-selectin levels compared to patients without HPS, suggesting that HPS is characterized 
by elevated proangiogenic biomarkers. Baweja et al[33] observed significantly lower plasma S1P levels in patients with 
HPS compared to those without HPS, with decreased S1P correlating with higher mortality in patients with HPS, 
indicating its potential as a diagnostic and prognostic biomarker for HPS. Consistent with these findings, our study 
demonstrated increased angiopoietin-2 levels and decreased S1P and PDGF-BB levels in patients with HPS compared to 
those without HPS.

To distinguish between IPVD and non-IPVD, S1P, angiopoietin-2, and PDGF-BB exhibited AUCs of 0.649, 0.699, and 
0.647, respectively. To distinguish between HPS and non-HPS, S1P, angiopoietin-2, and PDGF-BB exhibited AUCs of 
0.635, 0.726, and 0.599, respectively. The inclusion of vascular-related indicators in our model underscores the central role 
of vascular abnormalities in HPS pathogenesis and diagnosis.

Our study aligns with previous research. For instance, a 2022 study demonstrated a notable difference in vWF levels 
between the HPS and non-HPS groups[23]. However, our investigation did not reveal a statistically significant distinction 
between these cohorts. Nevertheless, our findings indicated a discernible trend towards divergence, with a P value of 
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Figure 4 Heatmap depicting the correlation between clinical parameters and biomarkers. A: The values are presented as Spearman’s correlation 
coefficient (r) for a sample of 320 runners. The colormap ranges from 1 to -1, with blue indicating the highest value and red indicating the lowest value; B: Heatmap of 
corresponding P values. The colormap ranges from 0 to 1, with blue representing the largest value and white representing the smallest value. White cells without 
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numerical values indicate that the P value is smaller than 0.001, indicating a highly significant correlation. DBIL: Direct bilirubin; ICAM-1: Intercellular adhesion 
molecule-1; INR: International normalized ratio; MELD: Model for End-Stage Liver Disease; P(A-a)O2: Alveolar-arterial oxygen gradient; PaO2: Partial pressure of 
oxygen in arterial blood; PaCO2: Partial pressure of carbon dioxide in arterial blood; PDGF-BB: Platelet-derived growth factor BB; PH: Potential of hydrogen; PT: 
Prothrombin time; PTA: Prothrombin time activity; S1P: Sphingosine 1 phosphate; SpO2: Peripheral oxygen saturation; TBIL: Total bilirubin; TNF: Tumor necrosis 
factor; VCAM-1: Vascular cell adhesion molecule-1; VEGF-A: Vascular endothelial growth factor A; vWF: Von Willebrand factor.

Figure 5 Predictive model for intrapulmonary vascular dilatation combining clinical parameters and biomarkers. A: Nomogram of the 
predictive model for intrapulmonary vascular dilatation (IPVD) in patients with cirrhosis. This model integrates four clinical parameters and three biomarkers; B: 
Receiver operating characteristic (ROC) curve predicting IPVD in patients with cirrhosis. Area under the curve (AUC) was 0.792 (95% confidence interval [CI]: 0.737-
0.847); C: Calibration curves; D: Decision curve analysis of the nomogram for the prediction of IPVD. FPR: False-positive rate; MELD: Model for End-Stage Liver 
Disease; P(A-a)O2: Alveolar-arterial oxygen gradient; PDGF-BB: Platelet-derived growth factor BB; S1P: Sphingosine 1 phosphate; TPR: True-positive rate.

0.054, marginally approaching the significance threshold of 0.05. Intriguingly, subgroup analysis indicated no significant 
disparity between IPVD and non-IPVD groups, with a P value of 0.312, suggesting that vWF may signal hypoxia more 
than vasodilation. Similarly, a previous study examined PDGF-BB, where although statistical significance was lacking, a 
trend was observed, with a P value of 0.08, nearing the 0.05 threshold[23]. By contrast, our study identified a statistical 
contrast in this marker between HPS and non-HPS groups, bolstering the credibility of our findings.

The innovative aspect of this study lies in the systematic comparison of the clinical characteristics of patients with 
cirrhosis, cirrhosis combined with IPVD, and HPS, and establishment of the development of comprehensive diagnostic 
models for IPVD and HPS incorporating age, hepatic function, respiratory function, and vascular function. This 
multifactorial approach, considering various pathogenic elements of HPS, may enhance diagnostic accuracy, potentially 
increasing HPS detection rates and reducing missed or misdiagnosed cases. Furthermore, the identification of PDGF-BB 
as a novel biomarker for distinguishing HPS in liver cirrhosis represents a significant contribution to the field, as it has 
not been previously reported in current literature[34,35]. A limitation of this study is the relatively small cohort of HPS 
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Figure 6 Predictive model for hepatopulmonary syndrome combining clinical parameters and biomarkers. A: Nomogram of the predictive model 
for hepatopulmonary syndrome (HPS) in patients with cirrhosis. This model integrates two clinical parameters and six biomarkers; B: Receiver operating characteristic 
(ROC) curve predicting HPS in patients with cirrhosis. Area under the curve (AUC) was 0.891 (95% confidence interval [CI]: 0.848-0.934); C: Calibration curves; D: 
Decision curve analysis of the nomogram for the prediction of HPS. ALB: Albumin; HGB: Hemoglobin; FPR: False-positive rate; P(A-a)O2: Alveolar-arterial oxygen 
gradient; PDGF-BB: Platelet-derived growth factor BB; S1P: Sphingosine 1 phosphate; TBIL: Total bilirubin; TPR: True-positive rate.

cases, precluding detailed stratified analysis and external model validation. Future research will focus on expanding the 
case series to further validate our model and refine diagnostic methodologies for patients with HPS.

CONCLUSION
This study systematically compared the clinical characteristics of patients with cirrhosis, IPVD, and HPS, and constructed 
predictive models for IPVD and HPS based on clinical parameters and laboratory indicators. These models have shown 
good predictive value for IPVD and HPS in patients with cirrhosis. They can assist clinicians in the early prognosis 
assessment of patients with cirrhosis, ultimately benefiting the patients.
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Abstract
BACKGROUND 
The integrity and functionality of the hepatic microcirculation are essential for 
maintaining liver health, which is influenced by sex and genetic background. 
Understanding these variations is crucial for addressing disparities in liver 
disease outcomes.

AIM 
To investigate the sexual dimorphism and genetic heterogeneity of liver microcir-
culatory function in mice.
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METHODS 
We assessed hepatic microhemodynamics in BALB/c, C57BL/6J, and KM mouse strains using laser Doppler 
flowmetry and wavelet analysis. We analyzed the serum levels of alanine transaminase, glutamic acid aminotrans-
ferase, total bile acid, total protein, alkaline phosphatase, and glucose. Histological and immunohistochemical 
staining were employed to quantify microvascular density and the expression levels of cluster of differentiation 
(CD) 31, and estrogen receptor α, and β. Statistical analyses, including the Mantel test and Pearson correlation, were 
conducted to determine the relationships among hepatic function, microcirculation, and marcocirculation between 
different sexes and across genetic backgrounds.

RESULTS 
We identified sex-based disparities in hepatic microhemodynamics across all strains, with males exhibiting higher 
microvascular perfusion and erythrocyte concentration, but lower blood velocity. Strain-specific differences were 
evident, particularly in the endothelial oscillatory characteristics of the erythrocyte concentration. No sex-
dependent differences in estrogen receptor expression were observed, while significant variations in CD31 
expression and microvascular density were observed. The correlations highlighted relationships between hepatic 
microhemodynamics and liver function indicators.

CONCLUSION 
Our findings indicate the influence of genetic and sex differences on hepatic microcirculation and liver function, 
highlighting the necessity of incorporating both genetic background and sex into hepatic physiology studies and 
potential liver disease management strategies.
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Core Tip: This study reveals significant strain and sex-dependent variations in hepatic microcirculation among murine, 
highlighting the implications for liver health. Male mice exhibited higher microvascular perfusion and erythrocyte concen-
tration, while sex-specific differences in endothelial function were indicated across strains. Cluster of differentiation 31 
expression linked to microvascular density varied by sex, suggesting a role in hepatic microhemodynamics. These findings 
suggest the necessity of integrating genetic and sex factors into the understanding of liver physiology and pathology, 
potentially guiding personalized therapeutic strategies.
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INTRODUCTION
The liver, as the largest visceral organ in humans, accounts for approximately 2.5 % of the total body weight and receives 
approximately 25 % of cardiac output. This robust blood supply is predominantly sourced from two major vessels, with 
the portal vein contributing 70%-80% of the inflow by delivering nutrient-rich blood, while the hepatic arteries supply the 
remaining 20%-30% of oxygenated blood. These vessels undergo extensive bifurcation, culminating in terminal hepatic 
arterioles and portal venules, with diameters ranging from 15 μm-35 μm and lengths of 50 μm-70 μm[1]. This network 
ultimately feeds into the hepatic sinusoids, the critical components of the liver microvasculature. Sinusoids are charac-
terized by a specialized fenestrated endothelium that not only increase permeability but also facilitates dynamic 
interactions between blood and hepatocytes[2], thereby playing a vital role in liver function and homeostasis.

The essential functions of the liver in biosynthesis, metabolism, detoxification, and immune surveillance are 
fundamentally reliant on the integrity of its microcirculation. This vascular system ensures the effective delivery of 
nutrients and oxygen to parenchymal tissues and plays a vital role in regulating vascular tone, facilitating leukocyte 
trafficking during hepatic inflammation, and enabling the clearance of toxins and pathogens from the bloodstream. 
Emerging evidence indicates that biological sex is a modifying factor of hepatic immune regulation, thereby contributing 
to hepatic immune outcomes in health and disease[3]. Additionally, genetic variations may alter the composition of liver-
associated microbial DNA, further complicating the communication between host and microbial factors in liver function
[4]. These lines of evidence represent potentially actionable mechanisms of disease biology. Disruptions in hepatic 
microvascular circulation emerge as critical factors in liver pathology, leading to organ injury or failure in ischemic and 
inflammatory diseases[5,6]. These disruptions are also associated with elevated mortality rates among affected 
individuals.
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Moreover, the manifestation and progression of liver disease are significantly influenced by sex-based and genetic 
disparities. Research, including studies by Ruhl et al[7], has shown that men exhibit a higher prevalence of non-alcoholic 
fatty liver disease (NAFLD) and hepatocellular carcinoma (HCC) than women[8,9]. Women with NAFLD typically 
present a less atherogenic lipid profile and a more favorable cardiovascular risk[10]. Additionally, males are more 
susceptible to hepatic fibrosis, which correlates with an increased risk of inflammation-driven HCC[11,12]. Ethnic and 
racial differences further complicate the epidemiology of liver disease; for instance, the prevalence of NAFLD is highest 
in Europe (28.04%), followed by East Asia (19.24%) and the Middle East (12.95%)[13]. Genetic factors, particularly 
variants in the Patatin-like phospholipase domain-containing protein 3 (PNPLA3), add another layer of complexity, with 
varying frequencies of the rs738409 GG genotype observed across different populations[14].

Understanding the relationship between hepatic microhemodynamics and liver function is essential for unraveling the 
complex interplay of these physiological and pathological processes. Variations in microvascular structure and function, 
influenced by genetic and sex-based differences, can significantly impact hepatic perfusion, nutrient delivery, and 
metabolic regulation. These physiological disparities are crucial for maintaining liver homeostasis and may elucidate 
disparities in disease susceptibility and progression. The aim of our study was to investigate the relationship between 
hepatic microhemodynamics and liver function, with a particular focus on variations attributable to sex and genetic 
background.

MATERIALS AND METHODS
Animals
This study was conducted in strict accordance with the recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and 
Use Committee (IACUC) of the Institute of Microcirculation, Chinese Academy of Medical Sciences (CAMS) (Approval 
No. CAMS-IM-IACUC-2022-AE-0917). C57BL/6J mice are foundational in liver studies due to their well-defined genetics 
and reliable responses to models[15]. Details on liver fibrosis and inflammation can be obtained by studying BALB/c 
mice, which exhibit distinct metabolomic and immunological profiles[16]. KM mice, though less common, are valuable 
for research on oxidative stress and hepatotoxicity[17]. These strains facilitate the investigation of hepatic microhemody-
namics across diverse genetic backgrounds. All mice aged 8 weeks (n = 6 each group), acquired from the Institute of 
Laboratory Animal Science, CAMS, Beijing, China, were housed under controlled conditions (temperature: 18-22 °C, 
humidity: 50%-65%, 12-hour/12-hour light/dark cycle) with ad libitum access to food and water. We employed a 
randomized block design to allocate the mice to experimental groups, controlling for baseline variations and ensuring 
balanced, comparable groups.

Monitoring of blood pressure
Blood pressure measurements were performed via a noninvasive tail-cuff method with the Intelligent Sphygmo-
manometer BP-2010A (Softron Biotechnology, Beijing, China). This method is established as equivalent to invasive 
techniques, showing strong correlations with intra-arterial measurements[18]. We chose this approach to avoid potential 
confounding effects on microhemodynamics associated with invasive methods. The mice were acclimatized for 5 minutes 
in a restraint device placed on a heated pad (37 °C) before systolic, diastolic, and mean arterial pressures were recorded 
over three consecutive trials. Blood glucose levels were determined via tail snip using the One Touch Ultra glucometer 
(LifeScan, Johnson and Johnson, Milpitas, CA, United States).

Determination of the integrated hepatic microcirculatory profile
To investigate hepatic microhemodynamics, we employed a laser Doppler blood perfusion monitoring system (Virtual 
machines, Moor Instruments, Ltd., Axminster, United Kingdom), which was calibrated with standard microspheres prior 
to the experiments. Following acclimatization for 10 minutes, the mice were initially anesthetized via inhalation of 2% 
isoflurane (R510-22; RWD Life Science Co., Shenzhen, China) in a 50% oxygen mixture through a small animal anesthesia 
machine (matrix VMR; Midmark Corporation, OH, United States). An incision was precisely made along the me-
dioventral line to gently expose the entire liver, and the Versa-probe 4 (Moor Instruments) was stably positioned on the 
exposed hepatic tissue with the assistance of a probe holder (Moor Instruments). Three sites were selected, and measured 
for 1 minute each, and the backscattered light collected by the probe was processed by analog and digital signals to 
generate hepatic microhemodynamics. The microcirculatory blood distribution pattern was revealed in the scatter plot. 
The microvascular hemorheological parameters including microvascular blood flux, microvascular erythrocyte concen-
tration, and microvascular blood velocity were analyzed quantitatively as functional evaluation of hepatic microhemody-
namics.

Wavelet transform analysis
Wavelet transform analysis is superior to traditional Fourier analysis for blood flow signals due to its ability to handle 
non-stationary signals and provide detailed time frequency information. The microhemodynamic signals were subjected 
to oscillations ranging from 0.005 Hz-5.0 Hz, including nitric oxide (NO)-independent endothelial signals (0.005 Hz-
0.0095 Hz), reflecting baseline endothelial function; NO-dependent endothelial signals (0.0095 Hz-0.04 Hz), representing 
responses regulated by NO; neurogenic signals (0.04 Hz-0.15 Hz), linked to neural influences on microhemodynamics; 
myogenic signals (0.15 Hz-0.4 Hz), representing smooth muscle responses to blood pressure changes; respiratory signals 



Wang B et al. Divergence of hepatic microhemodynamics

WJG https://www.wjgnet.com 4 April 21, 2025 Volume 31 Issue 15

(0.4 Hz-2.0 Hz), correlating with breathing patterns; and cardiac signals (2.0 Hz-5.0 Hz), which are associated with heart 
rate and rhythm[19,20]. Each of these signals is related to a specific physiological influence modulating the hepatic 
microcirculation response. Wavelet transformation was performed to create the representation of signals measured from 
hepatic microhemodynamics in the time frequency domain and estimate the contribution of rhythmical components in 
blood flow signal. Using the Morlet wavelet, a Gaussian window was scaled and shifted over time, while amplitudes 
were computed on the basis of average wavelet coefficients, thus the spectral attributes of the oscillators were derived. A 
spectral scalogram was then generated. Variables such as time (second), frequency (Hz), and spectral amplitude (AU) 
were situated within the coordinate system. Finally, the amplitudes of the six oscillators were compared across the 
different groups.

Liver function evaluation
Blood samples were collected from the inferior vena cava and then centrifuged at 3000 rpm for 20 minutes to obtain the 
serum. Subsequent biochemical analyses were conducted at the clinical laboratory of Peking Union Medical College 
Hospital, utilizing an automated biochemical analyzer (Beckman Coulter, United States) and an automatic protein 
analyzer (Siemens, Germany). The serum levels of alanine aminotransferase (ALT) (measured with the lactate dehydro-
genase method), aspartate aminotransferase (AST) (measured with the malate dehydrogenase method), alkaline 
phosphatase (ALP) (measured with the nitrophenyl phosphate substrate-adenosine monophosphate buffer method), 
glucose (Glu) (measured with the hexokinase method), total protein (TP) (measured via biuret colorimetry) and total bile 
acid (TBA) (measured with an enzymatic cycling assay) were quantitatively determined. The selected markers were 
chosen because of their ability to reflect liver health and dysfunction. Each marker serves a distinct role in liver function, 
and tests to measure the levels of these markers are crucial for diagnosing liver diseases and monitoring their 
progression. ALT and AST are key indicators of hepatocellular injury, with elevated levels indicating liver cell damage. 
Elevated ALP levels indicate the potential for cholestasis or bile duct obstruction, while abnormal Glu levels indicate 
impaired metabolic function. TP levels, particularly albumin levels, are indicative of the synthetic capacity of the liver, 
with decreased levels indicating chronic disease. TBA levels reflect the ability of the liver to process bile acids; elevated 
levels suggest dysfunction. Reference intervals for the evaluated hepatic function parameters in mice were established on 
the basis of previous literature[21-23].

Histology and immunohistochemistry
For morphological studies, tissues were fixed with 4% paraformaldehyde, embedded in paraffin, and cut into 5 μm thick 
slices using a microtome (Leica Biosystems, Germany) for hematoxylin and eosin and immunohistochemical staining. For 
antigen retrieval, the slices were deparaffinized, rehydrated, and incubated in boiling 10 mmol/L citrate buffer (potential 
of hydrogen = 6.0; Zhongshan Golden Bridge Biotechnology, Beijing, China). The sections were subsequently incubated 
with 3% hydrogen peroxide to inhibit endogenous peroxidase activity, followed by blocking with 3% bovine serum 
albumin (TBD Science Technology, Tianjin, China) in phosphate-buffered saline. The sections were incubated in blocking 
buffer overnight at 4 °C, after incubating with primary mouse monoclonal antibodies against cluster of differentiation 
(CD) 31 (diluted 1:100; Santa Cruz Biotechnology), mouse estrogen receptor α (ERα) and estrogen receptor β (ERβ) 
monoclonal antibodies (diluted 1:25; Abcam). Horseradish peroxidase-conjugated secondary antibody (Zhongshan 
Golden Bridge Biotechnology, Beijing, China) and 3,3’-diaminobenzidine tetrahydrochloride solution (Zhongshan Golden 
Bridge Biotechnology, Beijing, China) were subsequently used for the incubation of sections, after which the section were 
dehydrated and mounted. An antibody mixture (Ambiping Medical Technology, Guangzhou, Guangdong Province, 
China) was used as an isotype control. Positive staining was detected using a Leica DFC450 microscope (Leica 
Microsystems, Leitz, Germany). For quantitative evaluation, ImageJ software (National Institutes of Health, Bethesda, 
MD, United States) was used to capture and analyze the digital images of the stained sections. In addition, the intensity of 
CD31, ERα and ERβ positive staining was quantified by calculating the integrated density. Microvascular density (MVD) 
was determined and quantified through manual counting of six random × 40 fields to obtain an average. In selecting 
these fields, we ensured optimal staining with vascular markers (CD31, ERα, and ERβ) for effective visualization, 
encompassing diverse tissue regions while excluding artifacts and avoiding overlapping fields.

Statistical analysis
All the measurements were performed in duplicate to ensure reliability. The statistical analysis was conducted with 
GraphPad Prism software (version 8.02; GraphPad Software, CA, United States). The data derived from laser Doppler 
signals and wavelet analysis were presented as the mean ± SEM. We employed two-factor analysis of variance (ANOVA) 
with interaction effects, incorporating sex and strain as independent variables. In cases of non-significant overall ANOVA 
results, we refrained from post-hoc comparisons to avoid misleading conclusions, and conducted further analyses only 
when significant main effects or interactions were observed, with Tukey’s method applied for multiple comparisons to 
control the familywise error rate. Statistical significance was assessed using a predefined alpha threshold of 0.05. To 
elucidate the relationships between hepatic function and hepatic microhemodynamics in three murine strains, segregated 
by sex, both the Mantel test and Pearson correlation analysis were utilized. The Mantel test was used to assess rela-
tionships between distance matrices, especially those relevant to genetic divergence, while Pearson correlation was used 
to linear relationships. Pearson’s correlation coefficients (r) were considered relevant for Pearson’s P < 0.05 and values of r 
> 0.4 or r < -0.4.
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RESULTS
Sexual dimorphism in hepatic microvascular perfusion across murine strains
Sex-specific differences in hepatic microvascular blood flux were evident, with males consistently demonstrating higher 
perfusion levels across all strains (all P < 0.001), suggesting a sex-determined influence on the variability of hepatic 
microvascular blood flux. Conversely, no significant sex differences in respiratory oscillations in hepatic microvascular 
blood flux were observed within each strain (Supplementary Table 1), although female KM mice exhibited greater 
oscillatory activity than their BALB/c and C57BL/6J counterparts did (P < 0.01) (Figure 1), suggesting strain-dependent 
modulation of hepatic microcirculation. Collectively, these findings illuminate the substantial heterogeneity in hepatic 
microvascular perfusion that may affect the responsiveness of the liver to physiological demands.

