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MicroRNAs (miRNAs) are recognized for their involvement in the regulation of
gene expression and exhibit significant potential in both the prognostic assess-
ment and treatment of hepatocellular carcinoma (HCC). HCC, like other tumors,
seldom occurs in isolation; instead, it evolves within a microenvironment
featuring oncogenic and tumor-suppressive elements. When combined with
P-Reviewer: Huang M, China; Tang suitable delivery vehicles, miRNA technology provides the capability to directly

H, China engage with these elements, thereby hindering tumor formation and progression.
Ongoing research in this domain holds the promise of enabling a more efficacious
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Core Tip: MicroRNAs (miRNAs) constitute a family of molecules with dual roles in
both the development and prevention of cirrhosis and hepatocellular carcinoma (HCC).
Depending on the type of miRNA and the target of interest, they have the potential to
promote or inhibit angiogenesis, facilitate or inhibit immune invasion, and enable or halt
cell cycle progression amongst other effects. When paired with safe and effective
delivery vehicles, specific miRNAs show promise as targeted therapies for treating
HCC. Nonetheless, owing to the intricate interactions within in vivo systems and
limitations of current retrospective studies, further research is imperative to ensure the
safety and efficacy of miRNA in HCC therapy.
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INTRODUCTION

Hepatocellular carcinoma (HCC) comprises 75% of primary liver cancers and stands as the third most prevalent cause of
cancer-related deaths globally[1,2]. Beyond the immeasurable human toll, HCC inflicts a substantial financial burden and
costs the United States healthcare system over $405 million annually[3]. Common triggers for cirrhosis and consequent
HCC include excessive alcohol consumption, metabolic syndrome (including metabolic-associated fatty liver disease),
hepatitis B virus infection, hepatitis C virus infection, autoimmune liver diseases, and exposure to aflatoxin B1[1].

Until recently, treatment of HCC was rudimentary. Options such as surgical resection, radiofrequency ablation,
chemoembolization, systemic therapy, and radiation therapy come with significant potential complications and broad
systemic effects. For instance, while procedures such as transcatheter arterial embolization (TAE) and chemoembolization
(TACE) have become the treatment of choice for unresectable HCC, they are associated with significant side effects such
as hepatic failure and abscess formation, biliary tract disease, and necrotizing pancreatitis[4]. As TAE and TACE trigger
hypoxia in embolized regions, they paradoxically stimulate angiogenesis[5] and may potentially worsen the cancer. In the
early stages of HCC, surgical resection may be an option. However, this option is limited by recurrence due to inadequate
margins and can only be done if a functional liver remnant can be left. Lastly, while liver transplantation offers a cure for
cirrhosis and HCC, it is often inaccessible due to delayed diagnoses and graft shortages.

It’s now known that factors within tumor macroenvironments and tumor microenvironments (TME) significantly
influence the onset, progression, and prognosis of HCC[6]. Cancer, immune, and stromal cells communicate with each
other to promote angiogenesis, invasion, and evasion of the body’s immune system. This communication takes place
through the release of various biologically active molecules (e.g., enzymes, lipoproteins, and nucleic acids) into the TME
and the extracellular matrix (ECM). Examples include angiogenesis-promoting factors such as platelet-derived growth
factor and vascular endothelial growth factor, as well as various matrix metalloproteinases that remodel the ECM and aid
cellular invasion[6].

An intriguing mode of intercellular communication occurs via exosomes. These are phospholipid-bound vesicles
known for their capacity to transport diverse noncoding RNAs, among other active contents, while shielding them from
nucleases and proteases present in the ECM][6,7]. One possible component of exosomes is microRNAs (miRNAs).
MiRNAs hold particular interest due to their role in selective gene silencing and are capable of either promoting or
inhibiting cancer progression depending on the tissue type, specific sequence, and originating cell[7]. They may prove
valuable as biomarkers for diagnosing and prognosticating various cancers, such as HCC, and serve as therapeutic
targets. However, much is still unknown about the role of miRNAs in the pathogenesis of cancer and how they are
targeted to certain cell types in living systems. While theories have been postulated based on in vitro observations, little is
known about their validity in in vivo systems. Furthermore, more studies are also required to identify other possible
miRNAs related to HCC.

SIGNIFICANCE OF MIRNAS

The review paper titled “Function and biomedical implications of exosomal microRNAs delivered by parenchymal and
nonparenchymal cells in hepatocellular carcinoma”, published in World Journal of Gastroenterology, provides a compre-
hensive exploration of how elements within the TME, particularly exosomal miRNAs, are associated with HCC[8].
Through review of recent literature, it summarizes current understanding regarding the role of miRNAs in promoting,
preventing, and predicting the prognosis of HCC.

The development of HCC is linked with loss of tumor suppressive miRNAs (Table 1). The authors commented on the
association of deficiency of miR-122 and miR-192 with increased rates of HCC and observed that their restoration in in
vitro systems resulted in the inhibition of HCC growth and activation, respectively. This is of particular interest because
miR-122 has previously been shown to sensitize HCC cells to chemotherapy by inhibiting multidrug resistance-associated
genes, the anti-apoptotic gene Bcl-w, as well as the cell cycle-related gene cyclin B1. As such, miR-122 has been classified
as a tumor suppressor gene. While the exact mechanism remains unclear, it appears to serve as a regulator and correlates
with liver-specific transcription factors such as hepatocyte nuclear factor 4 alpha[9].

The review also discusses the tumor-suppressive role of certain miRNAs. MiR-223, well known for its immune system-
modulating activity, plays a distinct role in the pathogenesis of various liver diseases. Upregulation of miR-223 has been
shown to protect against alcoholic liver disease (ALD) and metabolic-dysfunction-associated steatohepatitis (MASH). In
ALD, it directly inhibits interleukin-6 (IL-6) expression and its downstream target p47phox. This leads to reduced
neutrophil infiltration and reactive oxygen species production-factors that are significant drivers of the disease’s
pathophysiology[10]. In MASH, miR-223 similarly reduces the inflammatory cascade resulting from insults to the liver
parenchyma due to metabolic syndrome. In HCC, miR-223 can induce tumor cell apoptosis, inhibit cancer spread, and
reduce multidrug resistance through its effects on mammalian target of rapamycin, integrin aV, and multidrug resistance
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Table 1 Current understanding of pro- and anti-tumor microRNAs in hepatocellular carcinoma and brief descriptions of their effects

MicroRNAs of interest in hepatocellular carcinoma

Prevents HCC Dual influence Promotes HCC

miR-122 - inhibits HCC growthand =~ miR-192 - suppresses tumor when acting on miR-155 - role in promoting inflammation and tumor growth
enhances tumor cell susceptibility to  the PABPC4 and TRIP13 genes. Promotes through unclear mechanisms
chemotherapy tumor when acting on SEMA3A

miR-223 - anti-inflammatory effects miR-21 - stimulates cancer-associated fibroblasts
and role in resolution of liver fibrosis

miR-335-5p - inhibition of tumor miR-20a-5p - suppresses expression of tumor suppressors
growth and invasion

miR-320a - blocks activation of miR-103 - facilitates tumor metastasis by damaging the integrity of
MAPK pathway endothelial junctions
miR-150-3p - suppresses tumor miR-210 - derived from HCC cells. Promotes angiogenesis

migration and invasion

miR-214 - suppresses angiogenesis miR-93-5p - facilitates HCC progression via inducing immune
evasion

miR-148a-3p - inhibits HCC prolif- miR-107 - promotes HCC progression by increasing epithelial-to-

eration and invasiveness mesenchymal transition (however, this notably seems to act as a

tumor suppressor in head and neck squamous cell carcinoma)

miR-4739 - associated with poor HCC prognosis. Unclear mechanism

HCC: Hepatocellular carcinoma; PABPC4: Poly-A binding protein cytoplasmic 4; TRIP13: Thyroid receptor-interacting protein 13; SEMA3A: Semaphorin
3A.

protein 1 (MDRP1 or ABCB1)[11].

Oncogenic miRNAs have been discussed in this article as well as in previous literature. They exert their effects through
a multitude of routes. Examples include promotion of angiogenesis or loss of epithelial cell polarity (e.g., miR-210 and
miR-107), immune evasion (e.g., miR-93-5p), and through unknown mechanisms (e.g., miR-4739)[8,12,13]. As will be
discussed later, many of these miRNAs will have relevant interactions with other proteins as well.

Moreover, some miRNAs have been shown to exhibit both tumor suppressor and oncogene roles, with miR-192
serving as a key example. While miR-192 has demonstrated anti-tumor properties through its effect on the poly-A
binding protein cytoplasmic 4 (PABPC4) and thyroid receptor-interacting protein 13 (TRIP13) genes, it has also been
shown to function as an oncogene by inhibiting semaphorin 3A (SEMA3A), an inhibitor of tumor angiogenesis[14]. Thus,
while this review paper proposes the administration of miR-192 as a therapy for HCC, further research is required to
selectively target this molecule to the PABPC4 or TRIP13 genes rather than SEMA3A. Moreover, miR-192 has been found
to have both beneficial and harmful effects on different organ systems, highlighting the need for careful consideration
when selecting an appropriate delivery vehicle and target.

The authors further describe the prognostic role of specific miRNAs in the early detection of HCC. For instance, the
deficiency of exosomal miR-122 has been observed in patients with ALD, MASH, and HCC. Conversely, levels of other
miRNAs such as miR-155 are elevated in patients with ALD, autoimmune hepatitis, and HCC. Another miRNA, miR-34a,
has been associated with cirrhosis and HCC progression[8]. As additional prognostic miRNAs are identified, their use in
calculating HCC pre-test probability may be explored.

Several limitations in the cited studies are acknowledged in this article, including the inconsistency in experimental
subjects and varied study designs. Also recognized is the low targeting efficacy and durability of exosomal systems when
used for treatment. Other limitations of miRNA treatment include the lack of testing in in vivo systems, the potential
toxicity of certain targeting systems, and the unintended silencing or activation of other genes. Additionally, there are
immune-related implications of miRNA therapy. Systemic and poorly targeted miRNA infusion may trigger the release
of cytokines and interferons via the activation of toll-like receptors[15].

Discussion of the therapeutic possibilities of miRNAs would not be complete without acknowledgment of the
importance of delivery vehicles. Mesenchymal stem cells (MSCs) are multipotent stem cells and integral components of
the TME. They are present in various locales such as the skin, bone marrow, intestines, adipose tissue, lungs, and liver.
While they may serve both oncogenic and tumor-suppressive roles when acting on different pathways, MSCs have been
shown to exhibit chemotactic abilities and the capability to migrate with signals such as chemokine ligand 15, tumor
growth factor B, macrophage inflammatory protein 18 (MIP-18), and MIP-3a[16]. When loaded with miRNAs like MiR-
122, exosomes derived from MSCs offer unique vehicles for targeting HCC cells to inhibit growth and sensitize them to
chemotherapy.

Concerns regarding the safety and effectiveness of exosome therapy are valid; the long-term side effects are unclear
and there have been reports of infection and contamination with unapproved regenerative therapy in the United States.
However, these adverse events were likely secondary to the stem cells carried within the exosomes as well as improper
preparation and poor selection of surface targeting ligands. Multiple regulated small-scale studies on exosomal delivery
systems have shown positive outcomes with a favorable side effect profile[17,18]. Exosomes are structurally simple and
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are relatively inert as they are composed of lipids already present within cells. The imperative will be to determine a way
of effectively synthesizing them in large volumes and to identify effective targeting ligands to selectively transport them
to the desired location.

CONCLUSION

The field of molecular medicine, coupled with our deepening understanding of miRNAs, holds significant promise for
the future of HCC treatment. As discussed above, specific miRNAs are found to have an association with tumor
suppression and oncogenesis. Other miRNAs may individually have either tumor suppressive or tumor-promoting
effects depending on the target that they are acting on. Future research in multifactorial in vivo systems, perhaps with
miRNA epitope tagging, would assist in delineating the pathways and targets responsible for these effects. Further
knowledge in this area would prove highly applicable to the selection of therapeutic miRNAs as well as an appropriate
delivery vehicle. Another avenue of exploration may encompass interactions between miRNAs and other cellular
proteins. For example, H19 (a long non-coding RNA) and circGPR37B (a circular RNA) have shown promise in reducing
the effects of oncogenic miRNAs such as miR-107 and miR-4739, respectively[12,13].

Additionally, most of the clinical studies cited in the in-press article by Wang et al[8] are retrospective in nature, which
makes them inherently susceptible to biases in case selection (e.g., subclinical HCC may have differing levels of
association with certain miRNAs). They also offer weaker causal relationships (e.g., does increased expression of a
miRNA increase the risk for HCC, or does HCC development cause an increase in the miRNA). Future prospective
studies in patients with high HCC risk factors may provide a resource-effective avenue for investigating the role of
miRNAs.

MiRNAs offer the potential to become valuable tools for HCC prognosis, diagnosis, and clinical risk assessment. By
comprehending their multifaceted roles, we can manipulate specific miRNAs to mitigate and combat tumors. When
integrated with an enhanced understanding of MSC and exosome systems, miRNA infusions may be used either
independently or in conjunction with existing HCC treatment modalities to improve treatment outcomes. For example,
manipulation of miRNAs involved in the promotion or inhibition of angiogenesis, such as miR-214 and miR-210, may
offer a remedy for the paradoxical angiogenesis associated with embolization procedures as noted above. Similarly, the
application of miRNAs involved in tumor growth may allow for neoadjuvant debulking and improve the success rate of
surgical resection.

Ongoing research is crucial to address these knowledge gaps and assess the safety of miRNAs within intricate,
complex in vivo systems. As we continue to unlock the potential of miRNAs and molecular medicine, we stand on the
cusp of transforming the landscape of HCC treatment, offering new hope and possibilities for patients facing this deadly
disease.
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Abstract

Acute pancreatitis (AP) is a leading cause of gastrointestinal-related hospitaliz-
ations in the United States, resulting in 300000 admissions per year with an
estimated cost of over $2.6 billion annually. The severity of AP is determined by
the presence of pancreatic complications and end-organ damage. While mode-
rate/severe pancreatitis can be associated with significant morbidity and
mortality, the majority of patients have a mild presentation with an uncom-
plicated course and mortality rate of less than 2%. Despite favorable outcomes, the
majority of mild AP patients are admitted, contributing to healthcare cost and
burden. In this Editorial we review the performance of an emergency department
(ED) pathway for patients with mild AP at a tertiary care center with the goal of
reducing hospitalizations, resource utilization, and costs after several years of
implementation of the pathway. We discuss the clinical course and outcomes of
mild AP patients enrolled in the pathway who were successfully discharged from
the ED compared to those who were admitted to the hospital, and identify
predictors of successful ED discharge to select patients who can potentially be
triaged to the pathway. We conclude that by implementing innovative clinical
pathways which are established and reproducible, selected AP patients can be
safely discharged from the ED, reducing hospitalizations and healthcare costs,
without compromising clinical outcomes. We also identify a subset of patients
most likely to succeed in this pathway.