Disparities in hepatic microvascular erythrocyte concentration by sex and strain
Erythrocytes regulate endothelial and microvascular functions through the modulation of oxygen delivery. Significant 
sexual dimorphism of the erythrocyte concentration within the hepatic microvasculature was observed across all strains 
(all P < 0.001) (Supplementary Table 2). Compared with females, males of the C57BL/6J and KM strains presented 
increased erythrocyte concentrations, however, in BALB/c mice, where this trend was reversed (Figure 2A). Detailed 
analysis of endothelial oscillator amplitudes revealed that, compared with KM females, KM males had lower amplitudes 
in the endothelial frequency range (0.01 Hz-0.04 Hz), whereas C57BL/6J females presented the highest amplitudes 
(Figure 2B). KM males presented the lowest amplitudes relative to those of other strains (Figure 2C). Quantitative 
analysis of sex-related disparities in erythrocyte concentration oscillators at corresponding frequencies (Figure 2D) 
revealed that KM males presented increased enhanced endothelial oscillatory activity. Specifically, significant differences 
in both NO-independent (P < 0.05) and NO-dependent (P < 0.05) endothelial amplitudes were detected between KM 
females and males. Although no significant differences were revealed across other variables within the BALB/c and 
C57BL/6J strains, significant differences were identified in NO-independent endothelial oscillator amplitudes between 
C57BL/6J and KM males (P < 0.05). Collectively, these findings indicate heterogeneity in erythrocyte concentration, 
suggesting the multifaceted regulation of hepatic microcirculation by both sex and genetic determinants within these 
murine models.

Variation in hepatic microvascular blood velocity across mouse strains and between the sexes
The distribution of blood flow and erythrocyte fluxes within the hepatic microvascular network is critical for velocity. As 
shown in Figure 3A and Supplementary Table 3, significant variations in hepatic microvascular blood velocity were 
observed between the sexes and across the mouse strains. Compared with their male counterparts, female BALB/c mice 
presented higher microvascular velocities. Conversely, the C57BL/6J and KM strains demonstrated the opposite pattern, 
with males displaying lower velocities. Wavelet transform analysis revealed significant differences primarily in the 
amplitudes of cardiac and myogenic oscillators (Figure 3B and C). Compared with male C57BL/6J mice, female C57BL/6J 
mice presented greater variance in cardiac oscillator amplitudes. Figure 3D highlights the distinctive patterns in the 
myogenic oscillator of blood velocity, particularly in C57BL/6J and KM male mice. These findings suggest the role of sex 
and genetic strain in interpreting hepatic blood velocity, suggesting that both factors significantly influence associated 
physiological functions.

Histopathological analysis of sex-specific variations in the hepatic microvasculature
We subsequently performed hematoxylin and eosin staining to assess structural differences in the hepatic microvascu-
lature. Additionally, we employed immunohistochemistry to evaluate the expression patterns of the endothelial cell 
marker CD31, ERα and ERβ, aiming to elucidate their potential roles in modulating these microhemodynamic variations. 
As shown in Figure 4A and B, Supplementary Figure 1 and Supplementary Table 4, contrary to expectations, no 
significant sex-based differences in the expression levels of ERα and ERβ were observed within the hepatic microvascu-
lature. However, among the male mice, C57BL/6J mice presented significantly elevated expression levels of both ERα and 
ERβ compared with BALB/c and KM mice (all P < 0.05). In contrast, analysis of CD31 expression levels revealed 
significant sex differences across all strains. Compared with their male counterparts, female BALB/c and KM mice 
presented significantly greater CD31 expression levels, whereas C57BL/6J females presented a lower CD31 expression 
level (P < 0.01 for all comparisons). Additionally, MVD analysis indicated that males across all three strains presented 
greater MVD than females did (all P < 0.05, Figure 4C). Collectively, these findings suggest that CD31 plays a role in 
mediating sex differences in the observed microhemodynamic variations.

Correlation analysis of liver function indictors and hepatic microhemodynamics
To exclude the confounding effects of body weight heterogeneity on microhemodynamics, we employed a dual analytical 
approach comprising two-way ANOVA and correlation analysis. Two-way ANOVA revealed significant differences and 
interactions in body weight [F-ratio (2, 30) = 5.427; P = 0.009] (Supplementary Tables 5 and 6). Male C57BL/6 mice 
presented significantly greater body weights than females did (P < 0.0001), a trend not observed for the BALB/c and KM 
strains. KM mice consistently surpassed both C57BL/6 and BALB/c mice in terms of body mass, irrespective of sex (all P 
< 0.0001). These findings highlight the influence of genetic strain and sex on phenotypic diversity, however, these weight 
differences do not directly correlate with changes in hepatic microhemodynamics (Figure 5).

Liver function revealed sex differences in the serum ALP and TBA levels across the three mouse strains, as shown in 
Figure 5A and Supplementary Table 7. Females consistently presented higher TBA levels than males did, regardless of 
strain. Conversely, among KM mice, females presented significantly lower serum TP levels than males did. Strain-specific 
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Figure 1 Comparative analysis of hepatic microcirculatory blood perfusion and characteristic oscillatory amplitudes between sexes and 
across three mouse strains. A: Hepatic microcirculatory blood perfusion patterns in the BALB/c, C57BL/6J, and KM mouse strains. The rectangular insert 
highlights the extracted pattern of microcirculatory blood distribution; B and C: Two-dimensional and three-dimensional spectral scalograms representing the 
characteristic amplitudes of hepatic microcirculation profiles; D: Quantitative analysis of characteristic oscillatory amplitudes in hepatic microcirculatory blood 
perfusion profiles. The data are presented as the mean ± SEM. n = 6 each group. aP < 0.05. cP < 0.001. AU: Amplitude; NO: Nitric oxide; NS: Not significant; PU: 
Perfusion unit.

differences were also identified: BALB/c females had significantly lower serum AST, TBA, and ALP levels than C57BL/6J 
females did (all P < 0.0001). Similarly, compared with C57BL/6J females, KM females presented lower serum TBA and 
ALP levels (all P < 0.0001). To investigate the potential influence of microhemodynamics on liver function, we analyzed 
the spectral components of microhemodynamics and their associations with hepatic parameters across sexes and strains. 
The significant correlations between the physiological amplitudes of hepatic microcirculation and liver function 
parameters are shown in Figure 5B and C and Supplementary Table 8. The ALT level was significantly positively 
correlated with the neurogenic amplitude of blood speed (r = 0.342, P = 0.041), and the AST level was similarly positively 
correlated with myogenic indicators of blood speed (r = 0.333, P = 0.047). Additionally, the TBA level was positively 
correlated with both the neurogenic amplitude of the erythrocyte concentration (r = 0.384, P = 0.021) and the blood speed 
(r = 0.400, P = 0.016). Conversely, the Glu level was negatively correlated with the respiratory amplitude of the 
erythrocyte concentration (r = -0.342, P = 0.041). Furthermore, similar correlations were observed between macro-
circulatory microhemodynamics and liver function (Supplementary Table 9), with ALT and AST levels being correlated 
negatively with systolic blood pressure (r = -0.428, P = 0.009; r = -0.464, P = 0.004) and positively with diastolic blood 
pressure (r = 0.449, P = 0.006; r = 0.491, P = 0.006). These results suggest that the complex interplay between liver function 
and hepatic microhemodynamics is influenced by both sex and strain.

DISCUSSION
The liver has a complex microvascular network that is crucial for its diverse functions. The sex-based disparities in 
hepatic microcirculation indicate fundamental physiological adaptations and pathological vulnerabilities. Physiologically, 
increased microvascular perfusion and erythrocyte concentrations in male mice reflect an adaptive mechanism to meet 
heightened metabolic and anabolic demands[24], potentially mediated by androgen-driven modulation of endothelial 
function and erythropoiesis. This perfusion ensures efficient nutrient and oxygen delivery, supporting hepatocellular 
activity and resilience. In contrast, female mice exhibit lower perfusion rates coupled with higher blood velocity, 
suggesting a streamlined and efficient microvascular network possibly influenced by the vasodilatory and anti-inflam-
matory effects of estrogen[25,26]. Such configurations confer metabolic efficiency and increased clearance capacities, 
aligning with observed protective effects against metabolic liver diseases in females[27]. Pathologically, these sex-specific 
microcirculatory profiles have implications for liver disease susceptibility and progression. Elevated perfusion and 
erythrocyte load in males predispose them to increased shear stress and oxidative damage within the hepatic sinusoids, 
fostering an environment conducive to inflammatory cascades, fibrosis, and steatohepatitis[28-30]. The crosstalk between 
higher erythrocyte concentrations and reactive oxygen species (ROS) generation exacerbates hepatocellular injury, 
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Figure 2 Comparative analysis of hepatic microcirculatory erythrocyte concentration between sexes and across three mouse strains. A: 
Microcirculatory erythrocyte concentration in BALB/c, C57BL/6J, and KM mice. The distribution pattern of erythrocyte concentration is presented in the rectangular 
insert; B and C: Two-dimensional and three-dimensional spectral scalograms illustrating the characteristic amplitude of the hepatic microcirculatory erythrocyte 
concentration; D: Quantitative assessment of the characteristic oscillatory amplitudes from the hepatic microcirculatory erythrocyte concentration profiles. The data 
are presented as the mean ± SEM. n = 6 each group. aP < 0.05. cP < 0.001. AU: Amplitude; NO: Nitric oxide; NS: Not significant; PU: Perfusion unit.

accelerating the transition from benign hepatic steatosis to severe fibrotic states. Conversely, the regulated blood flow and 
increased endothelial integrity in females mitigate excessive inflammatory responses and oxidative stress[31], thereby 
conferring resilience against progressive liver fibrosis and cirrhosis.

Our study also revealed strain-specific differences in microhemodynamics. These genetic determinants of hepatic 
microhemodynamics are rooted in divergent expression profiles of key regulatory proteins, including integrins, adhesion 
molecules[32], and intracellular signaling cascades that govern endothelial cell behavior and microvascular integrity. For 
example, polymorphisms in genes encoding for CD31 or estrogen receptors modulate endothelial function and respons-
iveness to hormonal cues, thereby influencing microvascular perfusion and erythrocyte dynamics. Additionally, strain-
specific variations in mitochondrial efficiency and ROS handling could impact endothelial health and microcirculatory 
resilience, further diversifying hepatic responses to pathological stressors. Furthermore, genetic differences substantially 
influence microvascular structure and the expression of endothelial receptors and signaling pathways[33]. These findings 
emphasize the role of genetic determinants in shaping microvascular architecture and function, which in turn affect 
hepatic health. The variability in how different strains respond to similar physiological or pathological stimuli can be 
attributed to these genetic factors, which also correlate with the varying prevalence of hepatic conditions such as NAFLD 
and HCC in these models[34]. The differential expression of CD31 between sexes and across strains observed in our study 
indicates its role in maintaining endothelial integrity and regulating hepatic microcirculation. CD31 is essential for 
endothelial barrier function and leukocyte transmigration, while vascular endothelial growth factor receptor 1 (VEGFR1) 
orchestrates angiogenesis and macrophage recruitment during liver repair. The engagement of CD31 at sites of active 
vascular endothelial cell stimulation is essential for the maintenance of flow-driven physiological adjustments[35]. CD31 
and VEGFR1 synergistically increase endothelial repair by modulating each other’s signaling pathways. CD31 stabilizes 
VEGFR1 on the endothelial surface, thereby potentiating VEGFR1-mediated angiogenic responses essential for revascu-
larization and tissue regeneration. Additionally, CD31-induced metabolic reprogramming toward glycolysis supports the 
energetic demands of VEGFR1-driven angiogenesis[36], particularly under the hypoxic conditions common in hepatic 
injury. Furthermore, the regulation of leukocyte transmigration by CD31 influences the local production of proangiogenic 
factors, creating a microenvironment that facilitates VEGFR1-mediated microvascular remodeling. Sex-specific hormonal 
differences modulate this processing, accounting for the observed disparities in microhemodynamics.

The sex-based disparities observed in hepatic microhemodynamics, especially the elevated microvascular perfusion 
and density in male mice alongside higher TBA levels in females, indicate differential susceptibility to liver diseases 
between the sexes. Elevated microvascular perfusion and increased MVD in males may facilitate a more extensive distri-
bution of profibrotic and oncogenic factors within the liver, potentially exacerbating conditions such as hepatic fibrosis 
and HCC, which are more prevalent in males clinically. This increased perfusion could be driven by testosterone-
mediated upregulation of angiogenic factors such as VEGF, promoting endothelial proliferation and microvascular 
expansion. Conversely, higher TBA levels in females reflect efficient bile acid metabolism and clearance, supporting 
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Figure 3 Comparative analysis of hepatic microcirculatory blood velocity between sexes and across three mouse strains. A: Hepatic 
microcirculatory blood velocity in BALB/c, C57BL/6J, and KM mice. The rectangular insert provides a detailed view of the hepatic microcirculatory blood velocity 
distribution pattern; B and C: Two-dimensional and three-dimensional spectral scalograms demonstrating the characteristic amplitudes of the hepatic microcirculatory 
blood velocity profiles; D: Quantitative analysis of the characteristic oscillatory amplitudes in the hepatic microcirculatory blood velocity profiles. The data are 
presented as the mean ± SEM. n = 6 each group. aP < 0.05. cP < 0.001. AU: Amplitude; NO: Nitric oxide; NS: Not significant; PU: Perfusion unit.

protective effects against lipid accumulation and insulin resistance, thereby reducing the risk of NAFLD and its 
progression to severe liver pathologies. Additionally, the vasoprotective and anti-inflammatory properties of estrogen 
may contribute to a regulated microvascular environment in females, mitigating excessive vascular remodeling and 
fibrosis. The lack of significant differences in estrogen receptor expression suggests that downstream signaling pathways, 
rather than receptor abundance, mediate these protective effects. Furthermore, the correlation between microhemo-
dynamic data and levels of liver function markers such as ALT and AST suggest that microvascular dysfunction could 
serve as an early biomarker for hepatic injury[37], preceding overt biochemical disturbances[38]. This evidence provides 
support for sex- and genetic-specific diagnostic and therapeutic strategies, where modulating microcirculatory 
parameters could ameliorate disease trajectories. For example, increasing endothelial function and optimizing erythrocyte 
dynamics in males provide protective benefits, while leveraging estrogenic pathways in females could sustain vascular 
health and functional integrity. While the integration of microhemodynamic data with traditional biochemical markers 
holds promise for improving liver disease management[39], challenges remain. These findings suggests that microcircu-
latory assessments could significantly improve the early detection and monitoring of liver diseases[40], such as NAFLD 
and hepatic fibrosis. By integrating microhemodynamic data with traditional biochemical markers, clinicians could 
increase their accuracy of disease staging and progression tracking, potentially allowing timely implementation of 
interventions before substantial biochemical abnormalities arise.

Integrating our hepatic microhemodynamic findings with the findings of previous parallel studies on renal and 
intestinal microcirculation provides an overview of the systemic orchestration of microvascular function modulated by 
sex and genetic background[41,42]. Across the liver, kidneys, and intestine, male mice consistently exhibited elevated 
microvascular perfusion and erythrocyte concentrations but demonstrated lower blood velocities than females did, a 
phenomenon likely driven by sex hormones that influence endothelial responsiveness and vascular tone. Strain-specific 
differences, particularly in endothelial oscillatory characteristics, highlight the genetic predispositions that shape 
microvascular architecture and functionality. These organ-centric disparities reflect the interconnected nature of the 
systemic microcirculation, where hepatic, renal, and intestinal vessels collaboratively sustain overall physiological 
homeostasis, which informs the development of targeted therapeutic strategies that account for genetic and sex-related 
variability, thereby increasing the efficacy of interventions aimed at preserving or restoring microvascular function across 
multiple organ systems.

Building on our findings of sex- and strain-specific hepatic microcirculatory variations, targeted therapeutic strategies 
can be developed to modulate microvascular flow and improve endothelial function[43], particularly for conditions such 
as hepatic fibrosis and HCC[44,45]. Genetic and sex-specific profiles should be integrated in personalized medicine 
approaches to optimize treatments. For instance, utilizing vasodilators or NO promoting agents tailored to individual 
microcirculatory patterns could normalize blood flow and mitigate fibrosis progression[46]. Increasing endothelial 
integrity through antioxidants could prevent endothelial dysfunction and inhibit tumor angiogenesis in HCC. Addi-
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Figure 4 Hematoxylin and eosin staining and immunolabeling analysis of liver tissue from different sexes across BALB/c, C57BL/6J, and 
KM mice. A: Hematoxylin and eosin (HE) and immunohistochemical staining of estrogen receptor α (ERα), and estrogen receptor β (ERβ), and cluster of 
differentiation (CD) 31 in the liver. The scale bar represents 50 μm. The insert in the lower panel provides a detailed representation of liver tissues at a higher 
magnification. Scale bar = 10 μm; B: HE staining of liver tissue sections revealing morphological details. Scale bar = 200 μm. The insert in the lower panel provides a 
detailed representation of liver tissues at a higher magnification. Scale bar = 50 μm; C: Quantitative analysis of the protein expression levels of ERα, ERβ, and CD31 
and the microvascular density in the livers of BALB/c, C57BL/6J, and KM mice. For each group, n = 6 samples, and six microscopic fields of view were selected for 
each sample. The data are presented as the mean ± SEM. n = 6 each group. aP < 0.05. bP < 0.01. NS: Not significant; Erα: Estrogen receptor α; Erβ: Estrogen 
receptor β; CD31: Cluster of differentiation 31.
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Figure 5 Relationship among hepatic microhemodynamics, liver function and macrohemodynamics. A: Cross-comparison of liver function 
between different mouse strains and sexes. The established reference values for each of the five indicators are marked with dashed lines, with triangles serving as 
indicating markers. Yellow represents females, whereas blue signifies males; B: Interrelationships among the mean amplitudes of the three microhemodynamic 
indicators and macrohemodynamic indicators were analyzed using Pearson correlation analysis. The correlations among liver function indicators, hepatic 
microhemodynamics, and blood pressure and heart rate were shown respectively with connecting lines indicating these relationships. Microhemodynamics indicators: 
Flux, concentration, and speed; Liver function indicators: Alanine aminotransferase, aspartate aminotransferase, total protein, alkaline phosphatase, total bile acid, 
and glucose; Macrohemodynamics indicators: Heart rate, systolic blood pressure, mean arterial pressure, and diastolic blood pressure. P values are represented by 
the color, and r values are represented by the line thickness; C: The relationships between microhemodynamics and liver function, across different mouse strains and 
between sexes, were independently analyzed using the Mantel test (n = 6 each group). The edge width signifies the correlation strength, while the edge color 
indicates statistical significance. “Micro” indicates the mean amplitude of the five characteristic frequencies of flux, concentration, and speed. The data are presented 
as the mean ± SEM. n = 6 each group. aP < 0.05. cP < 0.001. dP < 0.0001. RI: Respiratory index; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; 
TP: Total protein; ALP: Alkaline phosphatase; TBA: Total bile acid; Glu: Glucose; SBP: Systolic blood pressure; HR: Heart rate; DBP: Diastolic blood pressure; MBP: 
Mean arterial pressure.

tionally, genetic screening for variants such as PNPLA3 could inform the selection of microcirculatory modulators[47], 
ensuring therapies are aligned with genetic predispositions. Incorporating hormone-based treatments, such as selective 
estrogen receptor modulators for females, could further refine efficacy and reduce adverse effects. Advanced drug 
delivery systems, such as nanoparticle carriers targeting endothelial cells[48], promise precise intervention within the 
hepatic microenvironment[49], maximizing therapeutic impact while minimizing systemic toxicity.

Strengths and limitations
Our study of hepatic microcirculation across different murine strains and between sexes has several limitations. Environ-
mental factors such as stress, microbial exposure, and diet were not fully controlled, potentially confounding our 
observations of strain- and sex-related differences. The mechanisms underlying the sex- and strain-based differences 
observed remain unknown, particularly the roles of sex hormones. Additionally, the genetic diversity represented by the 
three murine strains does not capture the full spectrum. Moreover, our cross-sectional approach does not account for 
changes over time, necessitating longitudinal studies to fully understand the dynamics of hepatic microcirculation.

CONCLUSION
Our study highlights the heterogeneous nature of hepatic microhemodynamics, which is influenced by sex and genetic 
background. These findings improve our understanding of the contributions of the microcirculation to hepatic health and 
disease and highlight the importance of incorporating sex and genetic factors into future hepatic investigations, which 
could lead to personalized therapeutic strategies.
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Abstract
BACKGROUND 
Parkinson's disease (PD)-a progressive neurodegenerative disorder-is charac-
terized by motor and gastrointestinal dysfunction. The exploration of novel 
therapeutic strategies for PD is vital.

AIM 
To investigate the potential mechanism of action of rhapontin-a natural com-
pound with known antioxidant and anti-inflammatory properties-in the context of 
PD.

METHODS 
Network pharmacology was used to predict the targets and mechanisms of action 
of rhapontin in PD. Behavioral tests and tyrosine hydroxylase immunofluor-
escence analysis were used to assess the effect of rhapontin on symptoms and 
pathology in MPTP-induced mice. Interleukin (IL)-6, IL-1β, tumor necrosis factor 
(TNF)-α, and IL-10 levels in tissues were measured using an enzyme-linked 
immunosorbent assay (ELISA). Additionally, nuclear factor erythroid 2-related 
factor 2 (NRF2) activation was confirmed using western blotting.

RESULTS 
NRF2 was predicted to be the key transcription factor underlying the therapeutic 
effects of rhapontin in PD, and its anti-PD action may be associated with its anti-
inflammatory and antioxidant properties. Rhapontin ameliorated the loss of 
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dopaminergic neurons and gastrointestinal dysfunction in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced mice by activating NRF2. Additio-nally, rhapontin treatment significantly decreased pro-inflammatory 
cytokines (IL-6, TNF-α, IL-1β) in the substantia nigra, striatum, and colon, whereas it increased anti-inflammatory 
cytokine (IL-10) levels only in the colon, indicating the involvement of gut–brain axis in its neuroprotective 
potential. Finally, NRF2 was identified as a key transcription factor activated by rhapontin, particularly in the 
colon.

CONCLUSION 
We elucidated the effects of rhapontin in MPTP-induced PD mouse models using a combination of network phar-
macology analysis, behavioral assessments, immunofluorescence, ELISA, and Western blotting. Our findings 
revealed the multifaceted role of rhapontin in ameliorating PD through its anti-inflammatory and antioxidant 
properties, particularly by activating NRF2, paving the way for future research into targeted therapies for PD.

Key Words: Rhapontin; Gastrointestinal dysfunction; Parkinson’s disease; Nuclear factor erythroid 2-related factor 2; Gut-Brain 
axis; Oxidative stress; Neuroinflammation

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.
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INTRODUCTION
Parkinson's disease (PD)-a progressive neurodegenerative disorder-is characterized by motor symptoms, such as tremors, 
rigidity, and bradykinesia, and non-motor symptoms, such as gastrointestinal (GI) dysfunction[1-4]. The rising 
prevalence of PD has driven a global search for effective therapeutic strategies. The gut-brain axis plays a critical role in 
the development and progression of PD[5-10], and impaired GI function has been implicated in the early stages of PD, 
preceding the onset of motor symptoms. Pathological substances such as alpha-synuclein produced in the gut can be 
retrogradely transported to the brain via the vagus nerve, accelerating the pathological process of PD[8]. In addition, the 
gut-brain axis influences the onset and progression of PD through the interaction between the gut microbiota and the host 
nervous system[9]. Dysbiosis of the gut microbiota can trigger inflammatory responses and neurotransmitter metabolic 
disorder. Meanwhile, intestinal barrier dysfunction worsens neuroinflammation in PD by allowing inflammatory factors 
and toxins to enter the bloodstream[10].

Although the exact mechanism underlying GI dysfunction in PD is not fully understood, inflammation and oxidative 
stress may be involved in both the gut-brain axis and GI dysfunction[11,12]. Current treatments focus primarily on 
symptomatic relief rather than addressing the underlying pathophysiology, including inflammation. Therefore, novel 
interventions that can mitigate these pathological processes are crucial, as existing therapies often exhibit limited efficacy 
and involve significant side effects.

The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a well-established neurotoxin used to induce PD-like 
symptoms in animal models, mimicking the dopaminergic neuronal loss and motor deficits observed in human patients 
with PD[13-15]. MPTP exposure also results in significant GI dysfunction, including constipation and delayed gastric 
emptying, potentially mediated by inflammation[16,17]. Therefore, ameliorating inflammation in GI dysfunction could be 
a promising approach to ameliorate both motor and non-motor PD symptoms, providing new therapeutic avenues for the 
management of PD[18,19].

Rhapontin-a natural compound derived from Rheum palmatum-exhibits laxative effects and has been used in traditional 
Chinese medicine for centuries[20-23]. Rhapontin also exhibits potent antioxidant and anti-inflammatory properties[24]. 
Despite the promising pharmacological profile of rhapontin, a significant gap remains regarding its specific molecular 
mechanism of action in the context of PD. Rhapontin may reduce inflammation by activating the nuclear factor erythroid 
2-related factor 2 (NRF2)[25,26]. NRF2 is a transcription factor that plays a pivotal role in regulating cellular responses to 
oxidative stress and inflammation[27,28]. The precise interactions between rhapontin and the NRF2 pathway in PD, as 
well as its effects on downstream signaling components, remain largely unexplored. This study aimed to bridge this gap 
by elucidating the mechanism through which rhapontin exerts its neuroprotective effects, particularly emphasizing its 
role in modulating oxidative stress, inflammation, and the gut-brain axis in MPTP-induced PD mouse models.
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This study involved a multifaceted research approach, including bioinformatics analyses to identify potential rha-
pontin targets, construction of protein-protein interaction (PPI) networks to determine the signaling pathways involved, 
and behavioral assessments to assess the effects on motor and non-motor symptoms. By integrating network pharma-
cology and animal model experiments, this study achieves greater authenticity than pure bioinformatics analysis and 
higher credibility than approaches relying solely on animal models or molecular techniques. Additionally, we measured 
the levels of inflammatory markers and NRF2 expression and performed tyrosine hydroxylase-positive (TH+) staining. 
The specific objectives of this study were to identify the key molecular targets of rhapontin, evaluate its effect on motor 
and GI symptoms in PD, and investigate its anti-inflammatory effects mediated by NRF2. Our findings contribute 
valuable insights into the therapeutic viability of rhapontin as a candidate for PD treatment, paving the way for future 
research and potential clinical applications.

MATERIALS AND METHODS
Network pharmacology analysis
A network pharmacology analysis was conducted to explore the potential mechanisms of action of rhapontin in PD. The 
Online Mendelian Inheritance in Man (OMIM) and Gene Expression Omnibus (GEO) databases were searched using the 
term "Parkinson’s disease" to identify relevant genes. Subsequently, we also searched various databases, including the 
Traditional Chinese Medicine Systems Pharmacology Database (TCMSP; http://tcmspw.com/tcmsp.php), Search Tool 
for Interactions of Chemicals (STITCH; http://stitch.embl.de/), PharmMapper (http://pharmmapper.shsmu.edu.cn/), 
Evidence-Based TCM (ETCM; http://www.etcm.cn/), and PubChem (https://pubchem.ncbi.nlm.nih.gov/), to predict 
rhapontin targets. We used different keywords, such as rhapontin, rhaponitin, poniticin, and rhaponiticin, to enhance the 
accuracy of our target prediction. For gene selection, we set a threshold of P value < 0.05 and log2 (fold change) > 1 to 
ensure the identification of significantly associated genes. Only those consistently identified across multiple databases 
were included in our analysis. Venn diagrams were constructed to identify intersections between the compounds and 
disease targets. A PPI network was constructed using the STRING database. For PPI analysis, we used a confidence score 
threshold of 0.7 to filter high-confidence interactions. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis was performed using the Metascape platform.

Animals and treatments
Forty male C57BL/6J mice, aged 8 weeks, were acquired from Hunan Slaughter Jingda Laboratory Animal Co., Ltd. The 
mice were acclimated to the laboratory conditions for 1 week, with a 12-hour light/dark cycle and ad libitum access to 
food and water, before the commencement of the experiment. All experimental procedures were approved by the Ethics 
Committee of Hainan Medical University and complied with the guidelines set forth by the National Institutes of Health 
for the humane treatment of laboratory animals. Carbon dioxide asphyxiation was used to euthanize all the mice. The 
mice were randomly divided into the MPTP (Sigma-Aldrich, United States) + rhapontin (Macklin, Shanghai, China) + 
ML385 (Targetmol, United States) group (n = 10), MPTP + rhapontin group (n = 10), MPTP group (n = 10), and control 
group (n = 10). Mice were intraperitoneally administered MPTP (20 mg/kg) daily for 4 consecutive days to induce PD, 
followed by a 3-day recovery period to allow for the manifestation of PD-like symptoms. Rhapontin (20 mg/kg/day) was 
gavaged to the mice starting 1 week prior to MPTP administration and continuing throughout the experimental period.

Behavioral tests
The open field test was conducted to assess general locomotor activity and exploratory behavior of the mice. Each mouse 
was placed in the center of a square arena (50 cm × 50 cm) with black walls, and the behavior was recorded for 10 min 
using a video-tracking system. After each trial, the apparatus was cleaned with 70% ethanol to eliminate olfactory cues. 
The total distance traveled was quantified to evaluate anxiety-like behaviors and motor function.

The pole-climbing test was used to assess forelimb asymmetry and motor coordination. The mouse was placed at the 
bottom, facing upward in a vertical wooden dowel (1 cm in diameter and 50 cm in height). The time required for the 
mouse to descend and reach the bottom was recorded. Each mouse was subjected to three trials, and the average time 
was calculated. This test is used to measure the asymmetry in forelimb use and the overall motor coordination ability of 
mice.

Fecal water content was used as an indicator of GI dysfunction. Fresh fecal pellets were collected from each mouse, 
weighed to obtain the wet weight, and then dry weight was obtained after drying them in an oven at 60 °C for 48 hours. 
The water content was calculated as the difference between the wet and dry weights and expressed as a percentage of the 
wet weight.

The number of fecal pellets produced within 15 minutes was used to assess GI motility. The mice were placed 
individually in clean cages with fresh bedding, and the number of fecal pellets excreted within a 15-minute period was 
counted. This test is used to quantitatively measure the bowel movement frequency, indicative of GI function.

All behavioral assays were conducted in a quiet, temperature-controlled room during the light phase of the circadian 
cycle to minimize external influences. The experimenters were blinded to the treatment groups. The data obtained from 
these tests were analyzed to evaluate the effects of MPTP-induced Parkinsonism and the potential ameliorative effects of 
rhapontin on motor and GI functions.

http://tcmspw.com/tcmsp.php
http://stitch.embl.de/
http://pharmmapper.shsmu.edu.cn/
http://pharmmapper.shsmu.edu.cn/
http://www.etcm.cn/
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https://pubchem.ncbi.nlm.nih.gov/
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Immunofluorescence analysis
Brain sections containing the substantia nigra and striatum were subjected to immunofluorescence analysis to visualize 
TH+ dopaminergic neurons. Sections were permeabilized with 0.3% Triton X-100, blocked with 5% normal donkey serum, 
and incubated with a primary antibody against TH (1:500, Servicebio, Wuhan, China) overnight at 4 °C. After washing 
with phosphate-buffered saline (PBS), the sections were incubated with a secondary antibody conjugated to Alexa Fluor 
594 (1:200, Servicebio) for 1 hour at room temperature. Nuclei were counterstained with DAPI, images were captured 
using a confocal microscope, and the intensity of TH immunoreactivity in the striatum and substantia nigra was 
quantified using image analysis software.

Enzyme-linked immunosorbent assay
Interleukin (IL)-10, IL-6, IL-1β, and tumor necrosis factor (TNF) levels in the substantia nigra, striatum, and colon tissues 
were quantified using enzyme-linked immunosorbent assay (ELISA) kits (Thermo Fisher Scientific) following the 
manufacturer's instructions. Tissues were homogenized in PBS containing a protease inhibitor cocktail, and supernatants 
were collected after centrifugation. ELISA plates were coated with specific antibodies, blocked, and incubated with the 
tissue supernatants and standards. After incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies 
and TMB substrate, absorbance was measured at 450 nm. The optical density values were plotted against the standard 
curve to determine cytokine concentrations in the samples, calculated in pg/mL and normalized to the total protein 
content of the tissue samples, which was determined using a BCA protein assay kit (Thermo Fisher Scientific).

Western blotting
NRF2 expression in the substantia nigra, striatum, and colon tissues was analyzed by western blotting. Briefly, tissues 
were homogenized in radioimmunoprecipitation assay buffer, and protein concentrations were measured using a BCA 
protein assay kit. Equal amounts of protein were resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
gels, transferred onto polyvinylidene fluoride membranes, and incubated with primary antibodies against NRF2 (1:1000, 
Servicebio) and β-actin (1:5000, Servicebio) overnight at 4 °C. Membranes were then incubated with HRP-conjugated 
secondary antibodies (1:2000, Servicebio), and bands were visualized using an enhanced chemiluminescence detection 
system.

Statistical analysis
Data are presented as the mean ± SE. Statistical comparisons between the groups were performed using t-tests (our data 
met the assumptions of normality and equal variances). Statistical significance was set at P < 0.05. All statistical analyses 
were conducted using GraphPad Prism 8.0 software.

RESULTS
PPI network and key targets of rhapontin in PD
Figure 1A illustrates the chemical structure of rhapontin. We identified 83 genes from TCMSP, STITCH, PharmMapper, 
ETCM, and PubChem databases after integrating and deleting the reduplicated terms (Supplementary material). Fur-
thermore, a total of 1468 genes were identified from OMIM and GEO databases after integrated deduplication 
(Supplementary material). The 22 overlapping genes from the two datasets were identified as potential rhapontin targets 
in PD (Figure 1B). Subsequently, the PPI network was constructed using the STRING database. The top 10 key targets 
were NFE2 L2, HMOX1, TNF, IL10, IL6, AKT1, BCL2, TP53, INS, and PTGS2 (Figure 1C). We then performed KEGG 
pathway enrichment analysis on potential therapeutic targets to gain insight into the key physiological mechanisms of 
rhapontin in PD. The response to oxidative stress and antioxidant activity were critical biological processes and molecular 
functions of rhapontin in the treatment of PD (Figure 1D).

Motor symptoms in the MPTP-induced mouse model were alleviated by rhapontin by activating NRF2
The above results suggested NRF2 as a key transcription factor underlying rhapontin mechanism of action in PD owing 
to its critical role in antioxidant and anti-inflammatory activities. Subsequently, we evaluated rhapontin effects on 
movement disorders and GI dysfunction in MPTP-induced mice using behavioral tests. Figure 2A presents the repres-
entative tracks from the open field test. Rhapontin restored the distance traveled by MPTP-induced mice (P < 0.01). The 
mice in the MPTP + rhapontin + ML385 group traveled shorter distances in the open field test than those in the MPTP + 
rhapontin group (P < 0.01; Figure 2B). Furthermore, MPTP-induced mice took more time to climb down the pole in the 
pole-climbing task than mice in the control (P < 0.01) and MPTP + rhapontin groups (P < 0.01). However, the NRF2 
inhibitor, ML385, partly abolished the effect of rhapontin on the time taken to climb down the pole (P < 0.05) (Figure 2C).

Figure 3A and B shows dopaminergic neurons in each group based on the TH staining. We further analyzed the 
pathological changes. Notably, we observed the enhanced fluorescence intensity of TH+ cells in the substantia nigra (P < 
0.01) and striatum (P < 0.01) of the mice in the MPTP + rhapontin group compared with that in the mice in the MPTP 
group. However, ML385 treatment in the rhapontin + MPTP group decreased fluorescence intensity of TH+ cells in the 
substantia nigra (P < 0.05) and striatum (P < 0.01; Figure 3C).

https://f6publishing.blob.core.windows.net/8e91ab08-5c6e-43ca-84fc-35a5e661b6bb/104875-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8e91ab08-5c6e-43ca-84fc-35a5e661b6bb/104875-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8e91ab08-5c6e-43ca-84fc-35a5e661b6bb/104875-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/8e91ab08-5c6e-43ca-84fc-35a5e661b6bb/104875-supplementary-material.pdf
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Figure 1 The network pharmacology analysis of rhapontin treatment of Parkinson's disease. A: The chemical structure of rhapontin; B: Venn 
diagram of overlapping targets associated with rhapontin in Parkinson's disease (PD); C: Protein-protein interaction of potential targets of rhapontin to treat PD. The 
deeper the color, the greater the degree. The line between two nodes represents the interaction; D: Gene ontology functional enrichment analysis. PD: Parkinson's 
disease; PPI: Protein-protein interaction; GO: Gene ontology; BP: Biological process; CC: Cell component; MF: Molecular function.

GI dysfunction in the MPTP-induced mouse model was ameliorated by rhapontin by activating NRF2
A series of experiments focusing on fecal pellets and fecal moisture were conducted to investigate rhapontin effects on GI 
dysfunction in the MPTP-induced PD mice (Figure 2D and E). MPTP-treated mice exhibited a significant reduction in the 
number of fecal pellets produced within 15 minutes compared with those in the control group (P < 0.01). Rhapontin 
treatment significantly increased the number of fecal pellets in the MPTP-induced PD mice (P < 0.01), indicating an 
improvement in GI motility. Additionally, fecal water content was significantly lower in the mice in the MPTP group than 
in the control group (P < 0.01). Rhapontin administration to MPTP-induced PD mice considerably increased their fecal 
water content, further supporting its beneficial effects on GI function (P < 0.01). Next, we co-administered ML385 and 
rhapontin to explore the underlying mechanisms. ML385 partially inhibited the beneficial effects of rhapontin, indicating 
that the improvement in GI function [fecal pellets (P < 0.05) and fecal moisture (P < 0.01)] by rhapontin may be mediated 
through a pathway involving NRF2 to some extent.

Rhapontin exerts its anti-inflammatory effects by activating NRF2, particularly in the colon
We quantified IL-6, IL-10, TNF-α, and IL-1β levels in the substantia nigra, striatum, and colon to investigate the anti-
inflammatory effects of rhapontin in the MPTP-induced PD mouse model using ELISA. Additionally, we determined 
NRF2 expression in these regions using western blotting.

In the substantia nigra, MPTP treatment remarkably increased IL-6, TNF-α, and IL-1β levels compared with their levels 
in the substantia nigra of the mice in the control group (P < 0.01). However, rhapontin administration reduced the levels 
of these pro-inflammatory cytokines (Figure 4A), although the levels of IL-10, an anti-inflammatory cytokine, did not 
significantly change in the MPTP and MPTP + rhapontin groups (Figure 4A).
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Figure 2 Rhapontin ameliorates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced motor and gastrointestinal dysfunction of 
Parkinson's disease mice. A: Representative traces of the open field test; B: Distance of the open field test; C: Time to descend of pole test; D: Fecal pellets of 
each group at 15 minutes; E: Fecal moisture percentage of each group; n = 10. aP < 0.05; bP < 0.01; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; M: MPTP; 
R: Rhapontin; ML: ML385.

Similar trends were observed in the striatum. MPTP treatment significantly increased IL-6, TNF-α, and IL-1β levels (P < 
0.01). However, rhapontin treatment attenuated these effects (Figure 3B), although IL-10 Levels did not significantly differ 
between the MPTP and MPTP + rhapontin groups (Figure 4B).

MPTP treatment increased IL-6, TNF-α, and IL-1β levels in the colon (P < 0.01). However, rhapontin treatment 
significantly reduced their levels compared with the MPTP group (Figure 4C). Unlike in the substantia nigra and 
striatum, IL-10 Levels were significantly elevated in the colon in the rhapontin-treated group compared with those in the 
MPTP group (P < 0.01; Figure 4C).

ML385 partially reversed the anti-inflammatory effects of rhapontin in all three regions, as indicated by increased IL-6, 
TNF-α, and IL-1β levels (Figure 4).

Western blotting revealed significantly increased NRF2 expression in the colon following rhapontin treatment (P < 
0.01; Figure 5A). However, NRF2 expression in the substantia nigra and striatum did not significantly change in the 
MPTP and MPTP + rhapontin groups (Figure 5B and C).

These findings suggest that the gut-brain axis may play a crucial role in the protective effects of rhapontin against 
MPTP-induced inflammation in PD, and rhapontin exerts its anti-inflammatory effects by activating NRF2, particularly in 
the colon. We selected an appropriate sample size based on previous studies[29,30] and in accordance with the principle 
of minimizing the use of experimental animals. However, the modest sample size used in the experimental design may 
limit the statistical power and generalizability of the conclusions drawn. Future studies should address these limitations 
by incorporating larger cohorts and conducting clinical trials to verify the efficacy and safety of rhapontin in human 
populations, enhancing the robustness of our findings.

DISCUSSION
PD is a prevalent neurodegenerative disorder characterized by progressive loss of dopaminergic neurons in the 
substantia nigra, leading to debilitating motor and non-motor symptoms[31]. Clinical manifestations include tremors, 
rigidity, bradykinesia, and postural instability, which significantly affect the quality of life of affected individuals. 
Moreover, the increasing incidence of PD, particularly in the aging population, underscores the urgent need for effective 
therapeutic interventions to manage its symptoms and slow disease progression[32]. Current pharmacological strategies 
primarily focus on dopaminergic replacement therapy; however, they often fail to address the underlying pathophy-
siological processes, such as oxidative stress and neuroinflammation, which contribute to neuronal degeneration[32,33].

The earliest pathological changes in PD originate in the gut[34], as GI symptoms, such as constipation, often precede 
the onset of motor symptoms by several years[35]. The gut, which acts as a critical interface between the external 
environment and the internal milieu, is particularly susceptible to oxidative stress and inflammation, which are key 
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Figure 3 Rhapontin ameliorates dopaminergic neuronal damage of Parkinson's disease mice. A: Representative immunofluorescence images of 
TH-positive cells in the substantia nigra; B: Representative immunofluorescence images of TH-positive cells in the striatum; C: Quantification analysis of TH-positive 
cell number in Substantia nigra and Striatum. n = 10. aP < 0.05; bP < 0.01; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; M: MPTP; R: Rhapontin; ML: ML385.

contributors to PD pathogenesis[36]. Inflammation in the gut may trigger neuroinflammation in PD[37]. The activation of 
enteric glial cells and the subsequent release of pro-inflammatory cytokines can lead to a cascade of events, including 
increased intestinal permeability, oxidative stress, and the propagation of neuroinflammatory signals to the central 
nervous system (CNS)[38]. This gut-brain axis is further reinforced by the role of the gut microbiota, which can modulate 
immune responses and oxidative stress, thereby influencing PD progression[39]. Moreover, the functional impairment of 
the gut in PD is intricately linked to oxidative stress and inflammation[40]. In PD, oxidative stress can exacerbate 
intestinal inflammation, leading to a vicious cycle of tissue damage and further oxidative stress[41]. The resulting inflam-
mation propagates to the CNS, contributing to the degeneration of dopaminergic neurons in the substantia nigra pars 
compacta[42]. Collectively, the interplay among gut inflammation, oxidative stress, and neuroinflammation provides a 
comprehensive framework for understanding the early stages and progression of PD.

Rhapontin is increasingly recognized for its potential therapeutic benefits in GI disorders[29]. In this study, rhapontin 
effectively alleviated constipation symptoms in PD by modulating intestinal motility and improving fecal water content. 
This effect is likely mediated by its ability to inhibit GI inflammation and improve the overall gut environment. 
Specifically, rhapontin activated the NRF2 pathway in the colon, thereby suppressing the intestinal inflammation and 
improving GI function in mice with PD. Notably, NRF2 activation in the colon did not extend to the substantia nigra or 
striatum, suggesting a specific and localized effect on the GI tract. Furthermore, rhapontin may act via the gut-brain axis 
by activating NRF2 in the colon and reducing gut inflammation, thereby attenuating the systemic inflammatory response 
and oxidative stress that contribute to neuronal damage in PD. These insights provide a compelling rationale for further 
exploration of rhapontin as a novel therapeutic option for PD, potentially addressing both symptom management and 
disease progression.