Key Words: Emergency department; Mild pancreatitis; Pathways; Hospitalization;
Predictors
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Core Tip: In this editorial we review the outcomes of an emergency department (ED) pathway for patients with mild acute
pancreatitis. The goal of the pathway is to reduce hospitalizations, prevent iatrogenic complications and reduce costs,
without affecting readmission rates or mortality. We discuss the clinical course and outcomes of mild acute pancreatitis
patients enrolled in the pathway who were successfully discharged from the ED compared to those who were admitted to the
hospital, and identify predictors of successful ED discharge to select patients who can potentially be triaged to the pathway.
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INTRODUCTION

Acute pancreatitis (AP) is an inflammatory condition of the pancreas caused by the activation of pancreatic enzymes
resulting in digestion of the pancreatic parenchyma. Patients typically present with acute onset epigastric abdominal pain
with nausea and vomiting[1]. Diagnosis of AP requires two of the following three criteria: (1) Classic abdominal pain; (2)
serum amylase or lipase that is greater than three times the upper limit of normal; and/or (3) radiographic evidence of
pancreatic inflammation. Further, severity of AP is determined by the presence of peripancreatic complications and/or
end-organ damage (i.e., renal failure, respiratory failure or altered mental status)[2,3]. Studies report that patients with
severe AP can have a mortality of nearly 30% during the hospitalization however account for less than 25% of all AP.
Conversely, the majority of patients with AP have mild presentations and generally have a low mortality rate[1].

MAIN TEXT

In the United States, the most common cause of AP is gallstones followed by alcohol use and contributes to nearly 300000
hospital admissions per year amounting to approximately $2.6 billion in aggregate costs per year[4]. Over the past two
decades, the incidence of AP has increased amongst hospitalized patients with an estimated annual incidence ranging
from 68 to 81 per 100000 persons[5]. Furthermore, despite the low mortality rate for patients with mild AP, traditionally,
patients with mild AP are hospitalized with length of stay (LOS) of up to 3 d to 7 d[6-8]. Thus, patients with AP
contribute to significant health care costs per year and opportunity exists to streamline care for patients with mild AP.

In an effort to reduce healthcare costs, Emergency Departments (ED) implement clinical pathways for common chief
complaints and clinical conditions to streamline care. The goal of these pathways is to provide high-level care and
identify those patients who need admission vs those who can be stabilized and safely discharged with outpatient
management. Examples include chest pain with acute coronary syndromes, asthma, atrial fibrillation, seizures, congestive
heart failure, hyperglycemia including diabetic ketoacidosis, and chronic obstructive pulmonary disease. In these
scenarios, pathways include specialists that help direct care but also a direct transition to outpatient follow up. These
pathways became the mainstay of therapy during the coronavirus disease 2019 pandemic when EDs were overcrowded
and hospital beds were scarce. In these times, other conditions that were typically managed with admission were
managed with ED stabilization and close outpatient follow up[9-16].

The traditional dogma for AP management includes hospital admission for fluid resuscitation, bowel rest, symptom
management, and risk mitigation for recurrence (i.e., cholecystectomy for biliary pancreatitis and alcohol cessation
resources for alcoholic pancreatitis)[1,2]. Over the decades, studies and guidelines advance this management to improve
care and reduce hospital LOS. Specifically, the American Gastroenterological Association (AGA) guidelines for early
management of AP published in 2018 specifically advocate for goal directed fluid resuscitation and oral solid diet within
24 h of presentation[17]. Streamlined protocols in AP are aimed at reducing LOS and health care costs[18-21]. Some
studies have explored the effect of such pathways on patient outcomes including mortality, sepsis, and LOS[22-25]. One
study using a combined paging alert and web-based clinical decision-making tool and demonstrated a reduction in LOS
and included all patients with AP regardless of severity and local complications[25]. Finally, with greater support for
judicious use of fluids, as published in Waterfall trial in 2022, there is greater evidence to support streamlined care[26].

Furthermore, a 2014 Turkish study demonstrated that patients with mild AP could be safely discharged from the ED
with intensive in-home therapy without a difference in readmission rates and with lower charges[27]. Although a novel
approach, most health systems are not able to provide intensive home care and thus these results are not generalizable to
most. Further, this study eliminated alcoholic pancreatitis, an important etiology to consider for United States patients.
Given the low mortality rates for mild AP and accurate prediction scoring systems to identify patients with mild AP,
patients with low-risk AP could potentially be managed safely within the confines of the ED with close outpatient follow
up.

In a study published in 2018, we developed a clinical pathway for patients with mild AP with the aim to determine the
feasibility of managing these patients in the ED with discharge after stabilization rather than admission[28]. The clinical
pathway isolated patients with the mildest form of AP by excluding those with confirmed moderately-severe or severe
AP, patients with persistent systemic inflammatory response, severe hyperglycemia, evidence of cholangitis or
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Management of acute pancreatitis in the emergency department

& ()
@ 3
s s
% &
2 &
= =
Initial disposition: Does the patient meet criteria for mild acute pancreatitis and has normal electrolytes?
Reassessment phase Rehydration and reassessment
Is the patient improving? Is the patient improving?
Step 1: Advance diet, PO medications Disposition phase .
Step 2: Arrange follow up with PCP and surgery if gallstones on ultrasound Admit to hospital
Step 3: Discharge after 3 h of observation

Figure 1 Example decision support tool for acute pancreatitis management in the emergency department. ULN: Upper limit of normal: NS:
Normal saline; LR: Lactated ringers; PCP: Pseudotumoral chronic pancreatitis.

choledocholithiasis, or with patients with severe comorbidities (such as heart failure with reduced ejection fraction or
end-stage renal failure on hemodialysis or peritoneal dialysis). Patients enrolled in the ED observation pathway, received
structured hydration and reassessment in 8 h increments. Improvement was defined as lower pain scores, nausea
controlled by medications, presence of hunger, and stable vital signs. When improved, patients would receive a solid fat
diet and with continued improvement would be discharged with primary care or gastroenterology (GI) follow up.
Patients with biliary pancreatitis in the absence of cholangitis or choledocholithasis would have surgical follow up within
7 d of discharge to ensure close interval cholecystectomy. Patients who failed to improve would be admitted and follow
standard of care.

In comparison to those admitted, we found that patients were typically younger, had lower prediction scores, and were
more likely to have an idiopathic etiology for their pancreatitis. Patients in the observation pathway had a significantly
lower LOS (22 h vs 87 h). In this study we also compared those patients in the observation pathway to a historical cohort
of patients with similar presentations who would have met criteria for observation. In this comparison, patients” LOS
were significantly longer in the historical cohort (72 h vs 23 h) and significantly greater patient charges in the historical
cohort. Importantly, there was no difference in 30 d readmission rates and there were no deaths in either cohort. These
findings suggested that a robust ED-based clinical pathway could be safe for the mildest form of AP.

In follow-up, we published longer-term data using the same ED-based clinical pathway in 2021[29]. In this study, the
patients enrolled in the observation pathway continued to have a lower LOS and significantly fewer patient charges than
those admitted and compared to those of a historical cohort without differences in readmission and without any related
deaths. Compared to the initial study that had direct oversight by the GI team, the follow up study demonstrated that the
ED providers could use the clinical pathway autonomously suggesting the ease of implementation and generalizability to
institutions without GI providers. Using the availability data, we found that older age, greater medical comorbidity, and
biliary pancreatitis were predictors for admission rather than observation whereas patients with idiopathic pancreatitis
were nearly eight times more likely to be observed[30].

These studies demonstrate both the feasibility and durability of ED-based clinical observation pathways to support
patients with mild AP using guideline based care while also providing safe discharge and avoiding unnecessary
admission. In using such pathways, healthcare systems could reduce costs without compromising patient care or safety.
In Figure 1, we provide a sample clinical decision tool as an example of a type of ED-based clinical pathway. In
implementing such a pathway, we suggest assembling a group of stakeholders to include ED providers (physicians,
midlevel providers, and nursing leadership), GI providers, hospital administrators and surgeons to sure that this
pathway has support. Implicit in instituting such a pathway requires clear communication between the stakeholders to
reduce risk of error and patient harm. In the studies we presented, we created a specific alert system to ensure that
patients discharged from the ED on the pancreatitis pathway had adequate follow up with appropriated providers.
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CONCLUSION

AP is an important contributor to healthcare burden in the United States and although some presentations are associated
with a high mortality rate, the majority of patients have mild AP and thus a low mortality rate. As demonstrated by other
clinical pathways for similarly morbid conditions such as asthma and atrial fibrillation, the mildest form of AP can safely
manage in the ED with the implementation of guideline based clinical pathway.
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Abstract

During the outbreak of the coronavirus disease 2019 (COVID-19) pandemic,
particular interest rose regarding the interaction between metabolic dysfunction-
associated fatty liver disease (MAFLD) and the COVID-19 infection. Several
studies highlighted the fact that individuals with MAFLD had higher probability
of severe acute respiratory syndrome coronavirus 2 infection and more severe
adverse clinical outcomes. One of the proposed mechanisms is the inflammatory
response pathway, especially the one involving cytokines, such as interleukin 6,
which appeared particularly elevated in those patients and was deemed
responsible for additional insult to the already damaged liver. This should
increase our vigilance in terms of early detection, close follow up and early
treatment for individuals with MAFLD and COVID-19 infection. In the direction
of early diagnosis, biomarkers such as cytokeratin-18 and scoring systems such as
Fibrosis-4 index score are proposed. COVID-19 is a newly described entity, expec-
ted to be of concern for the years to come, and MAFLD is a condition with an
ever-increasing impact. Delineating the interaction between these two entities
should be brought into the focus of research. Reducing morbidity and mortality of
patients with COVID-19 and MAFLD should be the ultimate objective, and the
optimal way to achieve this is by designing evidence-based prevention and
treatment policies.

Key Words: Metabolic dysfunction-associated fatty liver disease; COVID-19; Liver
fibrosis; Cytokine storm; Drug induced liver injury
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Core Tip: The intricate intertwining of metabolic dysfunction-associated fatty liver disease (MAFLD) and coronavirus
disease 2019 (COVID-19) presents a critical nexus with severe clinical outcomes. The symbiotic impact of MAFLD
increasing susceptibility to severe COVID-19, and the reciprocal exacerbation by the viral infection, mandate special
attention. Early identification, vigilant monitoring and tailored evidence-based interventions, navigating both conditions, are
pivotal in mitigating adverse effects. Investigating the molecular pathways underlying the synergistic effects of MAFLD and
COVID-19, and the impact of specific COVID-19 treatment drugs on liver function and their potential exacerbation of
MAFLD, stands as a promising research avenue that could unveil novel therapeutic targets.
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INTRODUCTION

As the world encounters the enduring impact of coronavirus disease 2019 (COVID-19), the interplay between this viral
pandemic and metabolic dysfunction-associated fatty liver disease (MAFLD) emerges as a topic for comprehensive
research. While MAFLD has a remarkable prevalence among COVID-19 patients and is expected to be increased even
more by 2030 due to obesity and metabolic syndrome persistently growing, the topical question that rises is whether
concurrent obesity and MAFLD epidemics could be contributing factors to the exacerbation and prevalence of the
ongoing COVID-19 pandemic[1,2]. In addition to the metabolic syndrome, MAFLD might influence the severity of viral
infections, potentially impacting conditions like COVID-19 or even representing an independent risk factor. Vice versa,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection exacerbates MAFLD and induces liver injury
through various mechanisms.

In their consensus statement, Eslam et al[3] suggested that a positive diagnosis of MAFLD can be achieved through the
confirmation of at least one criterion from each of the following two groups. The first group consists of the following: The
presence of hepatic steatosis in adults, as it can be ascertained through imaging modalities such as ultrasound, magnetic
resonance imaging or computerized tomography; blood biomarkers or blood test-based scoring systems; and liver
histology. The second group consists of the following: Presence of overweight/obesity; type 2 diabetes mellitus; and
evidence of metabolic dysregulation[3]. Metabolic dysregulation can be documented by the presence of at least two of the
following metabolic risk abnormalities: (1) Waist circumference > 102/88 cm in Caucasian men and women; (2) Blood
pressure = 130/85 mmHg or specific drug treatment; (3) Plasma triglycerides > 150 mg/dL or specific drug treatment; (4)
Plasma High Density Lipoprotein-cholesterol < 40 mg/dL for men and < 50 mg/dL for women or specific drug
treatment; (5) Prediabetes; (6) Homeostasis model assessment of insulin resistance score > 2.5; and (7) Plasma high-
sensitivity C-reactive protein level > 2 mg/L[3]. Our ability to recognize individuals with MAFLD is very important as
this condition is a favorable substrate for severe COVID-19 illness. In particular, Gao et al[4] reported that after
adjustment for age and sex, patients with MAFLD had a 2.6-fold higher risk of severe COVID-19 illness over those
without MAFLD. They also reported that MAFLD patients with elevated interleukin-6 (IL-6) Levels were at higher risk of
severe COVID-19 illness over non-MAFLD patients[4].

THE IMPACT OF MAFLD ON COVID-19 DISEASE

Although there is an unmet need for further studies, it is a fact that COVID-19 affects liver function, which can be
manifested straight from the onset of the disease, with mild and moderate elevations of alanine aminotransferase (ALT)
and/or aspartate aminotransferase (AST)[2]. Tao et al[1] reported a negative impact of MAFLD on the course and clinical
outcomes of COVID-19 illness but did not detect a statistically significant correlation[1].

The incidence of MAFLD in patients with COVID-19 has been noted as higher than in general population[1]. One
possible explanation of the enhanced susceptibility to COVID-19 is the increased hepatic angiotensin-converting enzyme
2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) expression in MAFLD patients, which are host cell proteins
that contribute to SARS-CoV-2 infection[2,5,6]. In addition, COVID-19 patients with MAFLD under the age of 60 years
have a higher risk of severe COVID-19 illness compared to those without MAFLD[5]. Due to liver's role in producing
acute-phase reactants, coagulation factors and albumin, any dysfunction in the liver might affect the broader symptoms
of COVID-19, potentially influencing conditions like acute respiratory distress syndrome (ARDS), coagulation disorders
and multi-organ failure, aggravating the COVID-19 progression[2]. Therefore, MAFLD patients have higher risk of a
poorer COVID-19 prognosis, higher prevalence of severe disease course, higher viral shedding time and more liver
failure during hospitalization[7].

Notably, MAFLD is not a stand-alone disease. It can be characterized as the hepatic manifestation of metabolic
syndrome and stands along with the obesity epidemic[5]. These comorbidities are associated with adverse clinical
manifestation of type 2 diabetes and increased risk of severe infections, since obesity compromises the immune system
due to chronic inflammation. It is essential to underline that increased liver steatosis is associated with a higher risk of
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symptomatic COVID-19 in obese patients[7]. A pro-inflammatory state in MAFLD patients that aggravates COVID-19
illness, is also a result of excess of free fatty acids that enter the liver, activating Kupffer cells[1]. The already burdened
immune system and its effects on liver, lead to a shift of Kupffer cells from an anti-inflammatory M2 state to a proinflam-
matory M1 state[1]. Consequently, this transition enhances the production of cytokines such as tumor necrosis factor-o
and IL-6. Studies suggest that IL-6 plays a pivotal role in the cytokine 'storm', which could be a primary factor for the
aggravation of COVID-19[1,4,7].

Research is needed to ascertain the exact role of fibrosis in the spectrum of outcomes in patients with MAFLD and
COVID-19. Angulo et al[8] after highlighting the difficulty and the risks of liver biopsy, turned to the examination of a
non-invasive model for the identification of liver fibrosis among MAFLD patients. They proposed a score that includes
age, body mass index, AST/ALT ratio, platelet count, hyperglycemia and albumin, comprehensively known as the non-
alcoholic fatty liver disease fibrosis score (NFS)[8]. In their study, Campos-Murguia et al[9], in the process of diagnosing
liver fibrosis, instead of using a single score, used a two-score system simultaneously in order to better stratify high-risk
patients with liver fibrosis. In this system, only individuals with intermediate or high risk of fibrosis-as calculated by
NFS- had AST to platelet ratio index calculated[9]. It is suggested that the existence of MAFLD, and especially the
coexistence with significant or advanced fibrosis, stimulates the virus-triggered cytokine storm. This is mainly explained
by the hepatic production of pro-inflammatory cytokines that significantly contribute to the aggravation of COVID-19
disease[10]. In the same context, Hegyi et al[7] underlined fibrosis as an independent factor for severe COVID-19 illness,
in addition to the existence of fatty liver[7]. Data provided by Targher et al[11] corroborate a correlation between MAFLD
with higher Fibrosis-4 (FIB-4) and NFS scores, and severe course of COVID-19 disease[11]. The severity of COVID-19
notably escalates with the progression of liver fibrosis. A FIB-4 score higher than 2.67 was associated with the highest risk
of developing severe COVID-19. Moreover, evidence was provided that the coexistence of MAFLD alongside with a
neutrophil-to-lymphocyte ratio (NLR) over 2.8 correlated with an elevated risk of severe COVID-19 disease, compared to
non-MAFLD individuals with a normal NLR[7,11]. Therefore, there is an urgent need to evaluate the existence of fibrosis
and its degree as it seems to significantly affect the course of the disease.