NRF2, a transcription factor known for its role in antioxidant defense, plays a key role in maintaining the cellular redox 
balance and protecting against oxidative stress-induced damage[43]. In our study, rhapontin significantly increased NRF2 
expression in the colon of mice with PD, which reduced oxidative stress and inflammation by upregulating downstream 
antioxidant genes. The localized activation of NRF2 in the colon rather than in the brain suggests that rhapontin primarily 
targets the GI tract to exert anti-inflammatory effects. NRF2 activation by rhapontin in the colon reduced the expression 
of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, which contribute to the development and progression of 
inflammatory bowel disease and other GI disorders[44]. Furthermore, rhapontin effectively alleviated intestinal inflam-
mation by suppressing pro-inflammatory cytokines, which is a common feature of patients with PD[41]. This finding is 
consistent with those of previous studies highlighting the importance of NRF2 in the protection against intestinal inflam-
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Figure 4 Rhapontin ameliorates inflammation of Parkinson's disease mice. A: Quantification analysis of pro-inflammatory cytokines [Interleukin (IL)-6, 
tumor necrosis factor-α, and IL-1β] and anti-inflammatory cytokines (IL-10) in the substantia nigra; B: Quantification analysis of pro-inflammatory cytokines and anti-
inflammatory cytokines in the striatum; C: Quantification analysis of pro-inflammatory cytokines and anti-inflammatory cytokines in the colon; n = 10. aP < 0.05; bP < 
0.01; NS: Not significant; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; IL: Interleukin; TNF-α: Tumor necrosis factor-α; M: MPTP; R: Rhapontin; ML: ML385.

mation. Rhapontin also improved GI function in mice with PD, evident from the normalization of bowel movements and 
reduction in constipation symptoms. Improvement in GI function is likely mediated by the suppression of intestinal 
inflammation and NRF2 activation, which together help maintain the integrity of the intestinal barrier and promote 
normal bowel function.

Indeed, beyond the canonical antioxidant pathways, NRF2 activation influences several other molecular pathways that 
may contribute to the effects of rhapontin on PD. For example, NRF2 can inhibit the NF-κB signaling pathway, which is a 
pivotal mediator of inflammation[45]. By reducing the expression of pro-inflammatory cytokines and chemokines, NRF2 
activation can shift the inflammatory response towards an anti-inflammatory phenotype, thereby mitigating inflam-
mation. Additionally, NRF2 prevents the formation of the NLRP3 inflammasome, which is a key regulator of neuroin-
flammatory processes[46].

In addition to the molecular mechanisms, this study highlights the implications of rhapontin on the gut-brain axis. 
Unlike NRF2 activation in the colon, its activation was not observed in the substantia nigra and striatum following 
rhapontin treatment. However, rhapontin inhibited the expression of pro-inflammatory cytokines in these brain regions, 
indicating that its beneficial effects on the brain may be indirectly mediated by its action in the GI tract. The gut-brain 
axis-a bidirectional communication network between the gut and brain-plays a crucial role in the pathogenesis of PD[47]. 
By improving GI function and reducing intestinal inflammation, rhapontin may help reduce systemic inflammation, 
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Figure 5 Rhapontin activates nuclear factor erythroid 2-related factor 2 in the colon. A: Western Blot image and analysis of nuclear factor erythroid 
2-related factor 2 (NRF2) in colon; B: Western blot image and analysis of NRF2 in substantia nigra; C: Western blot image and analysis of NRF2 in striatum. n = 10. a
P < 0.05; bP < 0.01; NS: Not significant; NRF2: Nuclear factor erythroid 2-related factor 2; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; M: MPTP; R: 
Rhapontin; ML: ML385.

which contributes to PD progression.
The observation that IL-10 levels were significantly increased in the colon, but not in the brain, is intriguing. This 

localized effect in the colon may be attributed to the unique immunoregulatory environment of the gut, which is highly 
responsive to anti-inflammatory signaling. IL-10 is a key anti-inflammatory cytokine that limits immune cell activation 
and cytokine production in innate immune cell types[48]. The localized increase in IL-10 in the colon may contribute to 
the neuroprotective properties of rhapontin through several mechanisms. Its activation, specifically in the colon, is driven 
by the gut microbiota, which is known to modulate local immune responses through the production of short-chain fatty 
acids and other metabolites. These metabolites enhance IL-10 expression, thereby suppressing pro-inflammatory 
pathways and maintaining gut homeostasis[49]. In contrast, IL-10 can influence the gut microbiota composition, thus 
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promoting a more anti-inflammatory microbial profile that further supports the overall immune balance.
Furthermore, IL-10 promotes microglial phagocytic and clearance activities[50]. IL-10 expression did not significantly 

increase in the substantia nigra or striatum in our study, suggesting that IL-10 activation was primarily localized in the 
colon. This localized effect of rhapontin on IL-10 expression was consistent with that on NRF2. The observed reduction in 
pro-inflammatory cytokines in the substantia nigra and striatum, along with the elevation of anti-inflammatory cytokines 
such as IL-10 only in the colon, indicates that rhapontin mitigates neuroinflammation by affecting GI health, which is 
often compromised in patients with PD. Therefore, rhapontin plays a dual role in modulating both central and peripheral 
inflammatory responses, thereby improving overall patient outcomes. Understanding the relationship between gut health 
and neuroinflammation further emphasizes the need for a holistic approach in the management of PD, wherein the gut-
brain axis could be a significant target for therapeutic interventions.

Recent studies have highlighted the critical role of the gut-brain axis in PD pathogenesis[41]. Rhapontin’s effects on the 
colon, particularly its ability to reduce gut inflammation, may indirectly influence PD progression through this axis. Our 
study suggests that the anti-inflammatory properties of rhapontin in the gut can reduce inflammation in the CNS, which 
may be a key factor in delaying the progression of PD. Recent study indicate that α-synuclein pathology is induced by GI 
inflammation and then transfers to the brain by the gut-brain axis[51]. Rhapontin’s impact on gut inflammation may 
reduce the accumulation of α-synuclein in the GI tract, which is known to spread to the brain and induce PD pathology. 
The relationship between intestinal inflammation and gut microbiota was close in PD[52]. Rhapontin may inhibit 
intestinal inflammation by modulating the gut microbiota, similar to many traditional Chinese medicine compounds[53]. 
Meanwhile, the inhibition of intestinal inflammation by rhapontin may also affect the gut microbiota. This crosstalk is 
worth further exploration. To further explore we will investigate the direct impact of rhapontin on α-synuclein pathology 
in both gut and brain models. Examine the role of rhapontin in modulating the gut microbiota and its downstream effects 
on neuroinflammation. We believe that further exploration of these mechanisms will provide valuable insights.

This study also has some limitations. First, the absence of clinical validation restricts the translational potential of the 
results to humans. Second, the integration of multiple datasets introduces variability, which could potentially skew the 
results and complicate data interpretation. Finally, this study has yet to fully elucidate the specific molecular mechanisms 
underlying rhapontin-mediated upregulation of the NRF2 pathway. While we have explored the role of the NRF2/IL-10 
in the gut-brain axis of PD, the precise mechanism by which rhapontin activates NRF2 remains an area for further invest-
igation in future studies.

We can speculate that rhapontin activates NRF2 in the colon, which subsequently promotes the increase of IL-10 and 
suppresses intestinal inflammation. This effect may alleviate neuroinflammation through the gut-brain axis, rather than 
by directly activating NRF2 in the brain. However, these conclusions lack clinical data support. For future clinical trials 
on rhapontin, we recommend a sample size of at least 100 participants, selected based on age (18-65 years), absence of 
chronic diseases, and normal lifestyle habits. The intervention should include an 8-12-week rhapontin administration 
with a placebo-controlled design. Outcome measures should focus on changes in gut microbiota composition (via 
metagenomic sequencing) and key physiological markers (e.g., inflammatory and metabolic profiles). Long-term follow-
up (1-2 years) is crucial for assessing safety and efficacy. Multi-center trials and individualized analyses are also advised 
to enhance study robustness and applicability. The detailed experimental design needs to be refined in future clinical 
studies. Furthermore, questions concerning the clinical dosage, bioavailability, and biosafety of rhapontin remain to be 
answered, and these explorations are vital for successful clinical translation.

CONCLUSION
In conclusion, our study demonstrated that rhapontin exerts therapeutic effects on GI dysfunction in PD by activating the 
NRF2 pathway in the colon. Subsequently, NRF2 activation suppresses intestinal inflammation and improves GI 
function, which may indirectly benefit the brain through the gut-brain axis. Activation of IL-10 in the colon further 
supports the anti-inflammatory effects of rhapontin. These findings provide valuable insights into the mechanisms 
through which rhapontin can be used to manage GI dysfunction in PD and highlight the potential of targeting the gut-
brain axis for the treatment of neurodegenerative diseases. This study provides potential possibilities and a theoretical 
basis for the clinical application of rhapontin. Future studies should investigate the long-term effects of rhapontin and 
explore its potential as a therapeutic agent for PD.
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Abstract
BACKGROUND 
Hepatocellular carcinoma (HCC), the predominant form of primary liver cancer, 
is a key contributor to cancer-related deaths globally. However, HCC diagnosis 
solely based on blood biochemical markers lacks both sensitivity and specificity.

AIM 
To investigate alterations of the fecal metabolome and intestinal bacteria and 
reveal the correlations among differential metabolites, distinct bacteria, and serum 
indicators.

METHODS 
To uncover potentially effective therapeutic targets for HCC, we utilized non-
targeted liquid chromatography-mass spectrometry and high-throughput DNA 
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sequencing targeting the 16S rRNA gene. This comprehensive approach allowed us to investigate the metabolome 
and microbial community structure of feces samples obtained from patients with HCC. Furthermore, we con-
ducted an analysis to assess the interplay between the fecal metabolome and intestinal bacterial population.

RESULTS 
In comparison to healthy controls, a notable overlap of 161 differential metabolites and 3 enriched Kyoto 
Encyclopedia of Genes and Genomes pathways was observed in the HCC12 (comprising patients with stage I and 
II HCC) and HCC34 groups (comprising patients with stage III and IV HCC). Lachnospira, Streptococcus, and 
Veillonella had significant differences in abundance in patients with HCC. Notably, Streptococcus and Veillonella 
exhibited significant correlations with serum indicators such as alpha-fetoprotein (AFP). Meanwhile, several differ-
ential metabolites [e.g., 4-keto-2-undecylpyrroline, dihydrojasmonic acid, 1,8-heptadecadiene-4,6-diyne-3,10-diol, 
9(S)-HOTrE] also exhibited significant correlations with serum indicators such as γ-glutamyl transferase, total 
bilirubin, AFP, aspartate aminotransferase, and albumin. Additionally, these two genera also had significant associ-
ations with differential metabolites such as 1,2-Dipentadecanoyl-rac-glycerol (15:0/20:0/0:0), arachidoyl ethano-
lamide, and 4-keto-2-undecylpyrroline.

CONCLUSION 
Our results suggest that the metabolome of fecal samples and the composition of intestinal bacteria hold promise as 
potential biomarkers for HCC diagnosis.

Key Words: Hepatocellular carcinoma; Fecal metabolomics; Intestinal bacteria; Correlation analysis; Non-targeted liquid 
chromatography-mass spectrometry

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study investigated the alterations in the fecal metabolome and intestinal bacteria, and elucidated the correl-
ations among differential metabolites, distinct bacterial taxa, and serum indicators. By employing non-targeted liquid 
chromatography-mass spectrometry and high-throughput DNA sequencing technologies, the researchers discovered that 
three Kyoto Encyclopedia of Genes and Genomes pathways, namely retinol metabolism, steroid hormone biosynthesis, and 
ascorbate and aldarate metabolism, were significantly enriched by differential metabolites, along with three representative 
bacterial genera: Streptococcus, Veillonella, and Lachnospira. Notably, Streptococcus and Veillonella exhibited evident 
correlations with serum indicators and differential metabolites. The findings suggest that the fecal metabolome and the 
composition of intestinal bacteria hold considerable potential as biomarkers for the diagnosis of hepatocellular carcinoma.

Citation: Feng J, Wang JP, Hu JR, Li P, Lv P, He HC, Cheng XW, Cao Z, Han JJ, Wang Q, Su Q, Liu LX. Multi-omics reveals the 
associations among the fecal metabolome, intestinal bacteria, and serum indicators in patients with hepatocellular carcinoma. World J 
Gastroenterol 2025; 31(15): 104996
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/104996.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.104996

INTRODUCTION
Primary liver cancer ranked as the third most common cause of cancer-related mortality globally in 2020. Hepatocellular 
carcinoma (HCC) is the major form of liver cancer, accounting for 75%-85% of liver cancer cases, and it carries a 5-year 
survival rate lower than 7%[1,2]. To date, early diagnosis is a prerequisite for the effectiveness of various therapies (e.g., 
surgical resection, and radiation). To improve the prognosis of HCC, it will be important to decode the effects of key 
clinical and biochemical features on disease duration and treatment response. Consequently, predictive biomarkers are 
essential for clinical diagnosis and therapy strategy selection in HCC.

Several indicators in blood have been used clinically. For example, high levels of serum alpha-fetoprotein (AFP) are 
closely associated with elevated mortality, and they have been used to evaluate the risk of tumor relapse after surgical 
removal and liver transplantation. High levels of vascular endothelial growth factor-A and angiopoietin-2 are associated 
with an adverse prognosis in HCC, but neither can predict treatment response. Cytokines, such as interleukin-6, 
interferon alpha, and transforming growth factor-β, have garnered attention as potential predictive biomarkers of the 
treatment response in HCC. However, definitive conclusions regarding their efficacy, clinical relevance, and specificity in 
prognosticating treatment outcomes necessitate additional research endeavors and larger-scale prospective studies[3].

The exploration of potential biomarkers for early diagnosis, accurate prognosis, and precision stratification purposes is 
vital to reducing the disease burden of HCC. Mass spectrometry (MS) is a powerful metabolomics analysis technique that 
has been applied to different experimental methods and instrument platforms at different stages of biomarker discovery. 
Currently, MS-based metabolomics analysis has been applied to different samples (such as blood), and it has revealed a 
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large number of HCC biomarkers[4]. In a study of the sera of 68 patients with HCC, 33 patients with liver cirrhosis, and 
34 healthy controls (HCs), Li et al[5] identified five metabolites with significant alterations in abundance in HCC: 
Taurochenodeoxycholic acid, glycochenodeoxycholate, ouabain, theophylline, and xanthine. Based on an analysis of 52 
patients with HCC and 59 HCs by liquid chromatography–MS, Liu et al[6] reported that the levels of DL-3-phenyllactic 
acid, L-tryptophan, glycocholic acid, and 1-methylnicotinamide were increased in tissue and portal vein serum samples 
in HCC, whereas the levels of linoleic acid and phenol were decreased in portal vein and stool samples. Zhang et al[7] 
found that the levels of 15 short-chain fatty acids such as propionate, butyrate, isobutyrate, and 2-methylbutyrate were 
extremely altered in the feces of patients with HCC. However, the research on the differential metabolites in feces of 
patients with HCC is insufficient.

The link between the gut microbiota and HCC was recently depicted by numerous researchers. High serum levels of 
lipopolysaccharide have been observed in patients with chronic liver disease (e.g., HCC, cirrhosis, alcoholic hepatitis)[8], 
suggesting potential alterations in the ecological structure of the gut microbiota. For example, probiotics can regulate gut 
microbiota and T-cell differentiation and then interfere with the progression of HCC[9]. Ma et al[10] reported that 
Bacteroides thetaiotaomicron and its metabolite acetic acid effectively disturbed the recurrence of HCC and improved 
clinical outcomes. Therefore, compared with HCs, there are differences in the gut microbiota structure of patients with 
HCC, but current research has not revealed a consistent pattern. In this study, we investigated the alterations and correl-
ations of the fecal metabolome and gut microbiota in individuals with different stages of HCC to provide novel predictive 
biotargets for the selection of treatment strategies.

MATERIALS AND METHODS
Patient specimens
Stool and blood samples were gathered from patients with HCC undergoing treatment and subsequent follow-ups at 
Shanxi Provincial People’s Hospital (Taiyuan, Shanxi Province, China) from 2021 to 2022. The study protocol was 
approved by the medical ethics committee of Shanxi Provincial People’s Hospital affiliated to Shanxi Medical University 
(No. 2021-45). Written informed consent was obtained from all participants in this study. For the HC cohort, the 
specimens were procured from individuals who were deemed medically fit and who had abstained from antibiotic 
consumption for at least 1 month preceding their enrollment in the study. Table 1 provides an overview of the 
demographic details and clinical characteristics of the study participants.

Serum indicator analysis
All patients and HCs underwent assessment of the following blood indicators after 12 hours of fasting: Alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), γ-glutamyl transferase (GGT), and AFP.

Untargeted metabolomic analysis
Fecal samples were analyzed using an ACQUITY UPLC I-Class PLUS System (Waters, Milford, MA, United States) by 
Biomarker Technologies (Beijing, China). The column used in this study was the Waters Acquity UPLC HSS T3 column 
(1.8 μm × 2.1 mm × 100 mm). Mobile phase A consisted of 0.1% formic acid aqueous solution, and 0.1% formic acid 
acetonitrile was used as mobile phase B. Primary and secondary MS data were collected in the MSe mode using a Xevo 
G2-XS QTof high-resolution mass spectrometer (Waters) under the control of acquisition software (MassLynx V4.2, 
Waters).

Following normalization of the original peak area data relative to the total peak area, subsequent analyses were 
performed. To assess the reproducibility within a group of samples and the performance of quality control samples, both 
principal component analysis (PCoA) and Spearman’s correlation analysis were employed. The classified compounds 
were queried for their pathway associations and categorization details within the Kyoto Encyclopedia of Genes and 
Genomes (KEGG), Human Metabolome Database, and Lipid Maps repositories. Utilizing the grouping information, the 
fold changes (FCs) were computed and compared, and a t-test was employed to assess the statistical significance (P value) 
of the differences observed for each compound. R software facilitated orthogonal partial least squares discriminant 
analysis (OPLS-DA) modeling and validated model reliability via 200 permutation tests. Employing multiple cross-
validation techniques, we computed the variable importance in projection (VIP) score for the model. Differential 
metabolites were screened using a combined approach incorporating FCs, P values, and VIP scores from the OPLS-DA 
model. KEGG pathway enrichment significance for differential metabolites was assessed via a hypergeometric distri-
bution test.

Fecal microbiota analysis
DNA was extracted from fecal samples. The V3-V4 region of 16S rRNA gene was amplified using the following primers: 
F, 5’-ACTCCTACGGGAGGCAGCA-3’; and R, 5’-GGACTACHVGGGTWTCTAAT-3’. Following polymerase chain 
reaction amplification with sequencing adapters, the products underwent purification, quantification, and homogen-
ization to create a sequencing library. This library, once verified, was subjected to sequencing on the Illumina Novaseq 
6000 platform by Biomarker Technologies. The raw data were analyzed using the base-calling method, transformed into 
the original sequenced reads, and stored in the FASTQ file format. Clean reads were obtained after filtration of the raw 
reads by Trimmomatic v0.33 and the removal of primer sequences by cutadapt 1.9.1. To obtain non-chimeric reads, the 
clean reads were concatenated using Usearch v10 and denoised, and chimeric sequences were removed using the dada2 
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Table 1 Demographic profiles and clinical features of the participants in the study, mean ± SD/n (%)

HCC
Characteristic HC (n = 19)

HCC12 (n = 18) HCC34 (n = 20)

Gender

Female 6 3 3

Male 13 (68.42) 15 (83.33) 17 (85.00)

Age (years) 51.42 ± 7.27 65.83 ± 8.49b,1 57.60 ± 8.32a,b,2

BMI (kg/m2) 24.73 ± 2.73 22.40 ± 3.70a,1 22.49 ± 3.36a,b,2

Stage

I 7

II 11

III 11

IV 9

Complicated with HBV infection 12 (66.67) 18 (90)

Complicated with cirrhosis 18 (100) 19 (95)

ALT (IU/L) 31.34 ± 13.28 24.68 ± 13.70 43.69 ± 34.80a,2

AST (IU/L) 20.07 ± 7.09 47.84 ± 30.10b,1 73.54 ± 48.00b,1

ALB (g/L) 47.39 ± 4.24 34.41 ± 5.49b,1 31.37 ± 3.97b,1

ALP (IU/L) 79.29 ± 27.75 142.92 ± 183.94 177.34 ± 125.17b,1

GGT (mmol/L) 17.41 ± 8.24 111.30 ± 111.34b,1 85.48 ± 59.86b,1

TBIL (mmol/L) 12.06 ± 4.86 30.33 ± 18.98b,1 50.29 ± 52.58b,1

AFP (ng/mL) 1.21 ± 1.23 177.50 ± 370.07b,1 553.16 ± 548.05b,1,2

aP < 0.05.
bP < 0.01.
1P calculated hepatocellular carcinoma vs healthy control.
2P calculated comprising patients with stage III and IV hepatocellular carcinoma vs comprising patients with stage I and II hepatocellular carcinoma.
HC: Healthy control; HCC: Hepatocellular carcinoma; HCC12: Comprising patients with stage I and II hepatocellular carcinoma; HCC34: Comprising 
patients with stage III and IV hepatocellular carcinoma; BMI: Body mass index; HBV: Hepatitis B virus; ALT: Alanine aminotransferase; AST: Aspartate 
aminotransferase; ALB: Albumin; ALP: Alkaline phosphatase; GGT: γ-glutamyl transferase; TBIL: Total bilirubin; AFP: Alpha-fetoprotein.

method in QIIME2 2020.6. Utilizing species annotation and abundance analysis, deeper exploration was conducted into 
the microbial community’s composition, α- and β-diversity indices, dominant bacterial taxa, and functional prediction 
capabilities. The raw 16S rDNA gene sequencing data have been submitted to the NCBI Sequence Read Archive for access 
and further analysis (https://www.ncbi.nlm.nih.gov/sra/PRJNA1127013).

Correlation analysis
Correlation analysis between fecal differential metabolites and dominant bacterial taxa or serum indicators was 
performed using Spearman’s correlation analysis. Visualized correlations are denoted by red (positive) and blue 
(negative) hues, with an ellipse shape indicating the strength of the absolute correlation.

Statistical analysis
Statistical evaluations were conducted in R software (The R Foundation for Statistical Computing, Vienna, Austria) and 
GraphPad Prism 5 (GraphPad Software, Boston, MA, United States). To discern differential bacterial taxa across groups, 
permutational multivariate analysis of variance was applied. For multiple comparisons, false discovery rate-adjusted P 
values were used, with P < 0.05 denoting statistical significance and P < 0.01 indicating high significance.

RESULTS
Clinical characteristics of the study population
Our cohort of 38 patients included 32 men (84.21%). Twenty-three patients (60.53%) were older than 60 years of age, and 

https://www.ncbi.nlm.nih.gov/sra/PRJNA1127013
https://www.ncbi.nlm.nih.gov/sra/PRJNA1127013
https://www.ncbi.nlm.nih.gov/sra/PRJNA1127013


Feng J et al. Multi-omics analysis in HCC

WJG https://www.wjgnet.com 5 April 21, 2025 Volume 31 Issue 15

37 patients (97.37%) had cirrhosis. The primary risk factor was hepatitis B virus infection in 30 patients (78.95%). 
According to the tumor node metastasis staging criteria, 7 (18.42%), 11 (28.95%), 11 (28.95%), and 9 patients (23.68%) had 
stage I, II, III, and IV HCC, respectively. The mean serum levels of ALT, AST, albumin (ALB), alkaline phosphatase 
(ALP), GGT, TBIL, and AFP are listed in Table 1, and the detailed values of each sample are presented in Supplementary 
Table 1. In contrast to the HC group, patients with HCC exhibited markedly elevated serum concentrations of AST, ALB, 
GGT, TBIL, and AFP. Notably, the mean ALP level in patients with stage I-II HCC was higher than that in HCs, but the 
difference was not significant. However, substantial differences in ALP levels were noted among patients with HCC. In 
addition, the serum level of AFP in patients with HCC was remarkably increased (P < 0.05), and its levels were 
significantly higher in advanced HCC stages (III and IV) than in earlier stages (I and II, P < 0.05). Receiver operating 
characteristic (ROC) curve analysis indicated that body mass index, ALT, ALB, ALP, GGT, TBIL, and AFP were 
significantly associated with the occurrence of HCC. However, ALT [HC vs HCC12 (comprising patients with stage I and 
II HCC), area under the curve (AUC) = 0.6550, P = 0.1074; HC vs HCC34 (comprising patients with stage III and IV HCC), 
AUC = 0.5684, P = 0.4651] were not associated with HCC (Figure 1A and B, Table 2). Furthermore, only 13 patients with 
HCC (34.21%) had AFP levels exceeding 400 ng/mL (Supplementary Table 1). Therefore, the sensitivity and specialty of 
serum indicators in the diagnosis of HCC appeared limited.

Differential metabolites and correlations with serum indicators
The overall differences in the three comparisons are displayed in Figure 1C. R2Y (HC vs HCC12, 0.943; HC vs HCC34, 
0.937; HCC12 vs HCC34, 0.995) and Q2Y (HC vs HCC12, 0.596; HC vs HCC34, 0.42; HCC12 vs HCC34, 0.32) suggested 
that the models were reliable.

The screening criteria for differentially accumulated metabolites comprised P ≤ 0.05 and VIP ≥ 1. The levels of the 
metabolites in each sample were displayed as a heatmap in Figure 1D and as volcano plots in Figure 2A-C. As presented 
in Table 2, 3351 metabolites were detected. In comparison with HCs, the levels of 209 and 118 metabolites were increased 
in HCC12 and HCC34, respectively, whereas 177 and 297, respectively, were lower (Figure 1E and Table 3). In total, 161 
differential metabolites were shared in the two comparisons (HC vs HCC12 and HC vs HCC34), and seven of them were 
also significantly altered in the comparison of HCC12 vs HCC34 (Figure 1E), including cholylglutamic acid, beta-D-
gentiobiosyl crocetin, tryptophyl-proline, pisumionoside, PS [16:0/20:5 (6E,8Z,11Z,14Z,17Z)-OH (5)], 5-hydroxyin-
doleacetic acid, and lithocholate 3-O-glucuronide. Additionally, ROC analysis was conducted, with Supplementary 
Figure 1 (HC vs HCC12) and Supplementary Figure 2 (HC vs HCC34) depicting the ROC curves of the top 10 metabolites 
by AUC.

To further evaluate the biological significance of differentially accumulated metabolites, we investigated their correl-
ations with serum indicators by Spearman’s correlation analysis. The serum indicators and differential metabolites with 
the strongest correlation are listed in Table 4. AST and ALB were significantly correlated with the differential metabolites 
in HCC34. The AST level was positively correlated with those of 25-acetyl-6,7-didehydrofevicordin F 3-glucoside and 
coumatetralyl, whereas the ALB level was positively correlated with those of cholylglutamic acid, propamocarb, and 3b-
hydroxy-6b-angeloyloxy-7 (11)-eremophilen-12,8b-olide and negatively correlated with those of 25-acetyl-6,7-didehydro-
fevicordin F 3-glucoside and 5-ribosylparomamine. Interestingly, we found that AFP was negatively correlated with six 
differential metabolites [(1S)-1-hydroxy-23,24-didehydro-25,26,27-trinorcalciol, dihydrojasmonic acid, 3-nor-3-
oxopanasinsan-6-ol, (6R,7S)-6,7-epoxy-1,3-tetradecadiyne, and 1,8-heptadecadiene-4,6-diyne-3,10-diol] in HCC12 and 
positively correlated with vamorolone. However, in HCC34, no differential metabolites were significantly correlated with 
the AFP level. GGT and TBIL were correlated with different metabolites in the HCC12 and HCC34 groups. Concerning 
other blood indicators, we did not identify differential metabolites significantly correlated with their levels. Notably, six 
metabolites [(1S)-1-hydroxy-23,24-didehydro-25,26,27-trinorcalciol, dihydrojasmonic acid, vamorolone, 3-nor-3-
oxopanasinsan-6-ol, (6R,7S)-6,7-epoxy-1,3-tetradecadiyne, and 1,8-heptadecadiene-4,6-diyne-3,10-diol] were significantly 
correlated with both TBIL and AFP levels in HCC12 compared with HCs, and 25-acetyl-6,7-didehydrofevicordin F 3-
glucoside was related to both AST and ALB in HCC34.

KEGG pathway enrichment analysis
To investigate the critical metabolic pathways altered in patients with HCC, the differentially accumulated metabolites 
were mapped to the KEEG database. According to the P values, number of metabolites involved, and pathway impact, 
the two most significant KEGG pathways in the HC vs HCC12 comparison were retinol metabolism (P < 0.01, impact 
value = 0.47938) and steroid hormone biosynthesis (P < 0.05, impact value = 0.15113), followed by terpenoid backbone 
biosynthesis (P = 0.24036, impact value = 0.18571) and glycerophospholipid metabolism (P = 0.10058, impact value = 
0.15634; Figure 2D and Supplementary Table 2). Retinol metabolism (P < 0.05, impact value = 0.26289) and steroid 
hormone biosynthesis (P < 0.01, impact value = 0.17926) were also significantly enriched in the HC vs HCC34 comparison. 
Meanwhile, ascorbate and aldarate metabolism (P < 0.01, impact value = 0) was observed (Figure 2E and Supplementary 
Table 2). These results implied that retinol metabolism, steroid hormone biosynthesis, and ascorbate and aldarate 
metabolism might be critical to the pathogenesis and development of HCC.

Alterations of the gut microbiota in patients with HCC
To explore the potential function of the gut microbiota in HCC, we investigated the alterations of the ecological structure 
of the intestinal bacteria. α-diversity was evaluated using four indices, namely abundance-based coverage estimator, 
Chao1, Simpson, and Shannon (Figure 3A), and the results revealed no significant changes in richness and evenness. 
However, PCoA identified significant differences among the HC, HCC12, and HCC34 groups, as only a portion of the 
samples in the three groups overlapped (Figure 3B). Furthermore, the results of OPLS-DA also suggested that these three 

https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
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Table 2 Receiver operating characteristic analysis of serum indicators

HC vs HCC12 HC vs HCC34
Characteristic

AUC P value AUC P value

BMI 0.7047 0.0335 0.7000 0.0328

ALT 0.6550 0.1074 0.5684 0.4651

AST 0.8816 < 0.0001 0.9842 < 0.0001

ALB 0.9737 < 0.0001 1 < 0.0001

ALP 0.6170 0.2242 0.8132 0.0008

GGT 0.9064 < 0.0001 0.9289 < 0.0001

TBIL 0.8553 0.0002 0.9263 < 0.0001

AFP 0.9474 < 0.0001 0.9763 < 0.0001

HC: Healthy control; HCC12: Comprising patients with stage I and II hepatocellular carcinoma; HCC34: Comprising patients with stage III and IV 
hepatocellular carcinoma; BMI: Body mass index; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; ALB: Albumin; ALP: Alkaline 
phosphatase; GGT: γ-glutamyl transferase; TBIL: Total bilirubin; AFP: Alpha-fetoprotein.

Table 3 Numbers of differentially accumulated metabolites

Group Total Differential metabolites Up Down

HC vs HCC34 3351 386 209 177

HC vs HCC12 3351 415 118 297

HC: Healthy control; HCC12: Comprising patients with stage I and II hepatocellular carcinoma; HCC34: Comprising patients with stage III and IV 
hepatocellular carcinoma.

groups were separated from each other (Figure 3C), indicating that the community compositions of intestinal bacteria 
were extremely changed in patients with HCC compared with those in healthy individuals. As illustrated in Figure 3B 
and C, unweighted pair-group method with arithmetic means revealed a clear separation of the HC group from the 
HCC12 or HCC34 group (Figure 3D).

The dominant distinct bacterial taxa and their correlations with serum indicators
To identify the primary differential bacterial taxa in patients with HCC, an evaluation of the relative abundance of all 
bacterial phyla was conducted, with the top 10 most abundant phyla presented in Figure 4A. Of them, Firmicutes and 
Bacteroidetes were the two most abundant bacterial phyla. We further compared the relative abundance of various 
bacterial phyla among the three groups (HC, HCC12, and HCC34), and no distinct phyla were found (Figure 4B).

Then, the relative abundance of bacterial genera was analyzed in each sample, and the top 10 genera are presented in 
Figure 5A. The proportions of these 10 bacterial genera varied among the samples. Therefore, the dominant taxa in each 
group were analyzed using linear discriminant analysis (LDA) effect size. The hierarchical relationship of the main 
communities in each group is displayed in a cladogram in Figure 5B. Three bacterial communities, namely Lachnospira, 
unclassified Lachnospira species, and Selenomonadaceae, were enriched in the HC group. Four taxa, including Proteobacteria, 
Gammaproteobacteria, Enterobacterales, and Enterobacteriaceae, were dominant in the HCC12 group. The communities 
enriched in the HCC34 group were unclassified Rothia species, Micrococcales, Rothia, Micrococcaceae, unclassified Veillonella 
species, Veillonella, unclassified Streptococcus species, Streptococcaceae, Streptococcus, Lactobacillales, and Bacilli. The LDA 
score was also utilized to depict the results as a bar chart, as presented in Figure 5C. Notably, three representative 
bacterial genera were observed, of which the relative abundance of Lachnospira was extremely lower in the HCC12 and 
HCC34 groups, whereas that of Streptococcus and Veillonella was remarkably increased in these groups (Figure 5D).

Furthermore, the correlations between intestinal bacteria and serum indicators were investigated. Spearman’s 
correlation analysis was used to analyze the correlations between the top 20 differentially abundant bacterial genera and 
serum indicators in each comparison (Figure 6). In the HC vs HCC12 comparison, seven bacterial genera, namely Strepto-
coccus, Veillonella, Parabacteroides, Lachnoclostridium, Lachnospira, Roseburia, and Subdoligranulum, were significantly 
correlated with at least one serum indicator. In the HC vs HCC34 comparison, six genera were identified, specifically 
Lachnoclostridium, Lachnospira, Streptococcus, Rothia, Veillonella, and Haemophilus. The common genera were Streptococcus, 
Veillonella, Lachnoclostridium, and Lachnospira. Of these, the abundance of Streptococcus was positively correlated with the 
levels of five serum indicators, including GGT, AST, ALP, TBIL, and AFP, in both comparisons and negatively correlated 
with the serum level of ALB in the HC vs HCC34 comparison. Veillonella had significant positive correlations with TBIL 
(HC vs HCC12 and HC vs HCC34), AFP (HC vs HCC12 and HC vs HCC34), GGT (HC vs HCC34), and AST levels (HC vs 
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Table 4 Correlations between differential metabolites and serum indicators

HC vs HCC12 HC vs HCC34Serum 
indicator Metabolite Coefficient P value Metabolite Coefficient P value

25-Acetyl-6,7-didehydrofevicordin F 
3-glucoside

6.92E-01 5.27E-03AST

Coumatetralyl 6.42E-01 4.87E-02

25-Acetyl-6,7-didehydrofevicordin F 
3-glucoside

-6.99E-01 3.68E-03

Cholylglutamic acid 6.82E-01 8.41E-03

Propamocarb 6.62E-01 2.07E-02

3b-Hydroxy-6b-angeloyloxy-7(11)-
eremophilen-12,8b-olide

6.55E-01 2.81E-02

ALB

5-Ribosylparomamine -6.50E-01 3.46E-02

Flurandrenolide 6.86E-01 6.99E-03

Alanine amine 6.79E-01 9.67E-03

Trans-Oct-2-enoyl-CoA 6.59E-01 2.34E-02

GGT 4-Keto-2-undecylpyrroline -7.01E-01 7.23E-03

1’-Hydroxyversicolorone 6.57E-01 2.62E-02

(1S)-1-hydroxy-23,24-didehydro-
25,26,27-trinorcalciol

-4.29E-01 6.47E-06 2-(Ethylamino)ethanol 6.83E-01 8.12E-03

Dihydrojasmonic acid -3.17E-01 1.15E-02 Vitamin A -6.70E-01 1.49E-02

Vamorolone 5.05E-01 1.33E-02 9-cis-Retinoic acid -6.69E-01 1.52E-02

3-NOR-3-OXOPANASINSAN-6-
OL

-3.54E-01 2.85E-02 3,4-Dimethyl-5-pentyl-2-furanpro-
panoic acid

-6.57E-01 2.60E-02

(6R,7S)-6,7-Epoxy-1,3-
tetradecadiyne

-4.55E-01 3.34E-02

1,8-Heptadecadiene-4,6-diyne-
3,10-diol

-3.73E-01 3.39E-02

TBIL

9(S)-HOTrE -2.56E-01 3.56E-02

(1S)-1-hydroxy-23,24-didehydro-
25,26,27-trinorcalciol

-7.02E-01 6.95E-03

Dihydrojasmonic acid -6.97E-01 8.88E-03

Vamorolone 6.95E-01 9.67E-03

3-NOR-3-OXOPANASINSAN-6-
OL

-6.85E-01 1.52E-02

(6R,7S)-6,7-Epoxy-1,3-
tetradecadiyne

-6.66E-01 3.51E-02

AFP

1,8-Heptadecadiene-4,6-diyne-
3,10-diol

-6.60E-01 4.35E-02

HC: Healthy control; HCC12: Comprising patients with stage I and II hepatocellular carcinoma; HCC34: Comprising patients with stage III and IV 
hepatocellular carcinoma; AST: Aspartate aminotransferase; ALB: Albumin; GGT: γ-glutamyl transferase; TBIL: Total bilirubin; AFP: Alpha-fetoprotein.

HCC34) and a negative correlation with ALB levels (HC vs HCC34). Lachnoclostridium exhibited negative correlations 
with AST and AFP levels in both comparisons. Lachnospira was negatively associated with TBIL, AFP, and GGT levels in 
the HC vs HCC12 comparison. Meanwhile, in the HC vs HCC34 comparison, the genus was and negatively correlated 
with ALP, AST, AFP, GGT, and TBIL levels and positively correlated with ALB levels.

Correlation analysis of the metabolome and intestinal bacteria in patients with HCC
The correlation between the fecal metabolome and intestinal bacteria was analyzed using Spearman’s rank correlation 
coefficient. The top 10 bacteria in terms of the absolute value of Log2FC were selected. Differential bacterial phyla (genera) 
were screened using analysis of variance with the criterion of P < 0.05. In the HC vs HCC12 comparison, four differen-
tially abundant bacterial phyla, namely Firmicutes, Proteobacteria, Fusobacteriota, and Desulfobacterota, were associated with 
metabolites including 4-keto-2-undecylpyrroline, retinoic acid, and flurandrenolide (Figure 7A, upper panel). Five genera 
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Figure 1 Receiver operating characteristic analysis of serum indicators and alteration analysis of fecal metabolic profiling. A and B: 
Receiver operating characteristic curves of healthy control (HC) vs comprising patients with stage I and II hepatocellular carcinoma (HCC12) (A) and HC vs 
comprising patients with stage III and IV hepatocellular carcinoma (HCC34) (B); C: Orthogonal partial least squares discriminant analysis score plots of HC vs 
HCC12, HC vs HCC34, and HCC12 vs HCC34; D: Clustered heatmap of the differential metabolites in each group; E: Venn diagram of the differential metabolites in 
each comparison. BMI: Body mass index; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; ALB: Albumin; ALP: Alkaline phosphatase; GGT: γ-
glutamyl transferase; TBIL: Total bilirubin; AFP: Alpha-fetoprotein; OPLS-DA: Orthogonal partial least squares discriminant analysis; HC: Healthy control; HCC: 
Hepatocellular carcinoma; HCC12: Comprising patients with stage I and II hepatocellular carcinoma; HCC34: Comprising patients with stage III and IV hepatocellular 



Feng J et al. Multi-omics analysis in HCC

WJG https://www.wjgnet.com 9 April 21, 2025 Volume 31 Issue 15

carcinoma.

Figure 2 Volcano plots of the differential metabolites and bubble plots of the Kyoto Encyclopedia of Genes and Genomes pathways. A-C: 
The differential metabolites of healthy control (HC) vs comprising patients with stage I and II hepatocellular carcinoma (HCC12) (A), HC vs comprising patients with 
stage III and IV hepatocellular carcinoma (HCC34) (B), and HCC12 vs HCC34 (C) were displayed as volcano plots; D and E: Kyoto Encyclopedia of Genes and 
Genomes enrichment analysis was separately performed on the MetaboAnalyst website (https://www.metaboanalyst.ca/) for the differential metabolites in the two 
comparisons, namely HC vs HCC12 (D) and HC vs HCC34 (E). HCC: Hepatocellular carcinoma; HCC12: Comprising patients with stage I and II hepatocellular 
carcinoma; HCC34: Comprising patients with stage III and IV hepatocellular carcinoma; VIP: Variable importance in projection; FC: Fold change.

(Klebsiella, Agathobacter, Escherichia Shigella, Roseburia, and Veillonella) were significantly correlated with 4-keto-2-undecyl-
pyrroline (Klebsiella and Agathobacter, P < 0.05; Veillonella, P < 0.01), allo-hydroxycitric acid lactone (P < 0.05), and 
flurandrenolide levels (P < 0.05, Figure 7A, lower panel). Of these, Klebsiella and Escherichia Shigella belong to Proteo-
bacteria, and Agathobacter, Roseburia, and Veillonella all belong to Firmicutes. In the HC vs HCC34 comparison, three genera 
were associated with the metabolites flurbiprofen glucuronide and DG (15:0/20:0/0:0) (Figure 7B, upper panel), and five 
genera had significant correlations with eight metabolites (Figure 7B, lower panel). Notably, Streptococcus and Megamonas 
both belong to Firmicutes. Streptococcus exhibited positive association with the levels of DG (15:0/20:0/0:0) (P < 0.05), and 
Megamonas was positively correlated with PZ-peptide (P < 0.05) and glycyrrhizic acid levels (P < 0.01). In the HCC12 vs 
HCC34 comparison, three phyla displayed significant correlations with four metabolites (Figure 7C, upper panel). 
Interestingly, arachidoyl ethanolamide had a significant correlation with Streptococcus (P < 0.01, Figure 7C, lower panel). 
Meanwhile, Bacteroides was associated with 5-hydroxyferulate (P < 0.05) and carteolol levels (P < 0.01). Combined with 
the correlation analysis with serum indicators (Figure 6), Streptococcus and Veillonella appeared to be most important in 
the onset and development of HCC.

DISCUSSION
Blood-based biomarkers are commonly used indicators for diagnosing liver diseases. AFP is the conventional blood 
diagnostic marker for HCC. The normal AFP concentration ranges from 0 to 40 ng/mL, and it is significantly elevated in 
the blood of 60%-70% of patients with HCC. Meanwhile, approximately 30% of patients with HCC exhibit negative AFP 
levels clinically[11]. Additionally, AFP levels can be changed in response to liver injury and some other liver diseases 
(such as steatohepatitis, fatty liver, and chronic or active hepatitis)[12], resulting in false-positive diagnostic results. Thus, 
the specificity and sensitivity of AFP as a diagnostic indicator for HCC are limited. To reduce misdiagnosis, additional 
blood indicators need to be comprehensively evaluated clinically, such as ALT and AST. However, alterations in the 
levels of these indicators are usually related to various factors. For example, in addition to HCC, ALT is also associated 
with long-term alcohol consumption, fatty liver disease, and the use of certain liver-damaging drugs (such as isoniazid 
tablets and rifampicin tablets)[13]. AST is one of the biomarkers of myocardial injury, and its abnormal elevation is also 

https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/
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Figure 3 Alterations of the ecological structure of the intestinal bacteria in patients with hepatocellular carcinoma. A: Assessment of α-
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diversity within fecal samples sourced from patients with hepatocellular carcinoma; B: Visualization of unweighted UniFrac principal component analysis scores 
through a scatter plot; C: Scatter plot of orthogonal partial least squares discriminant analysis of the metabolic profiling of each group; D: Construction of a 
hierarchical clustering dendrogram utilizing the unweighted pair group method with arithmetic mean. PCoA: Principal component analysis; HCC12: Comprising 
patients with stage I and II hepatocellular carcinoma; HCC34: Comprising patients with stage III and IV hepatocellular carcinoma; ACE: Abundance-based coverage 
estimator; PLS-DA: Partial least squares discriminant analysis; HC: Healthy control.

closely related to glucose and lipid metabolism disorders[14]. ALB is associated with kidney disease and decreased 
immune function[15]. Elevated ALP might be caused by jaundice, rickets, leukemia, and other diseases[16]. The 
significant increase in GGT levels in serum might be related to pancreatic head cancer, cirrhosis, and other diseases[17]. 
Abnormally elevated TBIL levels can be suggestive of conditions including hemolysis and gallstones[18]. We analyzed 
blood indicators in 38 patients with HCC, with 13 patients (3 in the HCC12 group and 10 in the HCC34 group) having 
AFP levels exceeding 400 ng/mL. Interestingly, among patients with AFP levels lower than 40 ng/mL, 19 had normal 
serum levels, including 13 and 6 in the HCC12 and HCC34 groups, respectively (Tables 1 and Supplementary Table 1). 
Although six other blood indicators were also measured in this study, their diagnostic value for HCC was limited. In 
addition to blood indicators, liver ultrasonography is also used clinically to screen patients with HCC. However, because 
of the limited specificity and sensitivity of ultrasonography, early liver cancer lesions might not be detected promptly, 
and false-negative results cannot be avoided. Therefore, new and more effective biomarkers urgently need to be 
developed.