EFFECTS OF COVID-19 ON MAFLD

Reversely, SARS-CoV-2 infection can promote the progression of MAFLD. SARS-CoV-2 demonstrates wide organo-
tropism, including the liver[12]. Hepatic dysfunction, characterized by abnormalities in liver enzymes, is frequently
observed in individuals with COVID-19, notably in severe cases across multiple studies[2,5]. Patients experiencing severe
COVID-19 infection tend to exhibit significantly higher incidence of abnormal liver function tests, which are correlated
with poorer outcomes[12,13]. Underlying liver conditions can exacerbate liver damage resulting from COVID-19, and
multiple mechanisms could explain the abnormal liver dysfunction indicated in COVID-19 patients. Direct liver injury
induced by SARS-CoV-2, systemic inflammatory response syndrome (SIRS) and cytokine storms, hypoxia, drug-induced
liver injury (DILI), dysregulation of hepatic lipid metabolism and liver steatosis, and disruption in gut microbiota balance
are only some of the postulated underlying mechanisms[5,12,14].

A variety of studies point out that SARS-CoV-2 can directly damage liver cells. ACE2 and TMPRSS2 are involved in the
process of SARS-CoV-2 endocytosis[6]. Therefore, the presence of these receptors in the liver and bile ducts can cause
cytopathic damage[2,12,13]. SARS-CoV-2 found in the gut lumen may migrate to the liver through the portal circulation,
causing direct damage by actively replicating in hepatic cells via ACE2 receptors[15]. Liver cell apoptosis studies further
support the indication of direct viral cytopathic effects as reported by Chen H and Chen Q[2].Other factors that lead to
liver damage and therefore can worsen the progression of MAFLD are bi-nucleated cells, swollen mitochondria, and
changes in canalicular structures[16,17]. A retrospective cohort study by Wong et al[18] also demonstrated that patients
with prolonged viral presence were more likely to develop elevation of ALT/AST[18].

As an infectious condition, COVID-19 can provoke systemic inflammation and there is evidence that patients with
severe COVID-19 may have cytokine storm syndrome[19]. This can lead to multi-organ dysfunction following liver
damage. As liver steatosis is associated with markers of inflammation such as IL-6, MAFLD can be exacerbated by the
inflammatory response of COVID-19[20]. Alongside the hyper-inflammatory state due to the co-existence of MAFLD and
COVID-19 illness, patients with severe COVID-19 develop multi-organ failure, ARDS, shock and hypoxia[12]. Liver
ischemia may lead to increased hypoxia-induced factors (HIFs). Higher levels of HIFs in COVID-19 patients could
aggravate obesity and insulin resistance, and both aforementioned conditions constitute significant risk factors associated
with MAFLD, as suggested by Tian et al[13]. It is important to mention that studies have shown that HIF-1a could
promote MAFLD[2]. Moreover, increased production of HIF-2a could induce lipogenesis in the liver[2,14,21]. Therefore,
SIRS and hypoxia in severe COVID-19 may exacerbate the progression of MAFLD.

During an infection, the activated innate immune response not only directly triggers and amplifies liver inflammation
but also disrupts the regulation of lipid metabolism[22]. This lipid derangement can promote the development of liver
fibrosis in MAFLD/non-alcoholic steatohepatitis (NASH) patients, as mentioned by Chen H and Chen Q[2]. Analysis of
proteins and metabolites in COVID-19 patients have revealed dyslipidemia, characterized by lipid accumulation and
decreased levels of apolipoproteins[23,24]. Unsaturated fatty acids might be released as a defense mechanism during a
cytokine storm, which can occur in reaction to COVID-19[24]. This condition can lead to changes where proinflammatory
lipids and lipid mediators alter the immune response[5].

In turn, viruses modify lipid metabolism to facilitate their replication, impacting the expression and function of vital
enzymes in lipid biosynthesis[25]. These alterations in lipid metabolism can also relate to the host's response to an
infection[25]. SARS-CoV-2 follows this pattern, inducing substantial changes in lipid metabolism post-infection[5,25]. In

WIG | https://www.wjgnet.com 1482 March 21,2024 | Volume30 | Issuell |

Jaishideng®



Brilakis L et al. Fatty liver disease and COVID-19

particular, SARS-CoV-2 infection has been found to influence pathways involved in lipid synthesis and uptake, leading to
increased accumulation of lipid droplets (LDs) within human cells. Interestingly, the virus utilizes these LDs to enhance
its replication capacity[25]. Moreover, recent studies highlight the significance of ACE2 in maintaining metabolic balance
[2]. However, SARS-CoV-2 infection impairs ACE2 expression, potentially inducing metabolic abnormalities[26]. This
disruption in metabolic equilibrium due to ACE2 impairment may contribute to the progression of MAFLD in
individuals affected by COVID-19[2].

Disruption of gut microbiome equilibrium might contribute to the severity of MAFLD during COVID-19. Growing
evidence indicates that imbalances in the microbiota during COVID-19 correlate with disease severity and increased
mortality[27]. The gastrointestinal tract serves as both the primary habitat for human microbiota and a target for SARS-
CoV-2 infection due to its elevated expression of ACE2 and TMPRSS2[27]. Importantly, the intestine has a connection
with the liver via the gut-liver axis, and intestinal microbiota significantly influences progression of MAFLD[28,29].

A variety of studies suggest an enrichment of opportunistic pathogens and a reduction of beneficial commensals in the
intestinal microbiota of patients with severe COVID-19[30-33]. For example, a cohort study with 62 patients with COVID-
19 found that anti-inflammatory bacteria such as Roseburia and Faecalibacterium decreased, while opportunistic pathogens
such as Clostridium and Streptococcus increased in these patients[32]. These studies highlighted changes in gut microbiota
linked to susceptibility to severe illness.

The relationship between gut microbiota and the liver appears to be strongly supported by evidence. Seventy percent
of blood supply to the liver is provided by the portal vein which carries pathogens from the intestine, therefore liver acts
as the primary defense against antigens originating from the gut. The balance and well-being of gut-liver axis heavily rely
on the contribution of intestinal bacteria[28]. Therefore, disruptions in gut bacteria balance can lead to the passage of
bacteria and endotoxins into the liver due to increased intestinal permeability, eventually triggering liver inflammation.
This dysbiosis-induced hepatic inflammation, coupled with SIRS mentioned earlier in patients with severe COVID-19,
can further aggravate MAFLD[2].

The liver, as the body's primary detoxifier, can be affected by numerous medications used to treat COVID-19[2].
Studies have demonstrated that treatment with antiviral drugs, such as lopinavir, ritonavir and remdesivir, and
macrolides, used for superinfections, have the potential to cause DILI[2,34]. Lopinavir and ritonavir therapy in patients
with COVID-19 is independently associated with elevated ALT/AST[2]. Hepatotoxicity has also been reported in
association with antimalarial/antirheumatic drugs such as hydroxychloroquine, immunomodulatory drugs, corticost-
eroids and tocilizumab, as well as acetaminophen, commonly used as an antipyretic medication[2,35]. Importantly,
corticosteroid therapy, currently recommended by the World Health Organization for patients with severe SARS-CoV-2
infection, is evidently linked to conditions such as steatosis or glycogenosis[36]. Therefore, amongst various drugs used to
treat COVID-19, some can be harmful to the liver.

Underlying metabolic abnormalities and MAFLD have been identified as contributors to DILI[34]. MAFLD has the
potential to increase the liver's sensitivity to hepatotoxicants like acetaminophen[34]. In addition, other compounds, such
as corticoids, antiretroviral agents and methotrexate, appear to initiate the progression from simple fatty liver to NASH,
or exacerbate pre-existing conditions like steatosis, necroinflammation and fibrosis[35]. Hence, in individuals with
chronic liver disease, it's crucial to weigh the risk of potential liver injury when selecting medications for COVID-19
treatment and to carefully monitor these patients, as the use of drugs with elevated hepatotoxicity could potentially
enhance the progression of MAFLD. Figure 1 provides an overview of the aforementioned interactions and highlights the
bidirectional aggravating relationship.

TREATMENT CHALLENGES OF PATIENTS WITH COVID-19 AND MAFLD

Treatment of patients with COVID-19 and MAFLD is a very challenging task with significant implications. On the one
hand, there is the need for appropriate treatment for COVID-19 and on the other, the need for the least possible burden
on the already damaged liver. Given that many of the medications used to treat COVID-19 or its symptoms are harmful
to or impair liver function, great care must be taken in their administration and close liver function monitoring is
mandatory in order to deal with any adverse effects[37]. Hamid et al[38] highlighted the increased risk of drug-drug
interactions and especially in liver transplant patients who are under immunosuppressive treatment. They also added
that dexamethasone, which is effective in reducing mortality, does not appear to have an aggravating effect in patients
with liver damage[38]. Elemam et al[12] emphasized the fact that the reduction in the drugs in COVID-19 patients with
potential DILI, needs to be further evaluated[12]. Jeeyavudeen et al[5] reported medications such as dexamethasone,
protease inhibitors, nucleoside analogue (remdesivir) and monoclonal antibodies to IL-6 as frequently used agents for
COVID-19 treatment. Additionally, they proposed selection of medications according to disease severity, disease
duration, ALT levels and cross-interactions with other treatments patients might be under. They also recommended close
monitoring of liver function[5]. It can be argued that once research provides evidence for a more precise treatment
algorithm for COVID-19, areas of clear overlap with MAFLD treatment will emerge, and more specific questions will
need to be addressed.

TRIPLE NEXUS: CHRONIC HEPATITIS B AND C, MAFLD AND COVID-19

The triple association of chronic viral hepatitis B (CHB) and chronic viral hepatitis C (CHC), MAFLD, and COVID-19
introduces a complex interplay. Notably, there is a significant gap in the existing literature specifically addressing this
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Figure 1 Interplay between coronavirus disease 2019 and metabolic dysfunction-associated fatty liver disease. Metabolic dysfunction-
associated fatty liver disease (MAFLD) can increase the susceptibility and severity of coronavirus disease 2019 (COVID-19). Conversely, COVID-19 can promote the
progression of preexisting MAFLD. MAFLD: Metabolic dysfunction-associated fatty liver disease; ACE2: Angiotensin-converting enzyme 2; TMPRSS2: Trans-
membrane protease serine 2; SIRS: Systematic inflammatory response syndrome; HIFs: Hypoxia-induced factors; DILI: Drug-induced liver injury; COVID-19:
Coronavirus disease 2019.

triple association. The influence of pre-existing liver conditions on COVID-19-associated liver injury remains a topic of
debate. Despite studies revealing the severity of COVID-19 in patients with chronic liver diseases (CLD), with MAFLD
and alcoholic liver disease identified as independent risk factors for severe COVID-19, the relationship between COVID-
19 and CLD caused by hepatitis C virus (HCV) and hepatitis B virus (HBV) has received less attention[5,18,39]. According
to Elemam ef al[12], there are conflicting results regarding the impact of viral hepatitis on COVID-19 outcomes[12]. Some
studies suggest that individuals with viral hepatitis experienced more severe liver dysfunction due to pre-existing
immune dysregulation, while other studies indicated that individuals with pre-existing liver disease or hepatitis B
infection did not show more severe symptoms of COVID-19[12,18,39]. Postulated reasons for these discrepancies in
literature, have been suggested by Lin et al[40] and include small sample size of patients with co-infection of HBV and
COVID, heterogeneity of included patients and lack of thorough understanding of the complexity of enhanced liver
injury caused by inflammatory response[40]. This conflicting evidence underscores the need for further research to
elucidate the specific relationship between viral hepatitis and COVID-19-related liver injury. However, liver cirrhosis
stands out as a critical factor contributing to severe outcomes in COVID-19, with CHB and CHC playing major roles in its
development[5,12,38]. The World Gastroenterology Organisation underscores the need for more data to assess the risk of
adverse outcomes in individuals with CHB or CHC without cirrhosis exposed to COVID-19[38]. While uncertainties
persist about the susceptibility of patients with CHB or CHC to SARS-CoV-2-induced liver damage, those with advanced
fibrosis or cirrhosis face a higher risk of severe outcomes, necessitating vigilant monitoring and tailored interventions[38].

The potential mechanisms underlying the association between viral hepatitis B and C with COVID-19 require thorough
investigation and seem to be similar with those observed in the interplay between MAFLD and COVID-19. The enhanced
liver injury induced by SARS-CoV-2 and HBV co-infection has been characterized as the hepatocyte type rather than the
cholangiocyte type, emphasizing the primary involvement of hepatocytes in the pathogenesis[40]. One key aspect of this
interaction is the inflammatory response and cytokine ‘storm’. Inflammatory factors, including abnormal lactate dehydro-
genase, D-dimer, and IL-6 production, may contribute significantly to liver injury following SARS-CoV-2 coinfection[40].
Thrombocytopenia, more pronounced in COVID-19 cases with HBV co-infection, indicates a potential role of inflam-
matory factors in liver injury[40,41]. Furthermore, DILI poses a significant concern[42]. Corticosteroids, commonly
administered in severe COVID-19 cases, introduce a dual risk by not only suppressing the immune response but also
activating HBV replication[42]. This activation occurs through the suppression of cytotoxic T cell function and direct
stimulation of HBV genomic sequences[42]. Similarly, tocilizumab raises concerns as it can cause liver injury and induce
reactivation of hepatotropic viruses[42].

Notably, while some studies indicate that related inflammatory factors contribute to abnormal liver function, the exact
mechanisms of enhanced liver injury caused by the inflammatory response need further elucidation[40]. Some
mechanistic insights revealed stable expression levels of HBV-associated markers during SARS-CoV-2 infection,
suggesting that chronic HBV infection alone may not significantly increase the severity of COVID-19[43]. Nevertheless,
caution is warranted, as reactivation of hepatitis B has been observed, particularly when corticosteroids are employed,
emphasizing the need for continuous antiviral therapy to manage and prevent such occurrences[42]. Similarly, for
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individuals co-infected with HCV and SARS-CoV-2, the continuation of antiviral therapy remains crucial[42]. Both the
American Association for the Study of Liver Disease and the European Association for the Study of the Liver strongly
recommend ongoing antiviral therapy in individuals diagnosed with COVID-19[42]. The parallel complexity seen in the
MAFLD-COVID association prompts a closer examination of each potential mechanism to unveil common threads
linking the diverse conditions of CHB/CHC and MAFLD to COVID-19 progression.

It is crucial to highlight that both CHB and CHC are frequently associated with hepatic steatosis, forming a connection
with obesity, dyslipidemia and insulin resistance[44]. This shared link to metabolic factors is compounded by MAFLD as
a common comorbidity, further emphasizing the interconnected nature of these conditions. This interplay highlights the
need for comprehensive research to elucidate the complex dynamics of the triple association between CHB and CHC,
MAFLD and COVID-19. While existing studies shed light on the impact of individual components, the triple association
remains a relatively unexplored area in medical literature. Future investigations should aim to unravel the mechanisms
underlying the interactions between these three entities. Understanding the synergistic effects could provide valuable
insights into tailored interventions and preventive strategies.