Metabolomics studies of feces, biofluids, and tissues have been considered powerful methods for describing metabolic 
features during the onset of HCC. A study involving 262 patients with HCC identified three metabolites (taurocholic acid, 
lysophosphoethanolamine, and lysophosphatidylcholine) with significantly increased levels in the sera of patients with 
HCC[19]. Jee et al[20] found five serum metabolites (leucine, phenylalanine, tyrosine, arachidonic acid, and 5-hydroxy-
hexanoic acid) were highly correlated with the occurrence of HCC among 37 significantly differential metabolites using 
an ultra-performance liquid chromatography-MS method. Compared with body fluid samples, the metabolites enriched 
in feces are partly sourced from the gut microbiota, potentially reflecting the pathogenesis and progression of HCC and 
the interplay between the gut microbiota and disease progression[21]. Of note, the fecal metabolome largely reflects the 
community structure of the gut microbiota, and it is considered a functional indicator of the gut microbiota[22]. Research 
by Liu et al[6] uncovered that the concentrations of linoleic acid and phenol in feces and hepatic portal vein blood samples 
from patients with HCC were notably diminished in comparison to those found in HCs. Furthermore, linoleic acid and 
phenol exhibit suppressive effects on the viability and colony formation of HCC cells, specifically Hep3B and Huh7 cells, 
while inducing apoptosis in these cells. However, these compounds did not exert similar effects on normal hepatocyte 
cells, such as MIHA cells[6]. In this study, we identified seven low-abundance metabolites in the HCC12 group, including 
three (retinol, retinoate, and 9-cis-retinoic acid) involved in retinol metabolism and four (dehydroepiandrosterone, 
dehydroepiandrosterone sulfate, androstenediol, and androstenedione) involved in steroid hormone biosynthesis 
(Figure 2D). Two differential metabolites with reduced levels in the HCC34 group, (retinol and 9-cis-retinoic acid) are 
involved in retinol metabolism, other six metabolites with decreased levels (dehydroepiandrosterone, dehydroepiandros-
terone sulfate, androstenediol, 17-alpha-hydroxyprogesterone, estrone, and 16-glucuronide-estriol) are involved in 
steroid hormone biosynthesis, and two metabolites (myo-inositol and beta-D-glucuronoside) are involved in ascorbate 
and aldarate metabolism (Figure 2E). Retinol metabolism has been observed to be inhibited in patients with metabolic 
dysfunction-associated fatty liver disease[23,24], and they have critical roles in the regulation of metabolic disorders 
attributable to carbon tetrachloride-induced liver fibrosis[25]. Furthermore, retinaldehyde storage was extremely reduced 
in patients with HCC, and retinol metabolism might be a potential diagnostic and prognostic marker in HCC[26]. Steroid 
hormones play crucial roles in multiple metabolic pathways, and the liver is responsible for maintaining their 
homeostasis[27]. Steroid hormone imbalance has been linked to multiple liver disorders. For instance, hypoestrogenism 
can trigger the onset and progression of non-alcoholic fatty liver disease in post-menopausal females[28]. Deficiency of 
testosterone, the primary androgen, might contribute to the development of sarcopenia in male patients with liver 
cirrhosis[29]. Therefore, inhibition of steroid hormone biosynthesis might lead to HCC. Ascorbate was demonstrated to 
affect the proliferation and viability of tumor cells[30]. It has been reported that ascorbate and aldarate metabolism is 
associated with the development of metabolic-associated steatotic liver disease (MASLD)[31]. Notably, several studies 
also reported associations of retinol metabolism or steroid hormone biosynthesis with the gut microbiota. Han et al[32] 
found that the interaction between the gut microbiota and retinol metabolism could modulate white adipose tissue 
accumulation and obesity. A recent study demonstrated that during liver regeneration, the gut microbiota and systemic 
metabolism undergo extensive alterations and exhibit a strong correlation. Among the gut microbes, Escherichia Shigella, 
Lactobacillus, Akkermansia, and Muribaculaceae emerged as the representative differential bacterial taxa. Meanwhile, steroid 
hormone biosynthesis was the most prominent metabolic pathway[33]. However, few reports examined the relationship 
between ascorbate and aldarate metabolism and the gut microbiota. In the present study, we observed that both retinol 
metabolism and steroid hormone biosynthesis were suppressed in patients with stage I-IV HCC (the HCC12 and HCC34 
groups). Additionally, ascorbate and aldarate metabolism was dysregulated in patients with stage III-IV HCC (the 
HCC34 group). Meanwhile, we also identified several gut bacterial genera, including Streptococcus, Veillonella, and 
Lachnospira, with significant alterations. These findings imply potential associations of the gut microbiota with the 
aforementioned metabolic pathways.

Differential metabolites have emerged as potential biomarkers in a variety of diseases. For example, 2-methyl-1-
propylamine and estrone display excellent diagnostic capabilities in the early stage of cervical intraepithelial neoplasia
[34]. Palmitoylcarnitine and sphingosine might be potential biomarkers of colorectal cancer[35]. Nineteen serum 

https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
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Figure 4 The phylum-level composition of the gut microbiota in patients with hepatocellular carcinoma. A: The 10 phyla with the highest 
abundance in each sample; B: Variance analysis of the 10 most abundant bacterial phyla among the groups. HC: Healthy control; HCC: Hepatocellular carcinoma; 
HCC12: Comprising patients with stage I and II hepatocellular carcinoma; HCC34: Comprising patients with stage III and IV hepatocellular carcinoma.

metabolites related to energy metabolism, lipid metabolism, amino acid metabolism, and citric acid metabolism were 
considered potential biomarkers of pancreatic ductal adenocarcinoma[36]. Eight differential metabolites were identified 
as alternative markers for predicting the formation of gastroesophageal cancer[37]. In combination with AUC analysis 
(Supplementary Figure 1 and 2), the correlations of differential metabolites with serum indicators (Table 4) demonstrated 
that several metabolites were likely biomarkers for different stages of HCC. We further investigated the associations 
between these metabolites and liver physiological activities by reviewing the literature and searching relevant databases. 
For example, 25-acetyl-6,7-didehydrofevicordin F 3-glucoside is an intermediate metabolite mainly generated from 
saponin, and it is usually associated with lipid peroxidation, fatty acid metabolism, cell signaling, and lipid metabolism. 
Cholylglutamic acid is a conjugate that mainly consists of an amino acid and a primary bile acid such as cholic acid, 
deoxycholic acid, and chenodeoxycholic acid[38]. Quinn et al[39] reported that these bile acid-amino acid conjugates are 
produced by gut microbes such as Clostridia species, and they were frequently found in patients with inflammatory bowel 

https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/9cd5e61a-9836-4b77-a1db-39351ae21475/104996-supplementary-material.pdf
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Figure 5 Screening of the dominant differential bacterial communities in patients with hepatocellular carcinoma. A: The top 10 most dominant 
bacterial genera and their proportional presence in the three groups; B: Linear discriminant analysis effect size; C: Linear discriminant analysis score; D: Three 



Feng J et al. Multi-omics analysis in HCC

WJG https://www.wjgnet.com 14 April 21, 2025 Volume 31 Issue 15

representative bacterial genera with significant intergroup differences. The median is indicated by the dashed line, whereas the solid line denotes the mean. HCC: 
Hepatocellular carcinoma; HC: Healthy control; HCC12: Comprising patients with stage I and II hepatocellular carcinoma; HCC34: Comprising patients with stage III 
and IV hepatocellular carcinoma; LDA: Linear discriminant analysis.

Figure 6 Correlation analysis of intestinal microbiota and serum indicators. The heatmap presents the correlations between the top 20 differentially 
abundant bacterial genera and serum indicators. A: In the comparisons healthy control (HC) vs comprising patients with stage I and II hepatocellular carcinoma 
(HCC12); B: HC vs comprising patients with stage III and IV hepatocellular carcinoma (HCC34). aP < 0.05. bP < 0.01. cP < 0.001. ALT: Alanine aminotransferase; 
AST: Aspartate aminotransferase; ALB: Albumin; ALP: Alkaline phosphatase; GGT: γ-glutamyl transferase; TBIL: Total bilirubin; AFP: Alpha-fetoprotein.

disease and cystic fibrosis and in infants. They appeared to activate the farnesoid X receptor and inhibit the expression of 
bile acid synthesis genes[39]. Trans-2-enoyl-CoA was found to be involved in the sphingosine-to-glycerolipid metabolic 
pathway in mammals[40], and it also participates in the fatty acid elongation cycle[41]. Vitamin A (retinol), a yellow, fat-
soluble antioxidant, is vital for embryogenesis, vision, cell function, immune regulation, and metabolism. Liver diseases 
causing fibrosis and cirrhosis disrupt vitamin A homeostasis, often leading to deficiency. Upon liver injury, hepatic 
stellate cells (HSCs) are transformed into myofibroblasts. These cells overproduce extracellular matrix, causing fibrosis. 
As HSCs deplete retinyl ester stores during this change, vitamin A deficiency ensues. Non-alcoholic fatty liver disease, a 
liver-related aspect of metabolic syndrome, spans from mild steatosis to steatohepatitis, and it can progress to cirrhosis 
and liver cancer[42]. 9-Cis-retinoic acid is the main active form of vitamin A, and it can bind to nuclear retinoic acid 
receptors and retinoid X receptors. 9-Cis-retinoic acid is typically used in the combinational treatment of breast, liver, and 
gastric cancers[43]. 3,4-Dimethyl-5-pentyl-2-furanpropanoic acid is a furan fatty acid that might be produced by gut 
microbes, and it is considered a healthy biomarker[44]. 4-keto-2-undecylpyrroline is a pyrroline which was mainly 
produced by genus Streptococcus[45]. 3-Nor-3-oxopanasinsan-6-ol is considered a potential biomarker for the progression 
of intestinal pathology in mice infected with Schistosoma[46]. Interestingly, hydroxyversicolorone, a natural product 
newly isolated from a blocked mutant of Aspergillus parasiticus, has been synthesized in labeled form and incorporated 
intact into aflatoxin B1 by mycelial suspensions of wild-type Aspergillus parasiticus[47]. 2-(Ethylamino) ethanol is not a 
naturally occurring metabolite, and it is only found in individuals exposed to this compound or its derivatives. This 
compound has been identified in human blood[48]. However, the biological functions of some of the differential 
metabolites listed in Table 4 have not been reported.

The total number of bacterial cells residing in the human body is approximately 3.9 × 1013, and most of them survive in 
the gastrointestinal tract[49]. During the evolutionary process, the gut microbiota and host have co-evolved, establishing 
a mutually beneficial relationship[50]. The profound connection between the gut microbiota (e.g., intestinal bacteria) and 
liver function affects the onset and progression of HCC. Investigations revealed that the gut microbiota of individuals 
with HCC undergoes alterations in its composition, with the abundance of more than 30 distinct types of intestinal 
microorganisms potentially changing during the early stages of the disease. This underscores the pivotal role of the gut 
microbiota in the initiation and progression of HCC across various stages starting from a benign liver condition[51]. 
Metabolites generated by the gut microbiota, along with pro-inflammatory molecules secreted by intestinal epithelial 
cells, have the capacity to traverse the portal vein and enter the liver. Once there, they can contribute to the development 
and progression of liver cancer[52]. A plethora of evidence indicates that the gut–liver axis affects the progression of liver 
diseases, namely fibrosis, cirrhosis, and cancer. For example, Klebsiella pneumoniae is related to MASLD in humans, and it 
can also cause MASLD in mice. The abundance of Bacteroides species and Ruminococcaceae was much higher in patients 
with HCC than in healthy individuals, whereas the opposite trend was noted for the abundance of Bifidobacterium[53]. A 
study revealed that some intestinal microorganisms (e.g., Clostridium) transformed primary bile acids into deoxycholic 
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Figure 7 Heatmap of the correlations between differential metabolites and bacterial genera in fecal samples. A-C: Correlation analysis of the 
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differential metabolites and bacterial genera based on comparisons including healthy control (HC) vs comprising patients with stage I and II hepatocellular carcinoma 
(HCC12) (A), HC vs comprising patients with stage III and IV hepatocellular carcinoma (HCC34) (B), and HCC12 vs HCC34 (C). Correlation analysis was conducted 
between differential metabolites and bacteria at the phylum (upper panel) and genus level (lower panel).

acid, which stimulate liver cells to release inflammatory factors and tumor-promoting factors through enterohepatic 
circulation. HCC occurred once the host was exposed to chemical carcinogens [e.g., 7, 12-dimethylbenz(a)anthracene]. 
Inhibition of deoxycholic acid-producing intestinal bacteria by antibiotic therapy effectively reduced the risk of HCC in 
carcinogen-induced obese mice[54]. Therefore, the community structure of intestinal bacteria affects the pathogenesis of 
HCC. In this study, three representative differential bacterial genera, namely Lachnospira, Streptococcus, and Veillonella, 
were identified in the HCC12 and HCC34 groups. Lachnospira was reported to exhibit similar temporal patterns and 
causative relationships with Akkermansia and Bifidobacterium in HCC[55], and we found that the abundance of Lachnospira 
was extremely decreased in the HCC12 and HCC34 groups (Figure 5D). The relative abundance of Streptococcus was 
positively associated with AFP levels in the sera of older patients with HCC[56]. Our findings also confirmed these results 
(Figure 6). Streptococcus is an anaerobic bacterium, and it has been considered a diagnostic marker for gastrointestinal 
cancer. For example, a significant increase in the abundance of Streptococcus might lead to gastric[57] or colon cancer[58,
59]. Streptococcus also appeared to serve as a potential biomarker of liver metastasis in gastric cancer[60]. Wu et al[61] 
believed that gut microbiota-driven metabolic alterations might affect cachexia in gastric cancer, and Streptococcus was 
one of the main genera with an increase in abundance. In the patients with HCC, Streptococcus and Veillonella both 
exhibited constant increases in abundance in fecal samples during disease progression[62]. They were identified as two 
cirrhosis-related genera, and they were significantly correlated with the metabolic profile[63]. Zheng et al[64] revealed 
that Streptococcus and Veillonella also contributed to the early recurrence of HCC, and the potential mechanism was that 
gut microbe-derived acetic acid could provide the energy for tumor cell proliferation. A study conducted in Thailand 
reported that the abundance of Veillonella was significantly higher in patients with intrahepatic cholangiocarcinoma than 
in those with HCC[65]. Our findings indicated that Streptococcus was positively correlated with DG (15:0/20:0/0:0) levels 
and negatively correlated with enoxolone and leucine-serine-histidine-asparticacid levels (HCC12 group, Figure 6). 
Enoxolone exerts cytotoxic effects on human gingival fibroblasts and strong inhibitory effects on bacterial growth[66], 
and the combination of enoxolone and silibinin can prevent prostate cancer cell growth in mice[67]. In the HCC12 vs 
HCC34 comparison, Streptococcus had a positive correlation with arachidoyl ethanolamide, which displayed cannabinoid-
like effects in mice[68] and a clear decrease in content in plasma from an Alzheimer’s disease mouse model[69] but no 
association with HCC. Additionally, Lachnospira was positively associated with the levels of flurandrenolide (HC vs 
HCC12) and five other metabolites, including leucine-serine-histidine-asparticacid, glycyrrhizic acid, PZ-peptide, 
hexadecasphingosine, and flurbiprofen glucuronide (Figure 7). Based on existing research reports, glycyrrhizic acid exerts 
hepatoprotective effects[70] by inhibiting high-mobility group box 1[71]. PZ-peptide was reported to trigger the opening 
of tight junctions and enhance the transport of paracellular solutes by stimulating transepithelial sodium ion flux across 
the colonic segments, resulting in uptake by hepatocytes[72]. Therefore, these three bacterial genera, along with their 
associated metabolites, have the potential to serve as distinctive biomarkers for screening and diagnosing alterations in 
the gut microbiota of patients with HCC. In the context of HCC onset and progression, the fluctuations in patients’ gut 
bacterial community architecture and fecal metabolomic landscapes are exceedingly intricate. Diverse bacterial com-
munities yield a rich spectrum of secondary metabolites. These metabolites engage in a web of complex interactions and 
impose disparate effects on the host. Furthermore, patients’ dietary patterns and pharmaceutical regimens can 
significantly disrupt their liver metabolic processes and reshape the composition of their gut microbiota. In light of these 
complexities centered around HCC, more thorough and meticulous research endeavors are imperative to elucidate the 
precise role of the gut microbiota in the development and advancement of HCC.

CONCLUSION
In summary, this study revealed that the sensitivity and specificity of serum indicators were insufficient in the diagnosis 
of HCC. Compared with the findings in the HC group, 161 overlapped differential metabolites and 3 identical enriched 
KEGG metabolic pathways were identified in the HCC12 and HCC34 groups. Lachnospira, Streptococcus, and Veillonella 
were the representative differential bacterial genera in the feces of patients with HCC. Streptococcus and Veillonella were 
both significantly correlated with serum indicators. Several differential metabolites [e.g., 4-keto-2-undecylpyrroline, 
dihydrojasmonic acid, 1,8-heptadecadiene-4,6-diyne-3,10-diol, 9(S)-HOTrE], which displayed significant correlations with 
serum indicators such as GGT, TBIL, AFP, AST, and ALB, might be potential biomarkers of HCC. Furthermore, Strepto-
coccus and Veillonella also had significant associations with differential metabolites such as DG (15:0/20:0/0:0), arachidoyl 
ethanolamide, and 4-keto-2-undecylpyrroline. Our findings suggested that the fecal metabolome and gut microbiota 
might be potential targets for the diagnosis of HCC.
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Abstract
This article discusses the significant findings from the study on the transfection of 
arachidonate 15-lipoxygenase (ALOX15) and its therapeutic potential in ma-
naging acute pancreatitis (AP). The research highlights the role of ALOX15 in 
attenuating inflammatory responses, apoptosis, and autophagy in a cerulein-
induced AP murine model. By using a recombinant lentiviral vector for efficient 
gene delivery, the study provides compelling evidence for the protective effects of 
ALOX15 transfection on pancreatic tissue. The authors demonstrate that ALOX15 
reduces the expression of key inflammatory markers like interleukin-β and tumor 
necrosis factor α while promoting apoptosis through caspase-3 activation. 
Furthermore, the modulation of autophagy and structural preservation of 
pancreatic acinar cells suggest that ALOX15 could be a promising therapeutic 
target for AP. The implications of these findings are discussed, emphasizing the 
potential for future clinical translation and further research to explore the 
molecular mechanisms and therapeutic applications of ALOX15 in inflammatory 
diseases.

Key Words: Acute pancreatitis; Arachidonate 15-lipoxygenase; Inflammation; Apoptosis; 
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Core Tip: This article highlights the therapeutic potential of arachidonate 15-lipoxygenase (ALOX15) in acute pancreatitis 
(AP). By modulating inflammatory responses, promoting apoptosis, and facilitating autophagy, ALOX15 plays a critical role 
in cellular homeostasis and tissue recovery in AP. The enzyme’s dual action on pro- and anti-inflammatory pathways offers 
promising avenues for targeted therapies that go beyond symptomatic relief. Understanding ALOX15’s mechanisms could 
pave the way for innovative treatment approaches in AP, potentially reducing complications and improving patient 
outcomes.

Citation: Kirkik D, Kalkanli Tas S. Arachidonate 15-lipoxygenase: A promising therapeutic target for alleviating inflammation in 
acute pancreatitis. World J Gastroenterol 2025; 31(15): 102752
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/102752.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.102752

TO THE EDITOR
Acute pancreatitis (AP) is a sudden and severe inflammatory response in the pancreas, an organ essential for digestive 
enzyme production and blood sugar regulation. This condition can present with symptoms ranging from abdominal pain 
and nausea to systemic complications, and its mortality rate varies significantly, from 3% in mild cases to as high as 17% 
in severe cases[1,2]. AP has a global incidence ranging from 13 to 45 cases per 100000 people annually, with increasing 
trends reported in recent years. The incidence varies across regions, with higher rates observed in Western countries 
compared to Asia[3]. Hospitalization rates for AP have risen significantly, posing a substantial burden on healthcare 
systems. According to recent data, AP accounts for approximately 275000 hospital admissions annually in the United 
States alone, with similar trends reported in Europe[4]. The likelihood of mortality depends on the disease's intensity, the 
patient’s overall health, and the presence of complications such as infection, tissue necrosis, or organ failure[1,2]. In 
modern clinical practice, gallstones and alcohol consumption are recognized as the leading triggers of AP. However, 
regional and cultural factors cause variations in AP’s prevalence across different countries. Gallstones are responsible for 
around 40%-60% of AP cases. When they obstruct the bile or pancreatic ducts, they create a backup of bile and digestive 
enzymes, leading to intense inflammation in the pancreas. Alcohol consumption, on the other hand, is implicated in 10%-
20% of AP cases[5,6]. Although the condition typically requires more than 50 g of daily alcohol consumption to develop, 
only less than 5% of chronic drinkers develop AP, suggesting that other less-understood mechanisms might be at play[7]. 
Hypertriglyceridemia, an elevated level of triglycerides in the blood, accounts for another 5%-10% of AP cases. This form 
of AP is suspected when serum triglyceride levels surpass 1000 mg/dL in individuals without gallstones or a notable 
history of alcohol use. When triglycerides are excessively high, they can break down into free fatty acids, which then 
damage pancreatic cells and prompt inflammation[6]. In addition to these primary causes, a variety of medications and 
agents have been identified as contributors to AP. The drugs most commonly associated with AP include immunosup-
pressants like 6-mercaptopurine and azathioprine, as well as certain antibiotics and antiviral drugs, such as isoniazid and 
didanosine. Loop diuretics, often prescribed for heart failure, are also known to potentially induce AP. Each of these 
medications may cause AP through direct cellular toxicity or by triggering immune responses that lead to inflammation
[8,9].