CONCLUSION

In conclusion, the interaction of MAFLD and course of disease in patients with COVID-19 is particularly broad and there
is a constant growing interest for research on this topic. Individuals with MAFLD have higher probability of SARS-COV-2
infection and more severe adverse clinical outcomes. Reversely, the disease from SARS-COV-2 can lead to triggering and
progression of MAFLD. The multitude of already known mechanisms involved in this essential interaction need to be
elucidated through focused research. Finally, it is imperative to quickly identify patients who combine the above two
conditions and to apply tailored treatment, highly effective for COVID-19 and safe for the liver.
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Abstract

The last decade has been notable for increasing high-quality research and
dramatic improvement in outcomes with dynamic liver preservation. Robust
evidence from numerous randomized controlled trials has been pooled by meta-
analyses, providing the highest available evidence on the protective effect of
machine perfusion (MP) over static cold storage in liver transplantation (LT).
Based on a protective effect with less complications and improved graft survival,
the field has seen a paradigm shift in organ preservation. This editorial focuses on
the role of MP in LT and how it could become the new “gold standard”. Strong
collaborative efforts are needed to explore its effects on long-term outcomes.
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Core Tip: Machine perfusion (MP) has garnered the interest of the transplant community given its proven beneficial effects
on the clinical outcomes after liver transplantation (LT). Herein, we discuss the historical background of MP in LT and the
available clinical evidence. Furthermore, we highlighted the obstacles and the need for future research, in particular with
respect to viability assessment and prolonged preservation times.
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INTRODUCTION

Machine perfusion (MP) technology is an old concept first introduced by Alexis Carrell and Charles Lindberg in the
1920’s, then utilized first in clinical kidney transplantation in 1968[1], however static cold storage (SCS) appeared simpler
and more practical, effectively hindering the progress in MP technology development for more than 3 decades. Recently,
MP has emerged as one of the most promising approaches to improve post-transplant outcomes after liver transplan-
tation (LT).

Two main ex-situ liver perfusion and one in-situ donor approach are increasingly used in clinical practice today[2]. The
first ex-situ technique is known as hypothermic oxygenated perfusion (HOPE) using a highly oxygenated (pO,: > 60 kPa)
artificial solution at hypothermic temperatures (8-12 °C)[2]. The second perfusion technique, normothermic MP (NMP),
uses a blood-based perfusates at 37 °C, thus recreating a near-physiologic environment. Both HOPE and NMP are mainly
applied after SCS, however NMP-preservation is also started upfront after minimal SCS of 2-3 hrs or as described with
“ischemia-free organ transplantation (IFOT)”, as a technique avoiding all SCS[2]. In contrast, during in-situ normothermic
regional perfusion (NRP) a veno-arterial extracorporeal membrane oxygenation technique is used to recirculate and
oxygenate donor blood immediately after circulatory arrest in donation after circulatory death (DCD) donors[2].

The importance of oxygen was understood early with the use of HOPE in kidney transplants in 1968, however the
earlier perfusion concepts in LT were simply hypothermic (HMP). Guarrera ef al[3] presented the first clinical study in LT
in 2010 with HMP using a homegrown device (Figure 1). NRP was used first in uncontrolled DCD in 2007[4] and NMP
started later off in clinics in 2016[5].

The very first randomized controlled trial (RCT) with NMP and the Organox-Metra® device was published in 2018 by
Nasralla ef al[6]. The authors demonstrated less early allograft dysfunction (EAD) and lower peak aspartate aminotrans-
ferase levels during the first week after transplant in the recipient of NMP-treated grafts compared to SCS[6]. Only one
year later, similar results in terms of EAD were illustrated by another single center RCT, however with much smaller
number of patients[7].

Next, in 2021, another two important RCTs were published. The first was focused on HOPE in DCD livers and
demonstrated a four times lower risk of non-anastomotic biliary strictures compared to SCS, together with lower EAD-
rates, postreperfusion syndrome and retransplantation[8]. And the second RCT paralleled such results with HOPE and
showed less 90-d post-operative complications, shorter intensive care and hospital stay compared to SCS in extended
criteria donor livers after brain death (DBD)[9]. The following 2 years, the findings of these studies with HOPE were
supported by further RCTs. The Bologna team showed that patients receiving HOPE-treated extended criteria DBD livers
had significantly lower EAD-rates, better 1-year graft survival, less post-LT complications and lower hospital re-
admission rates compared to SCS[10]. Authors from the United States published the results of another multicenter RCT
using the portable OCS™ device provided by Transmedics for upfront NMP[11]. The NMP group in this study had
significantly lower EAD-rates and less signs of ischemia-reperfusion injury on histopathology[11].

In the first half of 2023, two RCTs were published: The largest RCT ever conducted with HOPE and the first one with
IFOT. In the former, the authors illustrated that, although the number of serious complications between HOPE and SCS
was similar, a post hoc analysis revealed that liver-related serious complications occurred less frequently in the HOPE
group compared to SCS. Notably, graft failure due to liver-related complications did not occur with HOPE but in 7% of
SCS grafts (6 of 85)[12]. Subsequently, a Chinese group reported the results of the first RCT of DBD livers randomly
assigned to SCS or IFOT, demonstrating significantly reduced EAD-rates, post-reperfusion syndrome, less non-
anastomotic biliary stricture, and less cumulative post-operative complications at 12 months[13]. A group from Poland
assessed the role of HOPE in their country. In low-risk DBD donors HOPE had no impact on outcomes, however authors
demonstrated significantly lower EAD-rates and post-operative complications in donor livers with higher risk, i.e., with a
donor risk index of > 1.7)[14]. Two additional RCTs were recently presented with NMP and HOPE in the United States.
NMP with the Organox-Metra® device had a positive effect on the post-reperfusion syndrome[15], and HOPE showed
lower primary non function, less EAD rates and reduced biliary strictures[16].

Such RCTs were recently combined with other retrospective studies in several meta-analyses[17], summarizing the
beneficial effects of MP over SCS[18,19]. Currently, there are no available RCTs comparing HOPE and NMP, however
results of ongoing RCT are awaited (Clinicaltrials.gov: NCT04644744).

While there are no RCT with NRP available yet, this technology appears to be beneficial to reduce biliary complic-
ations, improve graft survival and increase organ utilization if combined with limited SCS up to 6-7 hrs[20-22]. It seems
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Figure 1 Overview on the history of organ and liver preservation. Key steps are highlighted for each time frame, with a final focus on the future research
questions. HOPE: Hypothermic oxygenated perfusion; NRP: Normothermic regional perfusion; RCT: Randomized controlled trial; COR: Controlled oxygenated
rewarming.

unlikely that a RCT would proceed as the clinical outcomes have been so positive to date-in fact it is currently mandated
in France and other European countries that DCD donation should not proceed unless NRP is applied. Clinical studies
demonstrated however several limitations, especially when donor warm ischemia time before or SCS after NRP are
prolonged or when these grafts were used for retransplant candidates[23-26]. Perfusion technologies are not mutually
exclusive, and indeed when looking at real-world data have been combined with satisfactory outcomes[27]. In particular,
in Italy where the no-touch period following DCD donation is 20 min, combining NRP and HOPE has yielded good
outcomes[28].

Despite its clinical benefits, MP is still not routinely used worldwide. There are several reasons behind this which have
been identified as lack of funding, clarity as to what is research and what is accepted clinical care delivery, knowledge
and availability of healthcare staff trained in the operation of this equipment[29,30]. In addition, it must be noted that the
current available evidence is limited at one year follow-up. In fact, all RCTs and meta-analyses that have been published
have reported their outcomes at one year. This appears to be one of the main limitations of the current available literature.
As life expectancy of LT recipients continues to increase, exceeding 70% at 5 years[31], more evidence is needed to better
understand the impact of MP on long-term outcomes after LT. Additionally, many RCTs have reported similar study
endpoint outcome measures with however heterogenous definitions often lacking certain endpoints[18]. Future research
will need to endeavor in more homogeneous outcome reporting to provide replicable data worldwide.

Perfusing marginal organ with the aim to increase liver utilization rates necessitate reliable viability tests. Although
there are several biochemical factors that have been explored both for HOPE and NMP[32,33], there are no clear
guidelines regarding a systematic viability assessment during liver perfusion and available parameters often lack
sensitivity and acceptable positive predictive value to discriminate between livers of metabolically good quality and
others with too high risk for failure in the recipient. Most viability parameters are usually measured in the perfusate, with
arbitrary timepoints and cutoffs, reflecting a post ischemia-reperfusion injury downstream of instigating mitochondria in
hepatocytes, including perfusate lactate, transaminases, cytokine, and lactate dehydrogenase. Bile chemistry is also
applied to assist identification of livers at risk of ischemic cholangiopathy. The early occurring cellular damage during
MP was recently assessed with proteomics analysis of bile collected during sequential HOPE, rewarming and subsequent
NMP[34]. On the other hand, mitochondrial transition pore opening with danger signal release appears to be a more
upfront parameter of liver injury[33,35,36]. There is evidence that MP could be utilized to reprogram mitochondrial
metabolism during HOPE before normothermic reperfusion. The slow metabolism of succinate and concomitant ATP
reloading are two protective mechanisms described with HOPE. A recent study has demonstrated that the analysis of
flavin mononucleotide from complex I, perfusate nicotinamide adenine dinucleotide hydrogen, and mitochondrial CO,
production during HOPE allows a more objective viability assessment of liver quality on a subcellular level which seems
to be more reliable when compared to donor derived data, in particular for high-risk organs such as DCD[33].

In the real world, MP is used also for logistic reasons and prolonged liver preservation is increasingly used to enable
timely LT with both NMP and HOPE[6,11,15,37]. A human liver graft was preserved for 3 d and successfully tran-
splanted[38] and some discarded livers were preserved with MP up to 7 d with satisfactory viability parameters[39].
Although this approach might be of interest in the future to enable the modification of cellular metabolisms during ex-
situ MP, its daily applicability is still limited to small number of cases and challenges with difficult devices required
particularly for prolonged NMP[40].
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Next to a prolonged ex-situ perfusion, super cooling and cryopreservation are potential but as yet untested clinically as
additional technique to prolong organ preservation. A recent study has explored the concept of cryopreservation which
enabled to preserve experimental kidney grafts for 100 d through vitrification and nanowarming[41]. Despite being
compelling novel strategies, such techniques are currently limited to animal models or small studies and their potential
future applications remains unclear.

CONCLUSION

In summary, within the past 5 years, increasing evidence has demonstrated the clinical benefits of MP in the setting of LT
(Figure 1). We believe that this progress with MP technology and the clear beneficial effects will soon outpace and replace
the standard SCS preservation for the human liver grafts, and now necessitates both a paradigm shift and rapid change in
clinical practice to capitalize on these advances. This will pave the way for a new era in organ transplantation, leading to
the application of MP routinely in clinical practice, in particular for marginal organs. However, several challenges remain
and will need to be addressed in future research.
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Abstract

Artificial intelligence (Al) is making significant strides in revolutionizing the
detection of Barrett's esophagus (BE), a precursor to esophageal adenocarcinoma.
In the research article by Tsai et al, researchers utilized endoscopic images to train
an Al model, challenging the traditional distinction between endoscopic and
histological BE. This approach yielded remarkable results, with the Al system
achieving an accuracy of 94.37%, sensitivity of 94.29%, and specificity of 94.44%.
The study's extensive dataset enhances the Al model's practicality, offering
valuable support to endoscopists by minimizing unnecessary biopsies. However,
questions about the applicability to different endoscopic systems remain. The
study underscores the potential of Al in BE detection while highlighting the need
for further research to assess its adaptability to diverse clinical settings.

Key Words: Barrett's esophagus; Artificial intelligence; Endoscopic images; Artificial
intelligence model; Early cancer detection; Endoscopy
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Core Tip: The use of artificial intelligence (Al) to detect Barrett's esophagus (BE) is a groundbreaking advancement in the
field of gastroenterology. This innovative approach, which employs endoscopic images for training Al models, challenges
the conventional distinction between endoscopic and histological BE. The results show good promise, with the Al system
achieving high accuracy, sensitivity, and specificity in BE detection. This development has the potential to reduce
unnecessary biopsies and streamline the diagnostic process. However, the adaptability of Al to different endoscopic systems
remains a critical consideration, warranting further research for widespread clinical implementation.
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INTRODUCTION

Barrett's esophagus (BE), a disease characterized by the transformation of the esophageal mucosa, poses a significant risk
as a precursor to esophageal adenocarcinoma (EAC)[1,2]. In recent years, the prevalence of BE has increased not only in
Western countries but also in Asia[2], highlighting the urgent need for efficient detection and diagnostic methods.
Endoscopic surveillance and early detection of BE is crucial as it can significantly reduce the risk of EAC. However,
current methods for diagnosing BE suffer from limitations, including inter-observer variability[3] and time-consuming
procedures. Indeed, a large percentage of early EAC and BE-associated high-grade dysplasia goes undetected due to
inadequate compliance with the Seattle protocol and errors in sample collection[4]. This is where artificial intelligence
(AI) comes into play, which has the potential to fundamentally change the management of BE.

Al has already revolutionized various aspects of healthcare and is also making great strides in the field of gastroen-
terology and endoscopy. Researchers have explored the potential of Al in detecting and classifying various diseases such
as intestinal polyps, gastric cancer, and inflammatory bowel diseases[5]. However, in the field of BE, training these Al
models was challenging due to the lack of histologically confirmed BE images.

The research article by Tsai et al[6], published in the World Journal of Gastroenterology, is timely and pertinent. The
authors” approach to addressing the gap in detection rates between endoscopic and histological BE is commendable. They
utilized a dataset of 724 cases with endoscopic narrow-band imaging (NBI) and employed an Al system called 'EndoAID',
which utilizes a deep learning algorithm specifically trained on NBI to accurately detect and classify BE, significantly
enhancing early detection capabilities. The use of three senior endoscopists for image annotation adds a layer of
robustness and credibility to the training process. The Al system was then tested on cases with and without histologically
proven BE. The results showed that the Al model achieved an accuracy of 94.37% in detecting BE, with a sensitivity of
94.29% and a specificity of 94.44%. These results far outperform previous Al models and show great potential to improve
BE detection.

Traditionally, Al models have heavily relied on histological images for training, limiting their adaptability to real-
world endoscopic scenarios. However, in this groundbreaking research, the focus shifted towards utilizing endoscopic
images for training. The profound significance of this shift lies in the realization that the features observed in endoscopic
BE closely mirror those of histological BE. This discovery challenges the conventional demarcation between endoscopic
and histologic BE and sheds light on a potential source of discrepancies - sampling or biopsy bias[4].

DATA SET COMPARED TO PREVIOUS STUDIES

In addition, this study included a significantly larger data set compared to previous studies, leading to more robust and
reliable results.

The ultimate goal of this Al system is to serve as a valuable tool for endoscopists by providing timely reminders to
consider a biopsy when BE is suspected during an endoscopy procedure. This functionality is expected to play a critical
role in reducing unnecessary biopsies, which can be both invasive and costly[7]. In addition, it has the potential to
streamline the diagnostic process and ultimately improve the overall efficiency and accuracy of BE detection. Moreover,
early detection of BE is critical in reducing the incidence of esophago-gastric junction cancer as it allows for the timely
identification and treatment of precancerous changes in the esophageal mucosa.

However, there are some limitations to this study. The data were collected in two medical centers in central Taiwan,
which may not fully represent the different demographics and endoscopic systems worldwide.

In addition, the study focused exclusively on endoscopic images with NBI raising the question of applicability to other
types of endoscopic systems. Indeed, although NBI has proven its effectiveness in certain contexts, it is important to
remember that different endoscopic systems may use different imaging technologies, each with its own strengths and
limitations. As recently highlighted, the performance of computer-aided detection systems (CADe) for detecting polyps
can vary significantly depending on the system used[8] and each system exhibited distinct performance characteristics,
even when analyzing the same set of videos. Factors such as system updates and customizable detection thresholds
played a significant role in determining the detection capabilities of these CADe systems. Therefore, further research is
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warranted to assess how different endoscopic technologies and configurations may influence the performance of Al
models in detecting BE. Such investigations will be crucial for ensuring the broad and effective deployment of Al in
clinical practice.

CONCLUSION

In summary, this study represents an important milestone in the field of gastroenterology and Al. It demonstrates the
potential of Al to improve the accuracy and efficiency of BE detection, potentially preventing progression to EAC. The
advancement of Al promises to transform healthcare and improve patient outcomes across multiple medical specialties.
The path to early cancer prevention is becoming clearer thanks to the power of AL
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Abstract

Esophageal squamous cell carcinoma (ESCC) is a malignant epithelial tumor,
characterized by squamous cell differentiation, it is the sixth leading cause of
cancer-related deaths globally. The increased mortality rate of ESCC patients is
predominantly due to the advanced stage of the disease when discovered,
coupled with higher risk of metastasis, which is an exceedingly malignant charac-
teristic of cancer, frequently leading to a high mortality rate. Unfortunately, there
is currently no specific and effective marker to predict and treat metastasis in
ESCC. MicroRNAs (miRNAs) are a class of small non-coding RNA molecules,
approximately 22 nucleotides in length. miRNAs are vital in modulating gene
expression and serve pivotal regulatory roles in the occurrence, progression, and
prognosis of cancer. Here, we have examined the literature to highlight the
intimate correlations between miRNAs and ESCC metastasis, and show that ESCC
metastasis is predominantly regulated or regulated by genetic and epigenetic
factors. This review proposes a potential role for miRNAs as diagnostic and
therapeutic biomarkers for metastasis in ESCC metastasis, with the ultimate aim
of reducing the mortality rate among patients with ESCC.

Key Words: MicroRNAs; Esophageal squamous cell carcinoma; Metastasis; Signaling
pathway; Epigenetics mechanism
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Core Tip: Esophageal squamous cell carcinoma (ESCC) is the sixth leading cause of cancer-related deaths globally predom-
inantly due to metastasis. MicroRNAs (miRNAs), acting either as tumor suppressors or oncogenes, play crucial roles in the
development and progression of tumors. We herein discussed the intimate correlations between miRNAs and ESCC
metastasis, predominantly associated with genetic and epigenetic regulatory, and aimed to propose the potential role of
miRNAs as diagnostic and therapeutic biomarkers for ESCC metastasis.
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INTRODUCTION

Esophageal cancer, the eighth most prevalent cancer worldwide, ranks as the sixth leading cause of cancer-related deaths
[1]. There are two major histological types of esophageal cancer, which include esophageal squamous cell carcinoma
(ESCC) and esophageal adenocarcinoma (EAC)[2]. Despite significant advancements in the treatment of ESCC treatment,
both morbidity and mortality rates continue to rise annually. This is largely due to the advanced stage of the ESCC at
diagnosis, combined with an increased propensity for metastasis[3,4]. When ESCC cells become metastatic and acquire
the ability to invade surrounding tissues and enter the bloodstream or lymphatic system, they can travel to distant organs
such as the liver, lungs, gastrointestinal tract, pancreas, and bones to establish secondary tumors[5].

Cancer metastasis is a complex process that encompasses a series of stages including local invasion (involving
epithelial-to-mesenchymal transition, EMT), survival and entry into the bloodstream or lymphatic system (intravasation),
exit from the bloodstream or lymphatic systems (extravasation), and proliferation at a new location (colonization).
Examining this intricate process can offer valuable insights into the development of novel therapeutic strategies for cancer
treatment. Numerous studies have demonstrated that a variety of signaling pathways, primarily receptor tyrosine kinase
(RTK), transforming growth factor-p (TGF-B), Wnt/B-catenin, and the interleukin (IL)-6/Stat3 pathways, can partake in
the process of cancer metastasis process[6-10]. Furthermore, evidence suggests that abnormally expressed microRNAs
(miRNAs) can impact cancer metastasis by modulating these signaling pathways[7-10].

MiRNAs are endogenous short non-coding RNAs (approximately 22 nucleotides) that can regulate gene expression by
inhibiting mRNA transcription or by promoting mRNA degradation through sequence- specific binding in the 3'-
untranslated region (3' -UTR). They often function as master regulators of gene expression and play crucial roles in the
development and progression of tumors by acting as either as tumor suppressors or oncogenes[11]. This review focuses
on the role and mechanism of miRNAs in facilitating ESCC metastasis of ESCC, and also aims to highlight the potential
use of miRNAs as diagnostic and therapeutic biomarkers in the management of ESCC metastasis.

THE ROLE OF MIRNAS IN THE METASTASIS OF ESCC METASTASIS

Tissues from cancer patients, cancer cell lines, and xenograft models are commonly employed to investigate the
occurrence and mechanisms of cancer cell metastasis. In the tissues of cancer patients, lymph node metastasis (LNM),
vessel invasion (VI), lymph node invasion (LNI), lymphatic invasion (LI), tumor nodes metastasis stage (TNM), and
depth of invasion (DI), are often used to evaluate the metastatic characteristics of the cancer. In cancer cells, the cell
invasion, migration and EMT often are commonly used to evaluate the ability of tumor cells to metastasize. In xenograft
models, the location and quantity of tumor distribution are used to identify the metastatic potential of tumors. Thus, we
assess the role and underlying mechanism of miRNA in the metastasis of ESCC by examining its metastatic behavior in
tissues, cells, and xenograft models (Tables 1 and 2)[12-15].

Numerous studies have found that miRNAs, acting either as tumor suppressors or oncogenes, play crucial roles in the
development and progression of tumors[13]. As tumor suppressors, some miRNAs can inhibit tumor occurrence and
development by targeting genes that have the potential to promote oncogenesis and progression[16]. Conversely, as
oncogenes, some miRNAs, often called oncomiRs, can promote tumor malignancy by suppressing the expression of genes
that normally prevent cells from becoming cancerous[17]. Multiple studies over the past decade have highlighted the
importance of miRNAs also acting as suppressors or oncogenes in ESCC metastasis.

MiRNAs act as tumor suppressors in ESCC metastasis

There is a significant reduction in the expression levels of tumor-suppressive miRNAs in both tissues and cells associated
with ESCC. These miRNAs substantially influence the malignancy and metastatic potential of ESCC malignancy,
including ESCC metastasis (Table 1). For example, miRNAs like miR-138, miR-193a-5p, miR-206, miR-451, and miR-718
are markedly decreased in ESCC-associated tissues, and these decreases are significantly correlated with LNM and the
TNM stage[18-22]. Furthermore, the reduced expression of miRNAs, including but not limited to miR-100, miR-124, miR-
125b, miR-126, miR-128-3p, and miR-129, are not only positively associated with ESCC metastasis in ESCC patient tissues,
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Table 1 MicroRNAs act as suppressor in esophageal squamous cell carcinoma metastasis
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miRNA Metastasis studies in different sources Ref
Suppressor Tissue Cell Xenograft o
miR-1 LNM, VI, TNM, advanced C stage I [148]
miR-10a LNM, C stage I, M, EMT Tumor Me [29]
miR-100 LNM LM [24]
miR-100-5p DI, LI, T stage [149]
miR-101 LNM LM Liver Me [30]
miR-10527-5p LNM, T stage, LI I, M, EMT, [9]
LI
miR-107 NS (LNM) LM [152]
miR-122 I, M, EMT [116]
miR-124 LNM, Me LM [25]
miR-124-3p LNM, DI, DM, TNM I, M, EMT [31,156]
miR-125a-5p LM [157]
miR-125b LNM, TNM I, M, EMT [26]
miR-1254 VI, P stage [159]
miR-126 LNM, TNM LM 271
miR-128-3p LNM I M, EMT [23]
miR-129 TNM LM [28,143]
miR-129-2 LNM, DM, advance clinical TNM I, M [164]
MiR-129-2-3p LM [166]
miR-1294 LNM, LI, VI LM [84]
miR-130a-5p LM [169]
miR-133a LNM, P stage IM [170]
miR-133b I, M, EMT [102]
miR-134 LNM, TNM LM [32]
miR-136-5p LNM, TNM LM [168]
miR-137 I, M, EMT [174]
miR-138 LNM, TNM [18]
miR-140-3p LNM, DM, TNM I, EMT [176]
miR-140 Me I, M, EMT [178]
miR-143 LNM, DI, VI, TNM LM [13]
miR-143-3p LM [180]
miR-144 Me, TNM LM Liver Me [33]
miR-145 LNM, DI, TNM I, M, EMT [182, 183]
miR-145-3p LM [185]
miR-145-5p I, M, EMT [187]
miR-146a NS (N stage), TNM I, M, EMT [189]
miR1469 LNM, DI [191]
miR-148a I M, EMT [193]
miR-149-5p LM [10]
miR-150 LNM, LI, VI, TNM I, M, EMT [195]
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miR-150-3p
miR-153
miR-181a-5p
miR-185
miR-186-5p
miR-193a-5p
miR-193b
miR-195
miR-198
miR-202
miR203
miR-203a-3p
miR-204-5p
miR-205
miR206
miR-212-3p
miR-214
miR-214-3p
miR-216a/b
miR-217
miR-218
miR-26a
miR-27a
miR-27b-3p
miR-29b
miR-29¢
miR-30a
miR-30b
miR30a-3p
miR-30c
miR-30d
miR-30e-5
miR-301a
miR-323a-3p
miR-326
miR-328
miR-33a-5p
miR-335-5p
miR-338-3p
miR-338-5p
miR-34a
miR-340-5p

miR-3612

NS (LNM, DM, TNM)
NS (LNM), DM

LNM, TNM

LNM, VI, TNM

LNM

LNM, TNM

LNM, DI
LNM

LNM, TNM

LNM, tumor stage

LNM, TNM

LNM, TNM
LNM, C stages
LNM

LNM, TNM
LNM

MPI

LNM

NS (N stage)
LNM

T, N, M, stage

LNM, advanced TNM

LNM, TNM

LNM, TNM

LNM, TNM
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LM
I, M, EMT
LM
LM

LM

LM
LM

LM

I, M, EMT
I, M, EMT
I, M, EMT

I M, EMT

I, M, EMT

LM

LM
LM

LM

I, M, EMT

LM

LM

I, M, EMT
I, M, EMT
I, EMT
LM

LM

LM

LM

LM

LM

LM

I, M, EMT
I, M, EMT
LM

I, M, EMT
LM

LM

1500

DLA Me

Lung Me

Lung Me

Liver Me

Lung Me

Liver Me

Lung Me

Liver Me
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[197]
[94]
[199]
[15]

[43]
[19]
[104]
[202]
[204]
[206]
[34,81]
[209]
[210]
[93,213]
[20]
[215]
[216,217]
[219]
[220]
[80]
[221]
[33,223]
[103]
[225]
[88]
[228]
[148]
[44]
[148]
[95]
[150]
[126]

[151]

[111]
[158]
[101]
[160]
[36,161]
[162]

[163]
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miR-365
miR-370
miR-370-3p
miR-375
miR-377
miR378
miR-378a-3p
miR-422a
miR-429
miR-4324
miR-433-3p
miR-4429
miR-449a-5p
miR-451
miR-455-3p
miR-455-5p
miR-4766-5p
miR-485-5p
miR-486-5p
miR-490-3p
miR-493
miR-497-5p
miR-498
miR-508-3p
miR-515-3p
miR-516b
miR-518b
miR-542-3p
miR-574-3p
miR-590
miR-595
miR-599
miR-615-5p
miR-620
miR-622
miR-625
miR-630
miR-652
miR-670-3p
miR-671-5p
miR-718
miR-765

miR-874-3p

LNM, tumor invasion
LNM, TNM
LNM, LVI, DM, TNM
LNM, TNM

LNM, TNM

LNM, TNM

LNM, DI

LNM, TNM
LNM, TNM
LNM, TNM
LNM

LNM

NS (LNM), TNM

NS (LNM, DM)

Me

LNM, DI, advanced TNM
LNM

NS (metastasis)

LNM, DI, TNM

LNM, TNM

LNM, advanced TNM

N stage, TNM

LNM, DM, advanced TNM

LNM, P stage

LNM, TNM

LNM, TNM

LNM, C stage
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I, EMT

LM
I, M, EMT
LM
LM,
LM
LM
I, M, EMT
I, M, EMT
LM

I M, EMT

LM
I, M, EMT

I, M, EMT

I, M, EMT
LM
LM
LM
LM
I, M, EMT

I, M, EMT

LM
LM
I M, EMT
LM
I M, EMT
LM
I, M, EMT

I, M, EMT

I, M, EMT
LM
LM

I, M, EMT

LM

LM
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[165]
[167]
[168]

Tumor mobility, I [37,38]

[114]
[179]
[21]
[181]
[184]
[186]
[188]
[190]
[192]
[145]
[194]
[196]
[198]
Lung ME [12]
[200]
[201]
[47]
[50]
[51]
[203]
[205]
[207]
Lung ME [208]
[138]
[211,212]
[214]
Multiple ME 139]
[139]
[218]

[22]
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miR-942-5p TNM, C stage I, M, EMT [222]
miR-98 LNM, TNM LM [216]
miR-99a I M, EMT [224]
let-7 LNM [226]
let-7a TNM I, M, EMT LNM [227]
let-7b-5p LM [40]

LNM: Lymph node metastasis; VI: Vessel invasion; LVI: Lymphatic vessel invasion; LI: Lymphatic invasion; TNM: Tumor nodes metastasis stage; C stage:
Clinical stage; P stage: Pathological stage; DI: Depth of invasion; DM: Distant metastasis; I: Invasion; M: Migration; EMT: Epithelial-mesenchymal
transition; Me: Metastasis; DLA Me: Dilated lymphatic arteries metastasis; Multiple Me: Brain, bone, adrenal gland, lung, kidney, liver metastasis; MPI:

Muscularis propria invasion.

but also promotes ESCC cell invasion, migration, and/or EMT processes[23-28]. Several studies have confirmed the
inhibitory effects of some miRNAs on ESCC metastasis at the tissue, cell, and animal model levels, including miR-10a,
miR-101, miR-124-3p, miR-134, miR-144, miR-203, miR-26a, miR-34a, miR-375, miR-515-3p, miR-652, and let-7b-5p[12,29-
40]. Intriguingly, our research reveals that certain miRNAs, including miR-107, miR-146a, miR-185, miR-186-5p, miR-30b,
miR-485-5p, miR-498, and miR-542-3p, among others, have minimal effects on ESCC metastasis in tissue samples.
However, they can significantly suppress ESCC cell invasion and migration and have a considerable impact on metastasis
in xenograft models[15,41-47].