The lipoxygenase pathway, specifically arachidonate 15-lipoxygenase (ALOX15), has been identified as a key mediator 
in inflammatory and immune responses in AP. ALOX15 catalyzes the oxygenation of polyunsaturated fatty acids like 
arachidonic acid, resulting in metabolites such as 15-hydroxyeicosatetraenoic acid (15-HETE), which play essential roles 
in both promoting and resolving inflammation[10,11]. This dual functionality makes ALOX15 a unique and potentially 
valuable therapeutic target. To investigate the role of ALOX15 in AP, a cerulein-induced murine model was used in this 
study. A recombinant lentiviral vector encoding ALOX15 was transfected into pancreatic tissues, allowing for a direct 
assessment of its effects on inflammatory responses, apoptosis, and autophagy[12].

The aim of this article is to discuss the therapeutic potential of ALOX15 as a dual modulator of pro- and anti-inflam-
matory pathways and to examine how targeting ALOX15 could offer a novel approach to treating AP. Additionally, the 
article underscores the need for further research into ALOX15’s molecular interactions and its potential in personalized 
AP treatment strategies.

ALOX15 AND THE INFLAMMATORY CASCADE IN AP
In AP, the inflammatory response is a double-edged sword: While it helps to combat tissue injury, an excessive or 
prolonged inflammatory response exacerbates tissue damage and contributes to disease progression. ALOX15 plays a 
crucial role in this inflammatory cascade, modulating both pro-inflammatory and anti-inflammatory mediators. ALOX15-
derived metabolites such as 15-HETE are known to influence immune cell behavior, including the recruitment and 
activation of macrophages and neutrophils, which are essential in early inflammation but can worsen tissue damage if 
unchecked[12,13].
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Sun et al[12] investigated the effects of ALOX15 transfection on inflammation, apoptosis, and autophagy by 
modulating tumor necrosis factor α (TNF-α), interleukin (IL)-1β, and IL-6 levels. Their study utilized multiple assays to 
assess these effects in experimental AP models. ELISA analysis confirmed that ALOX15 significantly reduced MCP-1 
levels, a key chemokine involved in AP pathogenesis. Western blot analysis demonstrated a marked reduction in NF-κB 
activation in pancreatic tissue, correlating with a suppressed inflammatory response. Furthermore, cleaved caspase-3 
levels were significantly increased in ALOX15-transfected models, indicating enhanced apoptotic activity. Histopatho-
logical analysis using hematoxylin & eosin staining revealed reduced pancreatic edema and inflammatory infiltration, 
while TUNEL assay results confirmed an increase in apoptotic cell numbers. Additionally, transmission electron 
microscopy analysis showed a decrease in autophagic vacuoles in ALOX15-transfected pancreatic cells, suggesting 
improved cellular homeostasis. These findings collectively highlight the role of ALOX15 in controlling AP progression by 
reducing inflammation, inducing apoptosis, and modulating autophagy[12].

Research on experimental AP models has shown that ALOX15 impacts cytokine levels, specifically reducing pro-
inflammatory cytokines like TNF-α, IL-1β, and IL-6, which are key drivers of the inflammatory response in AP. In animal 
models transfected with ALOX15, reductions in serum amylase levels, pancreatic tissue water content, and cytokine 
expression were observed, indicating that ALOX15 mitigates inflammation by balancing cytokine production and cellular 
oxidative stress[10,14]. These findings suggest that ALOX15 has the potential to stabilize inflammatory processes in AP, a 
vital component in preventing the progression to more severe disease states.

ROLE OF ALOX15 IN APOPTOSIS AND AUTOPHAGY: PROMOTING CELLULAR HOMEOSTASIS IN AP
Apoptosis, or programmed cell death, is essential for eliminating damaged cells and limiting inflammatory cascades in 
AP. Autophagy, a parallel process, enables cells to degrade and recycle damaged cellular components, aiding in cell 
survival under stress. Together, these processes are pivotal in maintaining cellular homeostasis, especially in diseases like 
AP where cell turnover and tissue repair are critical[15].

ALOX15 influences apoptosis by regulating caspase-3, an enzyme essential in the apoptotic pathway. To assess 
caspase-3 activation, a colorimetric caspase-3 activity assay was performed, revealing a significant increase in enzyme 
activity in ALOX15-transfected AP models compared to control groups (2.4-fold increase, P < 0.05). Additionally, Western 
blot analysis demonstrated that cleaved caspase-3 expression was upregulated by 1.9-fold (P < 0.01) in ALOX15-overex-
pressing pancreatic tissue. Enhanced caspase-3 activation in ALOX15-transfected AP models suggests that ALOX15 
facilitates the removal of damaged pancreatic cells, thereby reducing the buildup of necrotic tissue and alleviating inflam-
mation[12].

ALOX15 AS A THERAPEUTIC TARGET IN AP: A DUAL MECHANISM OF ACTION
Currently, there is no FDA-approved pharmacological treatment specifically for AP, and management is primarily 
supportive. Fluid resuscitation, pain control (using opioids such as fentanyl and hydromorphone), and nutritional 
support remain the cornerstone of AP management. Some investigational therapies targeting inflammation, such as IL-1 
receptor antagonists (anakinra) and phosphodiesterase inhibitors, have shown promise but lack regulatory approval. 
Additionally, drugs like gabexate mesylate (a protease inhibitor) and ulinastatin (a serine protease inhibitor) have been 
explored in clinical studies, particularly in Asia, but are not widely adopted globally[16-19].

In addition to these investigational drugs, other molecular targets have been explored to mitigate pancreatic inflam-
mation and injury. NF-κB inhibitors, such as sulfasalazine, aim to suppress the pro-inflammatory cytokine cascade in AP. 
Meanwhile, antioxidants like N-acetylcysteine have been tested to counteract oxidative stress-induced pancreatic injury
[20]. Recent studies have also investigated trypsin inhibitors to reduce premature enzyme activation and tissue damage in 
AP.

The therapeutic potential of ALOX15 in AP lies in its ability to balance pro- and anti-inflammatory responses. 
Specifically, ALOX15 modulates key pro-inflammatory mediators, including TNF-α, IL-1β, IL-6, and MCP-1, which drive 
pancreatic inflammation and contribute to systemic inflammatory responses in AP. On the other hand, ALOX15 promotes 
the production of anti-inflammatory lipid mediators such as 15-HETE and lipoxin A4, which are crucial in resolving 
inflammation, reducing leukocyte infiltration, and restoring pancreatic homeostasis. By orchestrating this balance, 
ALOX15 not only suppresses excessive inflammation but also facilitates tissue repair and resolution of AP[12]. Targeting 
ALOX15 pathways could lead to treatments that either enhance the enzyme’s anti-inflammatory effects or inhibit its role 
in pro-inflammatory processes, depending on the disease stage. For instance, ALOX15 inhibitors or activators could be 
used to modulate lipid mediator production, reducing cytokine storm-like effects in severe AP cases and promoting 
resolution of inflammation in mild to moderate cases.

Developing agents that modulate ALOX15 activity could provide a targeted approach for AP therapy, focusing on the 
enzyme’s roles in apoptosis, autophagy, and inflammation. This would be particularly useful in cases where current 
treatments, which focus on symptom relief and supportive care, are insufficient for controlling inflammation and 
preventing organ failure[13,15].
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FUTURE DIRECTIONS AND RESEARCH CONSIDERATIONS
While ALOX15 presents a promising therapeutic target in AP, several challenges need to be addressed before its clinical 
application. One major concern is the potential for off-target effects where modulating ALOX15 activity could 
inadvertently impact other inflammatory pathways or lipid metabolism. Furthermore, patient responses to ALOX15-
targeted therapies may vary due to genetic polymorphisms and differences in baseline enzyme expression, necessitating 
further research into personalized treatment approaches. Additionally, achieving precise control over ALOX15 activity 
remains a key challenge in clinical settings, as excessive inhibition or activation could disrupt homeostatic immune 
functions. Future studies should focus on developing selective ALOX15 modulators with optimized pharmacokinetics 
and minimal side effects to enhance its therapeutic potential in AP.

Clinical trials testing ALOX15 modulators in AP patients would provide invaluable insights into its therapeutic 
viability. Current studies suggest that manipulating ALOX15 may help reduce inflammation, enhance cellular recovery, 
and prevent chronic complications in AP patients[12,14,15].

CONCLUSION
ALOX15 is a promising target for AP treatment, offering a unique approach to controlling inflammation, promoting 
apoptosis, and enhancing autophagy. By modulating key aspects of cellular response, ALOX15 may help reduce the 
severity of AP and improve patient outcomes. Future research into ALOX15-targeted therapies has the potential to 
revolutionize the management of AP, moving beyond symptomatic treatment toward addressing the disease’s un-
derlying cellular mechanisms. Further investigations should focus on the development of ALOX15 modulators that can 
be clinically tested in AP patients. Understanding its interactions with other inflammatory pathways, genetic variations 
influencing its activity, and potential combination therapies could enhance its therapeutic application. Given its role in 
regulating both inflammation and tissue repair, ALOX15 represents a promising candidate for personalized AP treatment 
strategies, potentially improving patient outcomes and reducing the burden of this disease.
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Abstract
This article discusses a recent study by Wang et al that sheds light on the meta-
bolic and immunological mechanisms driving the progression of metabolic 
dysfunction-associated fatty liver disease (MAFLD) to hepatocellular carcinoma 
(HCC). The study highlights the role of mitochondrial carnitine palmitoyltrans-
ferase II (CPT II) inactivity, which activates liver cancer stem cells marked by 
cluster of differentiation 44 (CD44) and CD24 expression, promoting HCC 
development. Using dynamic mouse models and clinical samples, Wang et al 
identified CPT II downregulation, mitochondrial membrane potential alterations, 
and reduced intrahepatic CD4+ T cell as key drivers of disease progression. The 
findings link these changes to steroid biosynthesis and p53 signaling, contributing 
to T-cell dysfunction and immunosuppression. This article emphasizes the 
relevance of these results in understanding MAFLD pathogenesis and discusses 
potential therapeutic strategies targeting CPT II activity, mitochondrial function, 
and immune surveillance to prevent or mitigate HCC development in advanced 
MAFLD.
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Core Tip: This article reviews a recent study by Wang et al investigating how carnitine palmitoyltransferase II (CPT II) 
inactivity drives malignant progression in metabolic dysfunction-associated fatty liver disease (MAFLD) through aberrant 
lipid metabolism, T-cell dysfunction, and liver cancer stem cell activation. Their work revealed that mitochondrial damage 
and reduced CPT II activity under lipid-rich conditions may be early indicators of liver cancer risk, influencing immune cell 
profiles and the stem cell-like properties of hepatocytes. Understanding these processes could pave the way for novel 
preventative and therapeutic interventions targeting the metabolic and immunological underpinnings of MAFLD-related 
hepatocarcinogenesis.

Citation: Cai H, Yang CH, Gao P. Rethinking carnitine palmitoyltransferase II and liver stem cells in metabolic dysfunction-associated 
fatty liver disease-related hepatocellular carcinoma. World J Gastroenterol 2025; 31(15): 104528
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/104528.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.104528

TO THE EDITOR
Metabolic dysfunction-associated fatty liver disease (MAFLD) is increasingly recognized as a global health concern. It 
encompasses a spectrum of hepatic pathologies ranging from simple steatosis to inflammatory stages (metabolic 
dysfunction-associated steatohepatitis). Uncontrolled metabolic dysfunction-associated steatohepatitis is prone to 
progressing to cirrhosis, and eventually, to hepatocellular carcinoma (HCC)[1]. While the precise molecular drivers of this 
progression have yet to be fully elucidated, there is growing evidence that mitochondrial dysfunction, immunosup-
pression, and the activation of liver cancer stem cells (LCSCs) act in concert to spur malignant changes. The recent article 
by Wang et al[2] offers a compelling look at how mitochondrial CPT II inactivity and LCSC activation synergize to drive 
MAFLD progression to HCC (Figure 1). These findings mark a critical step in delineating the metabolic and immunologic 
cues that facilitate malignant transformation in MAFLD.

Understanding CPT II inactivity in MAFLD progression
Mitochondria serve as central hubs of energy production and lipid metabolism[3]. In the normal liver, efficient 
mitochondrial fatty acid β-oxidation ensures metabolic homeostasis. However, in MAFLD, particularly under conditions 
of chronic caloric surplus and lipid accumulation, mitochondrial pathways become dysregulated[4]. A variety of 
metabolic alterations occur in MAFLD, including increased fatty acid synthesis, reduced fatty acid oxidation, and altered 
glucose metabolism. These changes lead to an accumulation of lipids within hepatocytes, which can cause lipotoxicity, 
oxidative stress, and mitochondrial dysfunction. CPT II, an enzyme located on the inner mitochondrial membrane, is 
essential for the transport of long-chain fatty acids into mitochondria for β-oxidation[5]. In the context of MAFLD, 
research has shown that CPT II activity significantly decreases as the disease progresses. This decrease in CPT II function 
leads to impaired mitochondrial fatty acid oxidation, excessive lipid accumulation, and alterations in the mitochondrial 
membrane potential, collectively creating a metabolically compromised and oxidative stress-rich environment. These 
metabolic alterations not only disrupt normal liver function but also create conditions that favor the survival and 
expansion of LCSC, thereby linking metabolic dysfunction directly to oncogenic processes. In MAFLD, these mito-
chondrial disturbances are correlated with decreased numbers of intrahepatic CD4+ T cells, weakened immune 
surveillance, and aberrant activation of LCSC, as indicated by increased cluster of differentiation (CD44) and CD24 
expression. As LCSC gain a foothold, they contribute to the malignant transformation of hepatocytes and the progression 
from simple steatosis to advanced HCC.

Elucidating the molecular mechanisms: CPT II inactivity and oncogenic pathways
While recent studies highlight the critical role of CPT II in the pathogenesis and malignancy of MAFLD, the precise 
molecular mechanisms linking CPT II inactivity to specific oncogenic pathways remain underexplored. Wang et al[2] have 
begun to bridge this gap by associating CPT II inactivity with alterations in key signaling pathways such as p53 and 
Wnt/β-catenin. The p53 pathway, known for its role in tumor suppression, is often dysregulated in cancerous transform-
ations. CPT II inactivity may exacerbate oxidative stress, leading to p53 mutations or inactivation, thereby undermining 
genomic stability and promoting tumorigenesis[6]. Additionally, the Wnt/β-catenin pathway, crucial for cell proliferation 
and differentiation, may be aberrantly activated in the context of impaired fatty acid oxidation. The metabolic stress 
induced by CPT II inactivity could lead to the stabilization and nuclear translocation of β-catenin, driving the expression 
of genes that promote cellular proliferation and stemness[7]. Hypotheses for these interactions include the possibility that 
accumulated lipids and resultant metabolic byproducts directly modify components of these pathways, or that secondary 
effects of mitochondrial dysfunction, such as altered energy status and redox balance, indirectly influence these 
oncogenic signaling cascades. Future research should aim to delineate these connections through targeted experiments, 
such as assessing the impact of CPT II restoration on p53 and Wnt/β-catenin pathway activity, or exploring the use of 
pathway inhibitors in models of CPT II inactivity.

https://www.wjgnet.com/1007-9327/full/v31/i15/104528.htm
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Figure 1 Schematic representation of the role of mitochondrial dysfunction in the progression of metabolic dysfunction-associated fatty 
liver disease to hepatocellular carcinoma. CPT II: Carnitine palmitoyltransferase II; FFA: Free fatty acid; HCC: Hepatocellular carcinoma; LCSC: Liver cancer 
stem cell; MAFLD: Metabolic dysfunction-associated fatty liver disease; MMP: Mitochondrial membrane potential.

Comparative metabolic and immunological characteristics: MAFLD vs other liver diseases
While mitochondrial dysfunction and CPT II alterations may contribute to carcinogenesis in various liver diseases, the 
specific metabolic and immunological landscape of MAFLD appears uniquely conducive to HCC development. A more 
in-depth comparison with other liver diseases, such as alcoholic liver disease (ALD), highlights these distinctions. In 
ALD, mitochondrial dysfunction is also a prominent feature; however, the primary drivers include ethanol metabolism, 
acetaldehyde toxicity, and oxidative stress from reactive oxygen species. Unlike MAFLD, where chronic lipid accumu-
lation is central, ALD is characterized by inflammation driven by different mechanisms, such as acetaldehyde adducts 
and gut-derived endotoxins[8].

Immunologically, MAFLD is associated with a distinct profile of immune cell infiltration and cytokine production 
compared to ALD. For instance, MAFLD-related HCC often exhibits a unique immunosuppressive microenvironment 
marked by reduced CD4+ T-cell populations and increased regulatory T cells, whereas ALD may show more pronounced 
neutrophilic infiltration and different cytokine profiles[9]. These differences suggest that CPT II inactivity’s role in 
MAFLD-related HCC is intertwined with specific immunometabolic alterations that are not as prominent or differently 
manifested in other liver diseases. Therefore, the downregulation of CPT II in MAFLD might represent a unique 
metabolic vulnerability that, when combined with MAFLD-specific immune dysregulation, particularly fosters an 
environment conducive to HCC development.

Linking immunosuppression and mitochondrial dysfunction
The immune landscape of the liver is complex, integrating innate and adaptive responses. In a healthy liver, T cells 
maintain a vigilant watch, clearing early neoplastic lesions and preventing malignant outgrowth[10]. However, chronic 
lipid accumulation and mitochondrial dysfunction appear to erode this immune vigilance. Wang et al[2] reported a 
reduction in intrahepatic CD3+ and CD4+ T cells as the disease progressed. Losing these T cells means a breakdown in 
adaptive immunity, providing a permissive niche for cancer initiation and progression[11]. This T-cell depletion may be 
rooted in altered metabolism at the cellular level. Like hepatocytes, T cells rely heavily on mitochondrial function for 
energy generation[12]. Mitochondrial damage and reduced CPT II function can impair T-cell fitness, rendering them less 
capable of mounting an effective antitumor response[13]. Mitochondrial dysfunction can also lead to increased oxidative 
stress and an environment conducive to tumor-promoting inflammation rather than tumor-destructive immunity[14]. 
Such a shift would promote the survival and proliferation of LCSC and transformed hepatocytes.

LCSC activation: A new frontier in MAFLD-related HCC progression
Identifying LCSCs offers crucial insight into how MAFLD progresses to HCC[15]. LCSCs are characterized by markers 
such as CD44 and CD24, which are indicative of cells possessing heightened self-renewal capacity, resistance to conven-
tional therapies, and the ability to initiate tumors[16]. Wang et al[2] reported that CPT II inactivity is strongly correlated 
with LCSC activation. These findings extend beyond a simple correlation, indicating that CPT II inactivity is a pivotal 
initiating factor in metabolic reprogramming within hepatocytes. As CPT II activity decreases, long-chain fatty acid β-
oxidation becomes inefficient, leading to the accumulation of lipids, diminished mitochondrial membrane potential, and 
increased oxidative stress. Within this lipid-rich, mitochondrion-compromised environment, certain hepatocytes may 
gain selective advantages, adopting characteristics commonly associated with stem-like cells. These LCSCs, characterized 
by markers such as CD44 and CD24, exhibit enhanced self-renewal capacity, therapeutic resistance, and tumor-initiating 
potential. Moreover, the study’s insights into immunological alterations, particularly decreased intrahepatic CD3+ and 
CD4+ T-cell populations, suggest that CPT II inactivity indirectly fosters an immunosuppressive microenvironment. The 
loss of adaptive immune surveillance creates a niche where LCSCs can thrive, escape immune-mediated destruction, and 
drive malignant transformation.
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As CPT II activity wanes, an environment rich in lipids and prone to oxidative stress emerges. This environment likely 
provides selective pressure for a subset of hepatocytes, enabling them to acquire stem cell-like properties and evade 
normal growth control[17]. The inactivity or reduction of CPT II contributes to a lipid-rich, metabolically stressed milieu 
that, in turn, influences the cellular signaling pathways integral to maintaining a stem-like phenotype. With impaired 
CPT II activity, cells accumulate lipids and reduce their reliance on mitochondrial β-oxidation. This shift can favor 
glycolysis and other metabolic pathways associated with rapid proliferation and stress resistance, which are hallmarks of 
stem-like cells[18]. The imbalance created by lipid accumulation and diminished mitochondrial function elevates 
oxidative stress. Increased reactive oxygen species and altered mitochondrial membrane potential can activate or repress 
key transcription factors and signaling pathways (e.g., p53, peroxisome proliferator-activated receptor, and steroid 
biosynthesis pathways). These specific alterations in p53 signaling can lead to impaired apoptosis and increased cell 
survival, while changes in steroid biosynthesis may modulate immune responses by altering cytokine profiles and T-cell 
receptor signaling, thereby contributing to the suppression of intrahepatic CD4+ T cells. These pathways influence the cell 
cycle, apoptosis, and differentiation states, driving cells toward a more stem-like, undifferentiated phenotype[19]. 
Reduced CPT II activity is correlated with diminished intrahepatic CD4+ T cells and compromised immune surveillance. 
This weakened immunological ability allows LCSC to persist, evade immune-mediated destruction, and sustain their 
“stemness” without the selective pressure normally exerted by a healthy immune system. By linking mitochondrial CPT 
II inactivity with LCSC activation, this study reveals a key mechanistic nexus bridging metabolic dysfunction, immune 
evasion, and oncogenic transformation.

Mechanistic insights and bioinformatic clues
In addition to their experimental findings, Wang et al[2] employed transcriptomic analyses to clarify the underlying 
pathways and gene networks associated with MAFLD progression and the emergence of HCC. Differentially expressed 
genes in intrahepatic T cells were enriched in lipid biosynthesis-related pathways, steroid biosynthesis, the peroxisome 
proliferator-activated receptor pathway, and p53 signaling. Steroid biosynthesis and lipid metabolism pathways, in 
particular, reinforce the notion that metabolic reprogramming can foster a tumor-friendly microenvironment[20]. The 
genes involved in the p53 and cell cycle pathways highlight how critical tumor suppressor networks become dysreg-
ulated during this process. p53, a vital guardian of genomic stability, often becomes subverted in cancerous transform-
ations[21]. Thus, the links among CPT II inactivity, lipid metabolic shifts, and changes in p53 signaling suggest that 
metabolic dysfunction could undermine one of the cell’s primary tumor suppression mechanisms[22]. Moreover, these 
findings align with a body of literature indicating that MAFLD pathogenesis involves not only passive lipid accumulation 
but also active metabolic reprogramming. This reprogramming might be a preamble to oncogenic signaling cascades that 
culminate in cellular dedifferentiation, stemness, and ultimately malignancy.