The role of these miRNAs as tumor suppressors heavily relies on the tumor-promoting activities of their target genes.
For instance, the significant downregulation of miR-101 in ESCC tissues correlates strongly with LNM. Moreover, miR-
101 can suppress tumor metastasis both in vitro (in xenograft models) and in vivo (in ESCC cells). Notably, the inhibitory
effect of miR-101 in ESCC migration and invasion is reversed via activation of its target genes, COX-2, MALAT1, or EZH?2.
These genes are identified as playing crucial roles in promoting tumor development and progression, although not
exclusively in ESCC[30,48,49]. Another notable suppressor miRNA is miR-574-3p, whose reduced expression is
negatively associated with LNM, TNM stage, and invasion depth. Inhibition of miR-574-3p promotes migration and
invasion of ESCC cells in vitro. However, the knockdown of its target genes, FAM3C or MAPK1, can lessen the increase in
migration and invasion observed following treatment with the miR-574-3p inhibitor. The majority of studies suggest that
both FAM3C and MAPK1 promote malignant tumor development, including proliferation, invasion, and migration[50].

MiRNAs act as oncogenes in ESCC metastasis

Similar to cancer-suppressive miRNAs, oncomiRs have also been identified as promoters of ESCC tissue infiltration, as
well as ESCC cell invasion, migration, and epithelial-mesenchymal transition (EMT) in ESCC (Table 2)[51-77]. The
increased expressions of miR-10b-3p, miR-106b-5p, miR-25, miR-320b, miR-602, miR-9, and miR-99b/Let-7e/miR-125a
not only show significant correlations with metastasis in ESCC patients, but these miRNAs are also known to increase the
invasion, migration, and/or EMT of ESCC cells. Additionally, these miRNAs can promote the metastasis of transplanted
tumors, primarily to the lungs[52-58]. Other miRNAs, including miR-1269, miR-17-5p, miR-18a-5p, miR-25-3p, miR-301,
miR-373, miR-483-5p, miR-766-3p, and others, display oncogenic roles in metastasis, affecting both ESCC tissues and cells
[69-67]. In addition, some miRNAs including but not limited to miR-103a-2-5p, miR-105-5p, miR-130b, miR-1323, miR-
19b-3p, miR-196a, miR-23b-3p, and miR-301b display potent pro-metastatic functions, primarily pertaining to cellular
activity[68-75].

The oncogenic potential of oncomiRs also hinges on their target genes, which typically act as tumor suppressors by
preventing cells from becoming malignant. For instance, PTEN, a well-known tumor suppressor, is downregulated by
several oncomiRs, including miR-1323, miR-25-3p, miR-301, miR-624-3p, miR-92a-3p, and others. The expression of these
oncomiRs in ESCC tissues and/or cells is significantly upregulated and further research has shown that the effects of
PTEN overexpression, including inhibition of cell migration and invasion, effects that can be partially reversed by the
aforementioned oncomiRs[62,63,71,76,77]. Programmed cell death 4 (PDCD4), which functions as a tumor suppressor in
ESCC, is a direct target of miR-320b. Exosomal miR-320b has been shown to promote LNM and lymphangiogenesis both
in vitro and in vivo. Additional in vitro studies have confirmed that re-expression of PDCD4 can not only rescue its
downregulation, but can also counteract lymphangiogenesis and LN metastasis mediated by exosomes with high levels
of miR-320b[53].

THE GENETIC MECHANISM OF MIRNAS ON ESCC METASTASIS

Research evidence indicates that both genetic and epigenetic regulatory mechanisms of miRNAs play a crucial role in
tumorigenesis and development, including metastasis in ESCC[54,78].

Tumor metastasis-associated genes (TMAGs) represent a category of genes that serve a vital function in the process of
metastasis. This group includes metastasis suppressor genes (MSGs), and metastasis promoting genes (MPGs). MSGs and
MPGs are primarily involved in various signaling pathways, including the RTK, transforming growth factor-p (TGF-B),
Wnt/B-catenin, and interleukin (IL)-6/Stat3 pathways. They also target specific and key factors, including ZEB1/2,

WIG | https://www.wjgnet.com 1502 March 21,2024 | Volume30 | Issuell |

Jaishideng®



Table 2 MicroRNAs act as oncogene in esophageal squamous cell carcinoma metastasis
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miRNA Metastasis studies in different sources

Ref.
oncomiR Tissue Cell Xenograft
miR-10b-3p LNM, C stages I, M, EMT Lung, Liver Bone Me [56,57]
miR-10b NS (LNM) LM [229]
miR-103a-2-5p I [68]
miR-105-5p LM [69]
miR-106b-5p TNM I, M, EMT Lung Me [52]
miR-1179 Me TNM I [232]
miR-1269 LNM, TNM LM [59]
miR-1290 LNM, tumor invasion, TNM I M [113]
miR-130b LM [70]
miR1323 LM [71]
miR-135b-5p LNM LM [236]
MiR-140-5p I, M, EMT [92]
miR-142-3p LNM [237]
miR-1470 M [239]
miR-17-5p LNM, TNM, DI LM [60,240]
miR-17a LNM, C stage [242]
miR-18a LNM, TNM LM [61,244]
miR-181b-5p Advance TNM M [107]
miR-181c-3p DI, TNM [246]
miR-19b LNM, C stage [242]
miR-19b-3p LM [72]
miR-196a LM [74]
miR-196a-3p M [74]
miR-20b-5p LNM, C stage LM [249]
miR200a LM [87]
miR-21" LNM, LI, VI, TNM I, M, EMT [282]
miR-221 LM [251]
miR-224 NR (LNM), TNM LM [252]
miR-224-5p L M, EMT [100]
miR-23a NS LM Lung Me [140,254]
miR-23b-3p I, M, EMT [73]
MiR-23b-5p Me LM Lung Me [257]
miR-25 LNM, TNM I, M, EMT Lung Me [58]
miR-25-3p LNM, TNM LM [62]
miR-30d-5p LNM, TNM, DI I, M, EMT [91,230]
miR-301 LNM, TNM LM [63]
miR-301a-3p LNM, tumor invasion, TNM [231]
miR-301b LM [75]
miR-31 N, M stage, TNM I, M, EMT [233]
miR-320b LNM I, M, EMT [53]
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miR-330-3p LM [234]
miR-3656 LM [235]
miR-373 LNM, TNM LM [64]
miR-425 LM [119]
miR-4286 LM [238]
miR-4443 TNM I [60]
miR-452-5p LNM, DM LM [241]
miR-483-3p I, M, EMT [243]
miR-483-5p LNM, TNM LM [65,66]
miR-506 LNM, TNM [245]
miR-5692b DI, TNM [246]
miR-602 LNM, TNM I, M Lung, liver, bone, adrenal gland Me [54]
miR-612 LNM, metastasis LM [247]
miR-624-3p I, M, EMT [76]
miR-675-3p I, M, EMT [248]
miR-766-3p LNM, TNM LM [67]
miR-875-5p LM [250]
miR-9 LNM I, M, EMT Lung Me [85]
miR-92a LNM, LNI LM [86]
miR-92a-3p LM [77]
miR-92b-3p LM [253]
miR-935 Me [255]
miR93 LM [256]
NS (plasma).

LNM: Lymph node metastasis; VI: Vessel invasion; LNI: Lymph node invasion; LI: Lymphatic invasion; TNM: Tumor nodes metastasis stage; C stage:
Clinical stage; DI: Depth of invasion; I: Invasion; M: Migration; Me: Metastasis; EMT: Epithelial-mesenchymal transition.

Snaill/2, E-cadherin, N-cadherin, C-myc, Vimentin, and MMPs, all of which are recognized as markers of tumor
metastasis. Substantial evidence indicates that miRNAs exert their function on ESCC metastasis by targeting tumor
suppressor genes or oncogenes, which belonging to the above-mentioned signaling pathways and their downstream
signaling molecules[79].

MiRNAs directly target markers of tumor metastasis

Research indicates that miRNAs can regulate the metastasis of ESCC by directly targeting markers associated with tumor
metastasis (Figures 1 and 2), including ZEB1/2, Snaill/2, E-cadherin, N-cadherin, C-myc, Vimentin, and members of the
Matrix Metalloproteinase family (MMPs), etc.[12,26,78,80-84].

E-cadherin, predominantly found in epithelial tissues, is crucial for maintaining cell adhesion, polarity, and tissue
architecture. Within the context of cancer metastasis, E-cadherin acts as a tumor suppressor. It serves as a critical
biomarker and regulator of tumor metastasis, and its altered expression may indicate cancer progression. miR-9, miR-25,
miR-92a, and miR-200a have been found to either directly or partially mediate tumor metastasis (including LNM, EMT,
invasion, and migration) through E-cadherin[83,85-87].

The MMP family consists of enzymes mainly responsible for the degradation of extracellular matrix (ECM)
components. In cancer, MMPs promote tumor growth, invasion, and metastasis by breaking down the ECM barriers,
thereby facilitating cancer cell migration. Furthermore, they are involved in angiogenesis, a process of new blood vessel
formation critical for tumor growth, survival, and metastasis. MMP2, MMP3, MMP9, and MMP13 are targets for miR-29b,
miR-515-3p, miR-34a,and miR-375, respectively. These miRNAs are wholly or partly involved in ESCC metastasis[12,88-
90].

Additionally, several transcription factors (TFs), particularly ZEB1/2 and Snaill/2, play critical roles in tumor
metastasis. Their primary function is to downregulate the expression of epithelial markers (like E-cadherin) and
upregulate the expression of mesenchymal markers (like N-cadherin and Vimentin), thereby driving the process of EMT
process[81,82,91,92]. ZEB2, is a direct target of miR-140 and miR-205, and it reverses the effects of these miRNAs on EMT,
migration, and invasion of ESCC cells[78,93]. miR-30c, miR-30d-5p, miR-203, and miR-153 are known to directly target
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Figure 1 MicroRNAs targeting receptor tyrosine kinase signaling pathway in esophageal squamous cell carcinoma metastasis. The
receptor tyrosine kinases (RTKs) signaling pathway effect many signals, including epidermal growth factor (EGF), fibroblast growth factor (FGF), vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF) and their receptors, as well as intracellular signaling pathways, such as
mitogen-activated protein kinases (MAPKs) and phosphatidylinositol 3-kinase (PI13K). The dysregulation of miRNAs on the RTK signaling pathway is play important
roles in ESCC metastasis[10,12,13,15,23,24,26,30-33,36,39,44,50,53,62,63,66,69,70-73,76-78,80,81,83,85,86,88-91,93,95,97,100-104,107-109,112,117,123,125,
128,140-144,146,151,154,160,163,169,174,175,178-180,185-187,189,192,193,195,199,200,203-205,207,208,216,222,224,226,227,229,231,232,234,235,244,253,
257,260-265,266,269-271,273,274,278,279,281,282,285,289-309,311]. ZEB1/2, Snail1/2, E-cadherin, N-cadherin, C-myc, Vimentin and MMPs are specific target and
key factors for esophageal squamous cell carcinoma metastasis. “Green” and “Red” indicated oncomiRs and tumor-suppressive miRNAs, respectively. The dashed
arrow and solid arrow indicated direct targeting effect and indirect targeting effect, respectively.

Snaill, a critical regulator of metastasis. Overexpression of these miRNAs, either individually or in combination, can
counteract metastatic behaviors in whole or in part, thereby presenting a potential therapeutic strategy for mitigating
cancer metastasis[82,91,94,95].

MiRNAs targeting RTK signaling pathway in ESCC metastasis

The RTKs signaling pathway serves as a central conduit for communication within and between cells, regulating a
multitude of cellular functions including cell growth, differentiation, invasion, and migration[7]. This pathway comes
into effect when specific signals, typically growth factors or hormones such as epidermal growth factor (EGF), fibroblast
growth factor (FGF), vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and insulin-like growth
factor (IGF), bind to their corresponding RTK on the cell surface. Upon activation, the RTK acts as a platform for various
intracellular signaling pathways, but primarily, the mitogen-activated protein kinases (MAPKs) and phosphatidylinositol
3-kinase (PI3K) pathways. MAPK signaling, a common and highly conserved pathway, primarily includes extracellular
signaling-associated kinases (ERK1/2), Jun amino-terminal kinases (JNK), and p38-MAPK. The PI3K/ Akt pathway can
be irregularly activated via several mechanisms, including various genomic alterations such as mutations in PTEN, Akt,
and mTOR mechanism[7,71,96,97]. Dysregulation of the RTK signaling pathway is implicated in the malignant progress-
ion of ESCC, including metastasis[4,98,99].

Numerous miRNAs have been identified as crucial regulators in ESCC metastasis by targeting RTK signaling,
suggesting a critical crosstalk between miRNAs and the RTK signaling is necessary for ESCC metastasis (Figure 1)[100,
101]. Certain miRNAs exert control over ESCC metastasis by directly interacting with growth factors or growth factor
receptors, such as RTKs, subsequently regulating their downstream signaling pathways and molecules. For instance,
miR-133b can repress ESCC cell invasion and metastasis by targeting the EGFR, which inhibits the PI3K/AKT signaling
pathway and curbs the expression of downstream molecules such as N-cadherin, MMP-2, MMP-9, and E-cadherin[102].
Similarly, the downregulation of miR-338-3p, whose target is the IGFIR, activates the Raf/ MEK/ERK pathway and
affects the expression levels of E-cadherin, N-cadherin, and vimentin, and thus promoting ESCC cell invasion, migration,
and EMT in ESCC[101]. Certain miRNAs are known to directly target the downstream signaling of the RTK pathway to
influence ESCC metastasis. For example, miR-27a and miR-193b, functioning as tumor suppressors, are downregulated in
ESCC and suppress cell migration and invasion via the direct regulation of KRAS, which is linked to the MAPK/ERK
signaling pathway[103,104]. The tumor suppressor protein PTEN is able to dephosphorylate Akt to lessen its activation,
thus blocking all downstream signaling events controlled by Akt and acting as a negative regulator of PI3K. Numerous
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Figure 2 MicroRNAs targeting the pathways of Wnt/B-catenin, IL6/Stat3, and TGF-f in esophageal squamous cell carcinoma metastasis.
In esophageal squamous cell carcinoma (ESCC), miRNAs serve as crucial effector to Wnt/B-catenin, IL-6/STAT3 and TGF-B signalings, which is consistently
involved in cancer metastasis[9,12,14,23,27,28,33,44,59,61,70,73,78,80,81,83,85,86,88-91,93-95,109,111,113,114,116,118,119,142-144,151,156,161,164,165,169,
174,178,181,189,193,195,200,201,204,209,211,215,219,227,229,235,238,253,263,270,273,284-287,289,310]. Wnt/B-catenin signaling includs Wnts, receptors (such
as Frizzled, FZD and low-density lipoprotein receptor-related proteins, LRP), Dishevelled (Dsh/Dvl), B-catenin, glycogen synthase kinase 3p (GSK-3), Axin, APC
(adenomatous polyposis coli), IL-6 is known to activate the downstream JAK/STAT3 signaling, and canonical TGF- pathway is mediated by SMAD2, SMAD3, and
SMAD4. ZEB1/2, Snail1/2, E-cadherin, N-cadherin, C-myc, Vimentin and MMPs are specific target and key factors for ESCC metastasis. “Green” and “Red” indicated
oncomiRs and tumor-suppressive miRNAs, respectively. The dashed arrow and solid arrow indicated direct targeting effect and indirect targeting effect, respectively.

miRNAs, including but not limited to miR-106b-5p, miR-130b, miR-1323, miR-18a, miR-181b-5p, miR-19b-3p, and miR-
200a, exhibit a conspicuous overexpression and a negative association with LNM and/or TNM classification in ESCC.
This overexpression fosters the progression of ESCC by facilitating cell invasion, metastasis, and/or EMT[52,71,105-109].
Furthermore, most of miRNAs whether indirectly or directly targeting PTEN can decrease the anticancer effect of PTEN,
and promote the invasion and metastasis of ESCC[70,71,108].

MiRNAs targeting the Wnt/B-catenin signaling pathway in ESCC metastasis

The Wnt/ B-catenin signaling pathway assumes a pivotal role in various physiological processes, such as cell proliferation,
differentiation, migration, and apoptosis. This signaling pathway consists of several components, including Wnts,
receptors (such as Frizzled, FZD and low-density lipoprotein receptor-related proteins, LRP), Dishevelled (Dsh/Dvl), -
catenin, glycogen synthase kinase 38 (GSK-3p), Axin, and APC (adenomatous polyposis coli). Research has shown that
the Wnt/B-catenin signaling pathway is intricately linked with tumor development, partly as a significant contributor to
the onset and metastasis of ESCC, including metastasis[98,110].

Studies suggest that miRNAs can directly or indirectly modulate various components of the Wnt/p-catenin pathway,
thereby either activating or inhibiting ESCC metastasis (Figure 2). For instance, miR-33a-5p, which exhibits diminished
expression in ESCC tissues and correlates with higher TNM staging and LNM, can directly target Dickkopf-related
protein 1 (DKK1) thereby influencing the metastasis of ESCC via the Wnt/B-catenin pathway[111]. Additionally, a
majority of miRNAs associated with ESCC were found to indirectly target molecules associated with the Wnt/p-catenin
pathway. One such example is miR-340, which is significantly downregulated in ESCC tissues and is highly correlated
with LNM and TNM stages. phosphoserine aminotransferase 1 (PSAT1), via the GSK3p/B-catenin/Cyclin D1 pathway,
was identified as a direct target of miR-340, although it can also partially counteracts the miR-340 mediated inhibition of
viability, invasion, and EMT in ESCC cells[112]. Beyond miR-200a, Numerous miRNAs, including suppressor miRNAs
and oncomiRs, have been found to indirectly regulate B-catenin, playing a critical role in ESCC metastasis. For example,
both of miR-1269 and miR-1290 act as oncomiRs, and are upregulated in ESCC tissues and cell lines. They are associated
with positive LNM and/or advanced TNM stage, and their overexpression promotes the malignant transformation of
ESCC cells, including migration and invasion, by directly targeting SRY-box transcription factor 6, interactive with B-
catenin (SOX6)[59,113]. Furthermore, the downregulation of miR-4429 has been shown to foster ESCC cell invasion and
migration by partially regulating B-catenin through the direct targeting of SRXN1[114].
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MiRNAs targeting IL6/STAT3 signaling pathway in ESCC metastasis

IL-6, a pleiotropic cytokine, is implicated in a diverse array of pathological processes including chronic inflammation,
autoimmune diseases, and tumors. and other diseases. IL-6 is known to activate the downstream JAK/STAT3 signaling
pathway, a hallmark of many malignant tumors, thereby contributing to tumor onset and, progression, and metastasis
[115]. In ESCC, miRNAs serve as crucial effectors to the IL-6/STAT3 pathway, which is consistently involved in cancer
metastasis (Figure 2). One such instance is miR-149-5p, a direct target of IL-6. The overexpression of miR-149-5p
suppresses IL-6 expression at both the mRNA and protein levels, thereby inhibiting the invasion and migration of ESCC
cells[10]. Similarly, miR-874-3p, is found downregulated in ESCC tissues and cell lines and exhibits a statistically
significant association with LNM and clinical stage. Its overexpression markedly suppresses migration and invasion in
ESCC cells by directly targeting STAT3[14]. Intriguingly, several miRNAs, such as miR-30b and miR-122, have been
found to modulate ESCC cell invasion, migration, and EMT by indirectly regulating JAK and STAT3, respectively[44,116].

MiRNAs targeting transforming growth factor-g signaling pathway in ESCC metastasis

The transforming growth factor-p (TGF-p) signaling pathway is a classical signal transduction pathway, encompassing
both the conventional Smad-dependent pathway and the non-Smad-dependent pathways. The canonical pathway is
mediated through the transcription factors SMAD2, SMAD3, and SMAD4, while the non-canonical pathways include
MAPK, nuclear factor (NF)-«xB, and PI3K/AKT/mTOR signaling, etc[8]. TGF-B signaling has been identified as a pivotal
regulator in the modulation of the progression and metastasis of various types of cancer, including in ESCC. In the
context of ESCC, our discussion primarily focuses on the role of the canonical pathway. TGF-B, induces EMT activation
via the TGF-B/Smad signaling pathway[117].

In recent years, there has been a surge in investigations demonstrating that miRNAs play a pivotal role in the
metastasis of ESCC through the modulation of the TGF-p pathway (Figure 2). For instance, miR-93-5p is highly expressed
in ESCC cells and is known to enhance cell proliferation, migration, and invasion, while simultaneously suppressing
apoptosis in ESCC cells. It achieves these effects by targeting and downregulating the expression of TGFBR2[118].
Similarly, miR-425 is overexpressed in both ESCC tissues and plasma, and positively influences cell migration and
invasion. It functions as an oncogene by specifically targeting the 3'-untranslated region (3'-UTR) of SMAD?2, thereby
modulating its expression and subsequent cellular behavior[119].

EPIGENETICS EFFECTS ON MIRNAS IN ESCC METASTASIS

Epigenetics refers to the study of heritable changes in gene expression that occur without a change in DNA sequence.
Epigenetic changes occur in extreme cases and contain several regulatory mechanisms, including noncoding RNAs
(ncRNAs), DNA methylation, heterochromatin, polycomb and trithorax proteins and 3D genome architecture[120]. In
recent years, accumulating evidences suggest that different expression patterns of ncRNA play increasingly important
roles in cancer. ncRNAs are made of distinct classes, including noncoding RNA (IncRNA), miRNA, circRNA, rRNA,
tRNA, and so on[121-123]. Among them, more exciting progress has been made in the study of the role and mechanism of
IncRNA, circRNA and the impact of DNA methylation of miRNAs in tumor processes (Table 3).

The crosstalk between IncRNA and miRNA in ESCC metastasis

LncRNA are ncRNAs with lengths > 200 nucleotides. They represent diverse types of RNA molecules with limited or no
protein-coding capability, and different biological functions depending on their subcellular location. Cytoplasmic
IncRNAs exhibit vital roles in cancer, often acting as tumor suppressors or oncogenes through the modulation of miRNAs
[124]. Recently, accumulated evidences has demonstrated that IncRNAs are involved in ESCC metastasis by acting as
competing endogenous RNAs (ceRNAs) that “sponge” miRNAs to block their function, and then, up-regulate the
downstream genes[125]. For example, IncRNA DLEU?2, is up-regulated in EC tissues and associated with poor prognosis.
The overexpression of this IncRNA DLEU2 increased the proliferation, migration and invasion abilities of ESCC by
suppressing miR-30e-5p and then directly targeting E2F7. Another IncRNA, LncRNA-IUR up-regulates PTEN by
“sponging” miR-21 and acting as a tumor suppressor in ESCC metastasis[126]. Antisense IncRNAs, a special type of
IncRNA, are antisense RNAs with partial exon overlap with forward genes. They can also regulate gene expression by
competitively binding to certain miRNA in ESCC metastasis, such as PSMA3-AS1, ZFAS1, TTN-AS1, NCK1-AS1, THAP9-
AS1, FAM83A-AS1, OIP5AS1, DDX11-AS1, SLC2A1-AS1, and MAFG-AS1[48,91,124,127-133]. MAFG-AS] is significantly
up-regulated in ESCC tissues and cell lines, and accelerates ESCC cell proliferation, migration, invasion and aerobic
glycolysis by competitively adsorbing miR-765, a negative modulator of PDX1 expression of PDX1. Overexpression of
IncRNA HAND2-AS1 its overexpression inhibited cell proliferation, migration, and invasion by downregulation of
miRNA-21 in ESCC cells[133,134].

The crosstalk between circRNA and miRNA in ESCC metastasis

CircRNAs also act as miRNA “sponges” and comprise a large class of endogenous non-coding RNA with covalently
closed loops. CircRNAs have independent functions from the linear transcripts that are transcribed from identical genes
[135]. Recently, it was demonstrated that numerous circRNAs are differentially expressed in ESCC, and their dysfunction
is linked to ESCC metastasis. The typical circRNAs contain circHIPK3, circ2646, circOGDH, circ_0001273, circABCBI10,
circ_0001946, circLARP4, circ_0007624, circFoxo3[25,71,100,113,136-140]. circ-OGDH was upregulated in ESCC cells and
its inhibition repressed cell proliferation, migration, and invasion, and reduced miR-615-5p-induced cellular glutamine
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Table 3 The epigenetic regulation on microRNAs in esophageal squamous cell carcinoma metastasis

miRNA (Suppressor) Epigenetic regulation Ref.

miR-101 ~/IncMALAT1 [48,49,142]
IncXIST/~/EZH2
PSMAB3-AS1/~/EZH2

miR-122 LINC01410/~/ PKM2 [259]

miR-129 IncNEAT1/~/CtBP2; [28,145]
Inc XIST/~/CCND1

miR-130a-5p CCL18-induced IncHOTAIR/~/ZEB1 [169]

miR-133b TTN-AS1/~/FSCN1 [102,128,129,261]
NCK1-AS1/~/ENPEP

IncKCNQIOT1/~/EGFRTHAP9-AS1 /~/SOX4

miR-145 IncROR/~/FSCN1 [262]
miR-140-5p IncSNHG16/~/ZEB1 [92]
miR-186-5p IncSNHG6/~/HIF-1a [264]
miR-195 IncSNHG1/~/Cdc42 [265,266]
miR203 circ_0008717/~/Slug [35,267]
circPRMT5/~
miR206 circ_0008726/~ [20]
miR-214 FAMB83A-AS1/~/CDC25B [130,268]

LINC00963/~/RAB14

miR-30a OIP5AS1/~/VOPP1 [131]
miR-30d-5p DDX11-AS1/~/SNAIL [91]
miR-30e-5p IncDLEU2/~/ E2F7 [126]
miR-301a IncGAS5/~/CXCR4 [151]
miR-328 IncLOC146880/~/FSCN1 [269]
miR-33a-5p IncDANCR/~/ZEB1 [270,271]

IncCASC15/~/PTGS2
miR-335-5p IncTHAP9-AS1/~/SGMS2 [124]
miR-338-3p IncBRAF/~/IGFIR [101,273]

IncSNHG17/ ~/SOX4

miR-34a IncMIR31HG/ ~/c-Met [274]
miR-340-5p LINCO00662/~/HOXB2 [162]
miR-378a-3p SLC2A1-AS1/~/Glutl [132]
miR-498 IncTUG1/~/Cdc42 [46,294,278]

AFAP1-AS1/~/VEGFA

IncTUG1/ ~/XBP1

miR-508-3p IncPCAT-1/~/ ANXA10 [198]
miR-516b IncJPX/~/VEGFA [281]
miR-765 MAFG-AS1/~/PDX1 [135]
oncomiR

miR-18a-5p IncPART1/~/SOX6 [61]
miR-21 LncRNA-IUR/~/PTEN [134,282]
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miR-1290
miR1323
miR-224
miR-23a
miR-125a-5p

miR-124

miR-1294

miR-140-3p

miR-198
miR-217
miR-27b-3p
miR-3612
miR-422a
miR-433-3p
miR-4766-5p
miR-490-3p
miR-497-5p
miR-595

miR-599

miR-615-5p

miR-622

miR-670-3p

miR-874-3p

miR-126

miR-137

miR-107

miR-149-5p

miR-326

miR-377

miR-493

miR-124-3p

miR-10b-3p

miR-320b

HAND2-AS1/~

circ_0086414/~/SPARCLI1circ_0001946/~/SOX6

circLARP4/~/PTEN
circ_0007624/~/CPEB3
circFoxo3/miR-23a
IncHOTAIR/~/HK2
circHIPK3,/ ~/ AKT3
circ2646/~/PLP2

circ 0004370/~/LASP1
cireNTRK2/~/NRIP1
¢circ0087378/~/E2F3
circLPAR3/~/C-met
circZDHHC5/~/ZEB1
circLONP2/~/ ZEB1
circ_0006948/~/LASP1
circUBAP2/~/Rab10
circ_0023984/~/REV3L
circPDE3B/~/LAMA1
circ_0006948/ ~/HMGA2
circ-AGFG1/~/SLC1A5
circNRIP1/~/SEMA4D
circHIPK3/~/c-myc
circ_0030018/~/ENAH
circOGDH/~/PDX1
circ_0001273/~/SLC1A5
circABCB10/~
¢€irc0000977/~

DNMT1/~/ADAM9

CTCF/(DNA methylation) /~/EZH2+PXN

circSFMBT2/~/SLC1A5
LINC00152/~/Rab10
Inc GACAT3/~/FOXM1
circ_0000654/~/1L-6
LINC01711/~/FSCN1
circATIC/~/1D1
LncNEAT1/~/E2F3
circ_0072088/~/VEGF
LINC00324/~/MAPK1
circFIG4/~/E2F3

IncZFAS1/~/STAT3

DNMT1/~/BCAT1 ~/EZH2/H3K27me3

DNA methylation; Hypoxia

DGCR8+METTL3- N6 -methyladenosine (m6A)/~
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miR-483-5p Igf2 methylationgene promoter/Igf2/~/ ARHGDIA [66]
miR-602 CpG hypomethylation/~ [54]
miR-515-3p Promoter hypomethylation [12]

metabolism to regulate PDX1 expression[137]. circLARP4 expression was observably downregulated in ESCC, and its
overexpression circLARP4 restrained cell proliferation and migration in ESCC cell. And circLARP4 was also able to act as
a sponge for miR-1323 and negatively modulated miR-1323 via the PTEN/PI3K/AKT pathway in ESCC[71].

The crosstalk between DNA methylation and miRNA in ESCC metastasis

DNA methylation is a form of DNA chemical modification that can alter genetic expression without altering the DNA
sequence. It is a common occurrence in malignancies and is implicated in tumor initiation and progress[31]. Methylation
of the CPG island, usually located in the promoter region of genes, its methylation also plays an important role in ESCC
metastasis by up-regulating expression of various miRNAs, includingmiR-483-5p, miR-602[54,66]. miR-483-5p was
overexpressed in preoperative serum and cancer tissues and is significantly correlated with the TNM stage and LNM.
Low methylation of the Igf2 gene promoter region may promote the expression of Igf2, which directly affects the
expression of miR-483-5p and its target genes, including Rho GDP dissociation inhibitor a, activated leukocyte cell
adhesion molecule, and suppressor of cytokine signaling 3[66]. miR-602 expression was also increased in human ESCC
and significantly correlated with LNM and TNM stage, and showed positive effects on ESCC cell invasion and migration
by targeting Fork head box (FOX)K2 (FOXK2). Additionally, direct evidence has shown that the overexpression of miR-
602 in the ESCC tissues was correlated with promoter hypomethylation and that demethylation of the promoter genes
could upregulate the expression of miR-602[54]. DNA methyltransferases (DNMTs) often are involved in DNA
methylation, thereby often modifying gene function through the regulation of gene expression. In ESCC, miR-124-3p
shows a high correlation with TNM stage and can directly targets the mRNA 3’UTR region of BCAT1. The expression of
miR-124-3p itself is regulated by hypermethylation-silencing regulation mediated by DNA methyltransferase 1 (DNMT1)
[31]. The DNMT1/miR-126 epigenetic circuit contributes to ESCC proliferation and migration via ADAM9/EGFR/AKT
signaling: ADAMO9 has been identified as a key target of miR-126 and ectopic expression of miR-126 or silencing of
ADAMO reduced ESCC cell proliferation and migration by inhibiting EGFR-AKT signaling; Downregulation of miR-126
was due to promoter hypermethylation of its host gene Egfl7, and DNMT1 was aberrantly upregulated in ESCC and is
responsible for the hypermethylation of Egfl7; Intriguingly, overexpression of miR-126 suppressed DNMT1,was
suppressed by overexpression of miR-126, indicating the existence of a regulatory feedback circuit[141].