Given the growing interest in the role of the tumor microenvironment (TME) in cancer progression, it is essential to 
consider how metabolic dysfunction and immune dysregulation within the TME contribute to the activation of LCSC. 
Metabolic alterations such as CPT II inactivity create a hypoxic and nutrient-deprived environment, which can induce 
stress responses in hepatocytes. These stress responses may lead to the secretion of factors that promote stemness and 
support the maintenance of LCSCs. Additionally, immunosuppressive cytokines and altered immune cell populations 
within the TME can further facilitate the survival and expansion of LCSCs, thereby driving HCC development from 
MAFLD.

Comparisons with other research and nomenclature shifts
The evolving nomenclature shifting from nonalcoholic fatty liver disease to MAFLD emphasizes the metabolic un-
derpinnings of this liver disease spectrum[23]. Wang et al[2] contributed meaningfully to this reframed understanding by 
pinpointing metabolic enzymes, such as CPT II, as both biomarkers and facilitators of malignant progression. Their work 
parallels the concerns of other recent publications focusing on immune and metabolic alterations in advanced liver 
diseases. Notably, previous studies have emphasized the roles of inflammation, insulin resistance, and simple steatosis in 
MAFLD progression[24]. While these remain critical aspects, Wang et al[2] broke new ground by centering on a key 
mitochondrial enzyme and linking its inactivity to impaired immunity and stem cell activation. This approach provides a 
more nuanced molecular narrative, helping us better understand why some patients with steatosis progress to HCC 
while others do not.

Clinical implications and potential interventions
Understanding the role of CPT II inactivity in LCSC activation and T-cell dysfunction has several potential clinical applic-
ations. First, therapies aimed at restoring CPT II activity or enhancing mitochondrial β-oxidation could help prevent the 
malignant progression of MAFLD. Nutritional interventions, pharmacological agents targeting mitochondrial function, or 
gene therapy approaches to restore CPT II expression may represent avenues for slowing or halting disease progression. 
However, the feasibility of these strategies faces several challenges. Restoring CPT II activity in vivo requires precise 
delivery mechanisms to effectively target hepatocytes without off-target effects. Pharmacological agents must be both 
potent and specific to avoid disrupting other aspects of mitochondrial function. Additionally, gene therapy approaches, 
while promising, are still in their infancy for liver diseases and must overcome hurdles related to safety, delivery vectors, 
and long-term expression. Second, monitoring CPT II levels and LCSC markers (CD44 and CD24) could improve risk 
stratification for MAFLD patients. Identifying those at high risk of malignant progression before overt HCC emerges 
would allow earlier interventions and possibly improve outcomes. Integration of the CPT II status with imaging and 
other noninvasive biomarkers could form a composite index that physicians might use to predict HCC risk in MAFLD 
patients. However, establishing standardized assays for CPT II and LCSC markers, along with validating their predictive 
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power in large, diverse cohorts, remains a significant task. Third, the interplay between mitochondrial dysfunction and 
the immune system revealed by Wang et al[2] suggests that immunotherapies or interventions to restore T-cell function 
might be more effective if combined with metabolic reprogramming strategies. As checkpoint inhibitors and chimeric 
antigen receptor T-cell therapies have advanced in the field of HCC, understanding how best to restore a metabolically 
favorable and immunostimulatory environment in the liver could increase the success of these treatments. However, 
combining metabolic therapies with immunotherapies introduces complexity in treatment regimens and necessitates 
careful evaluation of potential interactions and cumulative toxicities.

Limitations and future directions
Wang et al[2] presented an insightful link between CPT II inactivity, LCSC activation, and immunosuppression in 
MAFLD progression toward HCC. However, several key aspects warrant further investigation. First, while their findings 
highlight a connection between mitochondrial dysfunction and tumorigenesis, the direct influence of CPT II inactivity on 
specific oncogenic mutations or tumor suppressor genes remains unclear. Transcriptomic data revealed the enrichment of 
genes involved in p53 signaling and other pathways commonly disrupted in HCC, such as the Wnt/β-catenin pathway. 
Future studies should dissect whether CPT II inactivity predisposes hepatocytes to genetic mutations or if it merely 
enhances the tumorigenic potential of cells already harboring these alterations.

A more granular analysis of transcriptomic and metabolomic data could clarify how CPT II inactivity interacts with 
well-known oncogenic networks. Investigations that track p53 target gene dysregulation in CPT II-inactive contexts or 
that identify downstream effectors of Wnt signaling sensitive to metabolic stress may help establish a causal model. In 
addition, examining the roles of other carnitine palmitoyltransferases, such as CPT I isoforms, could reveal comple-
mentary or compensatory mechanisms influencing fatty acid flux and disease progression. Addressing whether other 
metabolic enzymes, such as CPT I isoforms, may compensate for CPT II inactivity in certain contexts could provide 
insights into potential redundancy and resilience within metabolic pathways. Pinpointing how these mitochondrial 
transporters integrate with diverse signaling pathways may provide a more comprehensive view of metabolic repro-
gramming in HCC.

Importantly, not all HCCs are driven by CPT II inactivity. Some tumors rely heavily on alternative pathways, such as 
glycolysis, glutamine metabolism, or aberrant cholesterol synthesis. Identifying distinct metabolic subtypes of HCC and 
determining where CPT II fits into this landscape could refine risk stratification, guide therapeutic choices, and enhance 
prognostic models. Furthermore, discussing potential resistance mechanisms that might emerge during therapeutic 
interventions targeting CPT II or LCSCs is crucial for developing robust treatment strategies. Ultimately, a multipronged 
research approach encompassing genetic, metabolic, and immunological dimensions is needed to validate the significance 
of CPT II and to translate these insights into effective targeted interventions for MAFLD-related HCC.

Relevance to current clinical practice
Currently, liver biopsy remains the gold standard for diagnosing advanced liver disease states, but it is invasive and not 
suitable for routine population-level screening. Noninvasive markers are needed, and Wang et al’s work[2] on CPT II and 
LCSC markers will potentially contribute to the development of blood-based or imaging-correlated tests. Additionally, 
the immunological context provided by their study may guide the use of adjunctive therapies designed to restore healthy 
immune function in the liver microenvironment. Given the increasing global prevalence of metabolic disorders and their 
hepatic manifestations, the study by Wang et al[2] is timely. As the number of patients with MAFLD continues to 
increase, the burden of HCC is linked to metabolic dysregulation. By teasing apart the complex relationships among lipid 
overload, mitochondrial dysfunction, immune dysregulation, and cancer stem cell activation, this research helps establish 
a path toward more effective prevention and intervention strategies.

Based on the above, we wondered whether it is possible to integrate research on ketogenic diets with the 
understanding that CPT II activity in the context of tumor metabolism is largely indirect and remains an area ripe for 
further investigation. A ketogenic diet shifts the body’s energy utilization from carbohydrates to fats, increasing the 
reliance on fatty acid oxidation and ketone body production. Normal cells can often adapt to this metabolic shift by 
efficiently using fatty acids and ketones as alternative energy substrates. On the other hand, tumor cells frequently 
display a rigid dependency on glucose and may have reduced flexibility in adjusting to low-glucose, high-fat conditions. 
Wang et al[2] suggested that CPT II inactivity plays a pivotal role in promoting LCSC activation and mitochondrial 
dysfunction in MAFLD-related HCC. If a tumor cell population is compromised in its ability to oxidize long-chain fatty 
acids due to impaired CPT II function, it may struggle to thrive under the metabolic constraints imposed by a ketogenic 
diet. Such an inability to properly engage in fatty acid β-oxidation could render tumor cells more vulnerable and less 
capable of sustaining growth in a low-glucose environment.

Conversely, if interventions were developed to increase CPT II activity or improve mitochondrial fatty acid oxidation, 
normal cells might better adapt to the high-fat, low-carbohydrate conditions of a ketogenic diet. Moreover, tumor cells 
potentially harboring genetic mutations or other metabolic inefficiencies might fail to achieve similar metabolic flexibility, 
thereby revealing a metabolic vulnerability that could be therapeutically exploited. While direct experimental data 
linking CPT II function, ketogenic diets, and cancer progression are still scarce, the theoretical groundwork suggests that 
the interplay between these factors could be significant. Future studies are needed to clarify the molecular mechanisms 
underlying this relationship and to determine whether targeting CPT II-mediated fatty acid oxidation can enhance the 
tumor-suppressive effects of a ketogenic diet.

Implications for future diagnostic and therapeutic strategies
From a diagnostic perspective, integrating CPT II levels with imaging modalities such as magnetic resonance imaging-
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proton density fat fraction or transient elastography could yield a more refined noninvasive assessment of disease 
progression[25,26]. Although Wang et al[2] did not focus on imaging technologies, one can envision a combined approach 
where patients at risk of malignant progression are identified early by a signature involving metabolic enzymes, LCSC 
markers, and imaging-based quantification of steatosis or fibrosis. Several potential strategies have emerged for this 
purpose. Pharmacological restoration of CPT II activity or mitochondrial function may normalize β-oxidation and reduce 
lipotoxicity. Agents that enhance T-cell metabolism or block the deleterious effects of a lipid-rich environment on 
immune function might help maintain surveillance against neoplastic clones[17]. Similarly, targeted therapies against 
CD44+ or CD24+ LCSCs, either by blocking their survival pathways or by resensitizing them to conventional che-
motherapy, could be combined with metabolic therapies to halt malignant progression. A multipronged approach that 
corrects mitochondrial dysfunction, restores immune competence, and targets stem-like tumor cells may offer the best 
chance for long-term disease control. However, each of these strategies comes with its own set of challenges, including 
ensuring specificity, minimizing off-target effects, and overcoming the heterogeneity of tumor cell populations.

Positioning CPT II in the broader landscape of HCC research
HCC is a notoriously heterogeneous disease with numerous etiological underpinnings, from chronic viral hepatitis to 
alcohol, induced cirrhosis and metabolic disorders[24]. The rise of MAFLD as a principal driver of HCC, however, 
necessitates a pivot toward understanding metabolic alterations at the core of tumorigenesis. While significant strides 
have been made in understanding the roles of inflammation, fibrosis, and oncogenic signaling pathways, relatively less 
attention has been given to early metabolic disruptions such as CPT II inactivity[13]. Wang et al[2] position CPT II not 
only as a marker but also potentially as a linchpin in a cascade leading from benign lipid accumulation to malignant 
transformation. This perspective encourages the research community to explore other mitochondrial enzymes and 
transporters and their roles in shaping the TME. By doing so, we might uncover a network of metabolic vulnerabilities in 
HCC that could be therapeutically exploited.

CONCLUSION
MAFLD-related HCC exemplifies the challenges of a disease deeply rooted in metabolic imbalance and immunological 
compromise. As global rates of obesity, insulin resistance, and related metabolic disorders continue to increase, we can 
expect MAFLD- and consequently MAFLD-associated HCC to grow as a public health concern. Identifying early 
biomarkers and unraveling the molecular mediators of this progression are pressing priorities. CPT II emerges from this 
study as a critical piece of that puzzle. When viewed alongside LCSC markers and immune cell profiles, CPT II inactivity 
may serve as both a harbinger and a driver of malignant changes. With further validation and deeper exploration, these 
insights could pave the way for novel biomarkers and targeted therapeutics aimed at restoring mitochondrial function, 
supporting effective immune responses, and mitigating LCSC-driven oncogenesis. The study by Wang et al[2] advances 
our knowledge of how metabolic dysfunction, immune dysregulation, and cancer stem cell biology intersect in the 
progression of MAFLD to HCC. By demonstrating that CPT II inactivity promotes malignant progression through LCSC 
activation and impaired T-cell function, the authors provide a valuable framework for future research and clinical 
strategies.
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Abstract
Gastric cancer (GC) remains a leading cause of cancer-related mortality world-
wide, necessitating the identification of reliable prognostic indicators to enhance 
treatment outcomes. Recent research has highlighted the triglyceride-glucose 
(TyG) index as a potential surrogate marker for insulin resistance, which may 
significantly influence the prognosis of patients undergoing immunotherapy 
combined with chemotherapy. In this context, the study by Yao et al demonstrates 
that a high TyG index correlates with improved overall survival and progression-
free survival in advanced GC patients receiving sintilimab and chemotherapy. 
Specifically, patients in the high TyG group had a significantly longer median 
progression-free survival of 9.8 months [95% confidence interval (CI): 9.2-10.9] 
compared to 8.0 months (95%CI: 7.5-8.5) in the low TyG group (hazard ratio = 
0.58, 95%CI: 0.43-0.79, P < 0.001). Similarly, the median overall survival was 
significantly longer in the high TyG group at 23.1 months (95%CI: 21.2-NA) vs 
16.5 months (95%CI: 13.9-18.3) in the low TyG group (hazard ratio = 0.30, 95%CI: 
0.21-0.42, P < 0.001). These findings underscore the strong prognostic potential of 
the TyG index in guiding treatment strategies for advanced GC. These findings 
underscore the need for further investigation into the TyG index’s role as a 
prognostic tool and its underlying mechanisms in influencing treatment efficacy. 
We advocate for additional multicenter studies to validate these results and 
explore the TyG index’s applicability across diverse patient populations, ulti-
mately aiming to refine treatment strategies and improve patient outcomes in 
advanced GC.
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Core Tip: The triglyceride-glucose (TyG) index, a surrogate marker for insulin resistance, has emerged as a potential 
prognostic factor in advanced gastric cancer. Recent findings suggest that a high TyG index correlates with improved overall 
survival and progression-free survival in patients undergoing immunotherapy combined with chemotherapy. This highlights 
the clinical relevance of insulin sensitivity in modulating treatment efficacy. Further multicenter studies are essential to 
validate its prognostic value across diverse populations and to explore underlying mechanisms. Integrating the TyG index 
into comprehensive prognostic models may optimize treatment strategies and improve patient outcomes in advanced gastric 
cancer.

Citation: Meng HJ, Mao Y, Zhao DQ, Shi SG. Prognostic value of the triglyceride-glucose index in advanced gastric cancer: A call for 
further exploration. World J Gastroenterol 2025; 31(15): 104574
URL: https://www.wjgnet.com/1007-9327/full/v31/i15/104574.htm
DOI: https://dx.doi.org/10.3748/wjg.v31.i15.104574

TO THE EDITOR
We are writing to discuss the insightful article by Yao et al[1], recently published. This study presents a significant 
advancement in our understanding of prognostic factors in advanced gastric cancer (GC), particularly in the context of 
emerging immunotherapeutic strategies.

SIGNIFICANCE OF THE TYG INDEX
The triglyceride-glucose (TyG) index is calculated using fasting triglyceride and fasting glucose levels, following the 
formula: TyG = ln [fasting triglycerides (mg/dL) × fasting glucose (mg/dL)/2], serves as a surrogate marker for insulin 
resistance[2]. Insulin resistance has been implicated in various malignancies, including GC, where it may promote 
tumorigenesis through several mechanisms such as enhanced cellular proliferation, increased angiogenesis, and immune 
evasion[3]. The findings from Yao et al[1] indicating that a high TyG index correlates with improved overall survival (OS) 
and progression-free survival in patients undergoing treatment with sintilimab and chemotherapy are particularly 
noteworthy. Specifically, their study reported that patients with a high TyG index (≥ 1.79) had a significantly longer 
median progression-free survival of 9.8 months [95% confidence interval (CI): 9.2-10.9] compared to 8.0 months (95%CI: 
7.5-8.5) in the low TyG index group (< 1.79) [hazard ratio (HR) = 0.58, 95%CI: 0.43-0.79, P < 0.001]. The median OS was 
also significantly extended in the high TyG index group, reaching 23.1 months (95%CI: 21.2-NA) compared to 16.5 
months (95%CI: 13.9-18.3) in the low TyG index group (HR = 0.30, 95%CI: 0.21-0.42, P < 0.001). In multivariate analysis, 
the TyG index was identified as an independent prognostic factor for OS (HR = 0.36, 95%CI: 0.24-0.55, P < 0.001), further 
reinforcing its predictive value. These results suggest that metabolic status, as reflected by the TyG index, plays a crucial 
role in shaping treatment outcomes in advanced GC. This relationship suggests that insulin sensitivity may play a role in 
modulating the efficacy of immunotherapy, potentially influencing treatment outcomes[1,3].

CLINICAL IMPLICATIONS
The TyG index has shown significant prognostic value in advanced GC, with Yao et al[1] reporting a notable survival 
benefit in patients with a high TyG index (median OS: 23.1 months vs 16.5 months, HR = 0.30, P < 0.001)[2]. These 
findings suggest that metabolic profiling could serve as an additional stratification tool in clinical decision-making, 
allowing for more tailored treatment strategies. Integrating the TyG index into prognostic models alongside established 
biomarkers, such as programmed death-ligand 1 (PD-L1) expression and electrocorticography performance status, may 
refine patient selection for intensive therapeutic regimens, particularly in combination with immunotherapy[4,5].

Given the mechanistic links between insulin resistance and immunotherapy response, the TyG index may also help 
predict immune checkpoint inhibitor efficacy. Insulin resistance, through the phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway, promotes tumor growth and alters 
the tumor microenvironment, contributing to immune suppression and metabolic competition. Patients with a high TyG 
index, indicative of metabolic dysregulation, may benefit from adjunctive metabolic interventions (e.g., metformin or 
mTOR inhibitors) to enhance their responsiveness to immunotherapy[1]. Additionally, the predictive role of the TyG 
index in identifying patients at risk of immune exhaustion due to metabolic competition warrants further investigation[6,
7].

Future research should explore whether metabolic modulation strategies could synergize with immune checkpoint 
blockade to improve patient outcomes. For example, patients with a high TyG index could be prioritized for intensive 
therapeutic regimens or innovative treatment approaches, while those with lower indices might benefit from closer 
monitoring or alternative therapeutic options. Such stratification could ultimately contribute to enhanced survival 
outcomes and improved quality of life for affected patients[1,8,9].

https://www.wjgnet.com/1007-9327/full/v31/i15/104574.htm
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Table 1 The Role of the triglyceride-glucose index in metabolic dysfunction and gastric cancer progression

Metabolic factor Associated changes Impact on gastric cancer

Insulin resistance ↑ PI3K/Akt/mTOR activation, ↑ growth signals, ↓ apoptosis Promotes tumor proliferation and therapy resistance

Lipotoxicity ↑ Free fatty acids, ↑ IL-6/TNF-α, ↑ inflammation Enhances pro-tumor immune suppression

Glucotoxicity ↑ Oxidative stress, ↑ DNA damage, ↑ chronic inflammation Facilitates tumor progression and metastasis

Altered TME ↑ Metabolic competition (glucose depletion), ↓ T-cell function Reduces efficacy of immunotherapy

Hyperlipidemia and obesity ↑ Systemic inflammation, ↑ lipid metabolism dysfunction Alters immune response, may influence prognosis

PI3K: Phosphatidylinositol 3-kinase; Akt: Protein kinase B; mTOR: Mammalian target of rapamycin; TME: Tumor microenvironment; IL: Interleukin; TNF: 
Tumor necrosis factor.

MECHANISTIC INSIGHTS
This study paves the way for deeper investigation into the biological mechanisms connecting insulin resistance with 
cancer progression and treatment response[10,11]. Insulin resistance is known to activate multiple oncogenic signaling 
pathways, notably the PI3K/Akt/mTOR pathway[12]. This pathway regulates cellular metabolism, proliferation, and 
survival, and its dysregulation is implicated in cancer progression and therapeutic resistance. Persistent insulin resistance 
leads to chronic activation of PI3K/Akt signaling, promoting tumor growth and impairing the efficacy of immune 
checkpoint inhibitors by fostering an immunosuppressive environment[13]. Hyperactivation of mTOR can also reduce T-
cell function, limiting the anti-tumor immune response[14,15]. Given the intricate interplay between metabolic 
dysfunction and GC progression, we summarize the key metabolic factors associated with the TyG index and their 
respective effects in Table 1.

Additionally, insulin resistance influences the tumor microenvironment through multiple mechanisms. First, it 
enhances systemic and local inflammation via upregulation of pro-inflammatory cytokines (e.g., interleukin-6, tumor 
necrosis factor-α), which can create an immunosuppressive niche[10,16,17]. Second, the altered metabolic landscape 
associated with insulin resistance leads to increased competition for glucose between tumor cells and immune cells, 
particularly T cells. Since effector T cells rely heavily on glycolysis for energy, metabolic competition in an insulin-
resistant state may result in T-cell exhaustion and impaired anti-tumor immunity. Finally, increased circulating insulin 
levels can stimulate the expression of PD-L1 on tumor and immune cells, potentially affecting the response to 
programmed death 1/PD-L1 blockade therapies[18,19]. Future research should focus on unraveling these intricate 
pathways and exploring their interactions with immunotherapeutic agents, such as sintilimab, to enhance our 
understanding and improve therapeutic outcomes.

NEED FOR MULTICENTER STUDIES
While the study by Yao et al[1] presents compelling evidence, the importance of multicenter studies cannot be overstated
[20]. Such investigations are crucial for improving the generalizability of the findings across diverse populations and 
clinical settings[21]. Differences in genetic backgrounds, lifestyle factors, and comorbidities can profoundly impact both 
insulin resistance and cancer biology. Consequently, validating the TyG index as a prognostic tool in heterogeneous 
cohorts will be indispensable for confirming its applicability and reliability in routine clinical practice.

FUTURE DIRECTIONS
Future investigations should aim to integrate the TyG index with other biomarkers and clinical parameters to construct a 
more comprehensive prognostic model. Such models could include factors such as tumor staging, histological subtypes, 
and molecular characteristics, offering a more nuanced and holistic perspective on patient prognosis.

CONCLUSION
In conclusion, I commend Yao et al[1] for their valuable contribution to advancing our understanding of prognostic 
markers in advanced GC. The TyG index emerges as a promising tool for improving patient stratification and optimizing 
treatment strategies in this challenging clinical domain. Further research into the utility of this biomarker and its potential 
incorporation into routine clinical practice is essential to enhance outcomes for patients with advanced GC.
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