Multiple epigenetic requlatory mechanisms and miRNA in ESCC metastasis

A more complex and dynamic epigenetic regulatory network of miRNA has been shown to be positively involved in
ESCC metastasis. For example, one IncRNA, circRNA can “spong” several miRNAs. IncXIST, serves as oncogene and is
significantly upregulated in ESCC tissues and cells, and is significantly associated with a poor prognosis in ESCC
patients. Downregulation of IncXIST can inhibit ESCC cell proliferation, migration and invasion by elevating expression
of miR-101 and decreasing the expression of EZH2. Downregulation of IncXIST also functions by inhibiting CCND1
expression via “sponging” of miR-129-5p[142,143]. circHIPK3 is highly expressed in ESCC tissues and cell lines and is
associated with advanced TNM stage, LNM and tumor size. circHIPK3 can promote ESCC cell proliferation, invasion,
and migration by modulating the miR-599/c-MYC axis, as well as via the regulation of ESCC cell proliferation, migration,
and EMT by absorbing miR-124 via target AKT3[25,144]. Not more than that, the same miRNA can be regulated by
different epigenetic mechanisms. For example, miR-493-5p, is dramatically downregulated in ESCC tissues and cells due
to “sponging” from both circFIG4 and linc00324, both of which modulated ESCC progression including ESCC cell
invasion and migration via targeting the miR-493-5p/E2F3 and miR-493-5p/MAPKI1 axis, respectively[145-147]. Another
example, miR-124-3p, was found to have positive correlations with ESCC invasion and migration, as well as EMT via the
regulation of IncZFAS1 and through DNA methylation[31,127].

CONCLUSION

ESCC is a cancer that originates from the squamous epithelial cells lining the esophagus. It is notorious for its aggressive
progression and high propensity for metastasis or dispersion to other regions of the body. In ESCC, metastasis
contributes to approximately 90% of cancer-associated fatalities, primarily due to the resulting disruption of digestive
function, complications arising from metastasis, an overall deterioration of health, and poor prognostic outcomes. The
treatment of metastatic ESCC is intricate, possibly necessitating a combination of therapeutic modalities including
surgery, radiation therapy, chemotherapy, and targeted treatments. However, these interventions frequently carry their
own array of side effects and complications, and their efficacy can be restricted in the face of metastatic progression. As
such, deciphering the mechanisms that underpin metastasis and pioneering effective measures for its prevention and
treatment are pivotal objectives in ESCC research.

The metastatic process of ESCC is influenced by a variety of factors, including tumor characteristics, host factors,
microenvironmental elements, as well as genetic and epigenetic variations. Growing evidence suggests that miRNA
signatures represent an epigenetic mechanism that can profoundly impact various stages of metastasis by regulating gene
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expression. This regulation occurs through multiple signaling pathways, primarily including the RTK, TGF-B, Wnt/ -
catenin, and IL6/Stat3 pathways. Given their regulatory capabilities, miRNAs have surfaced as potential novel
diagnostic, prognostic, and therapeutic markers for ESCC metastasis. In their capacity as diagnostic and prognostic
markers, certain miRNAs are consistently overexpressed or underexpressed in ESCC tissues. These miRNAs show
negative or positive associations with characteristics of metastasis, such as tumor invasive depth, lymphatic/vascular
invasion, lymph node metastasis, and distant metastasis. Intriguingly, specific miRNAs have even been linked to
metastatic potential, being associated with the propensity of a tumor to metastasize, the severity of metastasis, and the
likely sites of metastatic spread. As therapeutic targets, miRNAs that suppress ESCC metastasis can be restored through
the application of miRNA mimics, while those promoting ESCC metastasis can be suppressed using anti-miRNA
molecules. The regulation of miRNAs is also influenced by other epigenetic factors, including IncRNAs, circRNAs, and
DNA methylation. Additionally, miRNAs play a crucial role in molding the tumor microenvironment, affecting
angiogenesis, and modulating the immune response to tumors. Given their central roles, miRNAs hold significant
potential as metastatic biomarkers for both the diagnosis and therapy of ESCC.

Recent advancements in miRNA-based therapy revolve around two principal tactics: the suppression of oncogenic
miRNAs to reinstate the activity of their targeted tumor suppressor genes, and the augmentation of tumor suppressor
miRNAs to dampen the expression of the oncogenes they regulate. Although they are typically downregulated in cancers,
enhancing the expression of tumor suppressor miRNAs can correct the aberrant overexpression of oncogenes they
normally control. Additionally, the artificial introduction of tumor suppressor miRNAs can replenish deficient miRNA
levels, thereby targeting and disrupting cellular pathways that contribute to tumor development and metastasis. At
present, a variety of therapeutic strategies capitalizing on miRNA mimics or inhibitors are being intensively investigated.
One such example is MRX34, a liposome-encapsulated miR-34 mimic that has been introduced into clinical trials for the
treatment of patients with primary liver cancer or other malignancies involving the liver. Despite the significant
therapeutic potential of miRNAs, several challenges loom must be addressed before their comprehensive integration into
clinical practice. One of the foremost challenges in the field of miRNA therapy lies in the potential for off-target effects.
These occur when the treatment unintentionally affects genes that have no direct connection to the disease being
addressed, leading to unintended and potentially detrimental side effects. Such inadvertent gene regulation can be
attributed to the inherent sequence similarities among miRNAs. Moreover, the expansive binding capacity of miRNAs
exacerbates this issue; a single miRNA molecule may attach to multiple, disparate mRNAs, thereby simultaneously
regulating a host of unrelated genes. This promiscuity in target selection underscores the complexity of achieving precise
therapeutic outcomes with miRNA-based interventions. Another substantial challenge in miRNA therapy is achieving
effective delivery and ensuring stability. The targeted transport of miRNAs or their inhibitors to designated tissues or
cells without loss of function is an ongoing obstacle. Additionally, miRNAs are inherently unstable in the bloodstream
due to rapid degradation by nucleases, which calls for the development of sophisticated systems capable of safeguarding
these fragile therapeutic agents during delivery. Furthermore, the administration of exogenous miRNA or miRNA
mimics may elicit an immune response that could undermine the safety and efficacy of the treatment. Determining the
optimal dosage of miRNAs is equally critical, as incorrect dosing could compromise the therapeutic balance, impacting
both treatment outcomes and patient well-being. Finally, there are still limitations in accurately predicting miRNA
targets, understanding miRNA-mRNA interactions, and quantifying miRNA expression levels, all of which can impede
the development of miRNA-based therapies.

As research advances and technology evolves, scientists and healthcare professionals are pioneering methods to
navigate the complexities of miRNA therapy. For instance, the integration of large-scale functional screenings, sophist-
icated bioinformatics analyses, and strategic chemical modifications are being employed to attenuate off-target effects and
bolster specificity. Moreover, an array of innovative delivery mechanisms, including nanocarriers, viral vectors, and
exosome-based systems, are being utilized to shield miRNAs from enzymatic degradation and to ensure precise tissue-
specific targeting with elevated efficiency. Enhancements in the structural design of miRNAs to assist in evasion of
immune detection stand as a testament to the proactive measures being taken to preclude unsolicited immune responses.
Additionally, gaining a nuanced understanding of the complex miRNA-mRNA interactions, as well as the epigenetic
mechanisms at play, is necessary in order to illuminate new potential applications for miRNA-based interventions.

In summary, persistent explorations in the field of miRNA research are unlocking significant opportunities for
improving diagnostic accuracy, refining prognostic predictions, and advancing the therapeutic strategies employed in the
battle against cancer. With steadfast commitment to research, the future of miRNAs in medicine appears to be both
promising and profound.
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Abstract

Autophagy is a cellular catabolic process characterized by the formation of
double-membrane autophagosomes. Transmission electron microscopy is the
most rigorous method to clearly visualize autophagic engulfment and
degradation. A large number of studies have shown that autophagy is closely
related to the digestion, secretion, and regeneration of gastrointestinal (GI) cells.
However, the role of autophagy in GI diseases remains controversial. This article
focuses on the morphological and biochemical characteristics of autophagy in GI
diseases, in order to provide new ideas for their diagnosis and treatment.
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Core Tip: Autophagy, from a morphological standpoint, shares similarities with other biological processes such as
phagocytosis and apoptosis. As an intracellular catabolic mechanism, autophagy, along with the ubiquitin-proteasome
system, contributes to maintaining cellular homeostasis. Moreover, autophagy also assumes a role in programmed cell death
when apoptosis is absent. Numerous studies have established the close association between autophagy and the physiological
functions of different gastrointestinal (GI) cells. Morphological investigations have furnished substantial evidence
highlighting autophagy's pro-survival role in benign conditions like intestinal ischemia-reperfusion injury, inflammatory
bowel disease, and GI motility disorders. Further research into the involvement of autophagy in GI tumors is necessary to
unravel these unresolved mysteries in the future.
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INTRODUCTION

Autophagy, as a cellular catabolic process, is closely related to the digestion, secretion, and regeneration of
gastrointestinal (GI) cells. Morphological studies have shown that autophagy is similar to other biological phenomena
such as phagocytosis and apoptosis, and it is involved in maintaining cellular homeostasis and programmed cell death, as
well as cell growth, development, and differentiation. Autophagy has been found to play a pro-survival role in benign GI
diseases like intestinal ischemia-reperfusion (I/R) injury, inflammatory bowel disease (IBD), and GI motility disorders.
However, under pathological conditions, the role of autophagy in GI diseases varies, possibly due to the different degrees
of autophagy or the presence of other factors. Therefore, more studies on the role of autophagy in GI tumors are required
to address these unresolved questions in the future.

Autophagy occurs in all eukaryotic cells, including plant and animal cells, and is an evolutionarily conserved cellular
catabolic process. The occurrence of autophagy cannot be separated from the existence of lysosomes. However,
autophagy is rare in cells in a state of normal proliferation. Taking gastric tissue as an example, autolysosomes are
difficult to observe by transmission electron microscopy (TEM) under normal circumstances[1]. Autophagy is elevated
only when cells lack energy sources (starvation), face external stimuli (invasion by pathogens), and be in disease states
(degenerative lesions, cancer, etc.). Thus, autophagy is also thought to often play a pro-survival role. However, in some
cases, inhibiting autophagy can actually help to cure diseases. For example, studies have found that autophagy enhances
the drug resistance of tumor cells to chemotherapy in kidney cancer, prostate cancer, and other cancers. The combination
of autophagy inhibitor drugs and chemotherapy drugs can achieve good therapeutic effects. In addition, autophagy is
also considered as a programmed death process. Excessive autophagy is thought to cause cell death. Thus, the effects of
autophagy on cells in different states are complex (Figure 1).

AUTOPHAGY

Before the advent of electron microscopy, a variety of particle-containing vesicles could only be observed by ordinary
light microscopy. Since 1933, the advent of TEM has accelerated the study of morphology to the subcellular level[2].
Compared with ordinary microscopes, electron microscopes can magnify tens of thousands of times, so submicroscopic
structures within cells can be observed. Thus, electron microscopy is the "gold standard" for studying autophagic
morphology. TEM images can provide information such as autophagosome integrity, changes in the number and volume
of autophagic vesicles, and autophagosome-lysosomal interactions. In addition, this technique allows visualization of
organelles inside autophagic chamber to distinguish whether autophagy is selective autophagy. Observing by TEM, we
can clearly capture the moment of fusion of autophagosomes and lysosomes and the morphological changes of organelles
during degradation.

The process of autophagy can be divided into five stages: Initiation, elongation, closure, fusion, and decomposition.
Morphological studies of autophagy have found that a bilayer membrane structure derived from the endoplasmic
reticulum without ribosomes is first formed in the cell, and the degenerate organelles form distinct aggregates, which are
gradually surrounded by this bilayer membrane structure. The membrane of the autophagosome is continuously
elongated and gradually envelops the aggregates. Eventually, autophagosomes fuse with lysosomes to release acid-
lysozymes to break down the contents. Generally, typical features of different stages of autophagy can be observed
simultaneously by TEM. According to the type of autophagic body contents, autophagy can be divided into selective
autophagy and non-selective autophagy. Non-selective autophagy occurs when various organelles such as the
endoplasmic reticulum and mitochondria accumulate in autophagosomes. When selective autophagy occurs, aggregation
of only one type of content can be observed in autophagosomes. Common inclusions include mitochondria, lipids, and
foreign pathogens (such as bacteria and viruses). Autophagy is also divided into macro-autophagy, micro-autophagy,
and chaperone-mediated autophagy. The autophagy mentioned in this article mainly refers to macroscopic autophagy.
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Autophagy and GI diseases
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Figure 1 Overview of autophagy in gastrointestinal diseases. Created with MedPeer (www.medpeer.cn). TEM: Transmission electron microscopy; Gl:
Gastrointestinal.

AUTOPHAGY AND GI CELLS

The GI tract is the largest contact area with the external environment of the cavity organs. Many biochemical reactions
occur in the GI tract every day. GI epithelial cells together with a variety of microorganisms constitute the first barrier of
the human digestive system. GI cells are made up of three types of cells: Digestive cells (master cells and absorptive cells),
secretory cells (goblet cells and Paneth cells), and regenerative cells (stem cells). Goblet cells are mucus-secreting cells that
form a physical barrier between intestinal epithelial cells (IECs) and the external environment. One study found that
autophagy produced a thicker, less penetrating mucus layer in mice, which enhanced intestinal anti-inflammatory
function[3]. Mucus production protects gastric mucosal epithelial cells from chemicals (e.g., alcohol and nonsteroidal anti-
inflammatory drugs) and microorganisms. In that study, Naama et al[3] also found that autophagy relieves endoplasmic
reticulum stress through autophagy-related protein Beclinl, thereby promoting goblet cell mucus secretion. Similarly,
Paneth cells secrete antimicrobial proteins that are highly dependent on endoplasmic reticulum stress and autophagy
levels[4]. Gorbunov et al[5] found that autophagy plays a role not only in secretory cells, but also in intestinal stem cells.
Yang et al[6] demonstrated that autophagy is required for ileal stem cell maintenance and mammalian survival. In
addition, recent studies have shown that autophagy is required to maintain increased enterocyte proliferation in
honeybees[7].

According to reports, amino acid deficiency can regulate autophagy activity in IECs[8]. The researchers found that
autophagic vacuoles increased by TEM and confocal microscopy[9]. In addition, exposure of IECs to hypoxia and
lipopolysaccharide for 24 h not only increased the number of autophagic vesicles, but also significantly increased their
diameter[10]. Interestingly, in the midgut epithelial cells of shrimp, approximately 40% of cells show signs of autophagy.
The endoplasmic reticulum pool, electron transparent content, vacuoles, poly-vesicles, lamellar bodies, vesicles of
autophagosome in lipids, and electron dense particles were observed. In addition, the researchers observed that
degenerated mitochondria were mainly concentrated in autophagosomes (mitochondrial autophagy). A study has found
that the reduction of intestinal cell volume in shrimp involves a programmed process that requires autophagy. In
addition, UBA1 knockout significantly reduced the size of midgut cells, and double membrane autophagosomes
containing mitochondria or ribosomes were observed in the cytoplasm[11].

AUTOPHAGY AND GI PHYSICAL BARRIER FUNCTION

GI epithelial cells constitute the first barrier to protect the alimentary tract from injury. The intestinal epithelial tight
junction (TJ), which is the second line of defense in the intestinal mucosa, protects against permeation of luminal antigens,
endotoxins, and bacteria into the blood stream. Recent research found that autophagy promotes membrane localization of
occluding protein, a principal T] component involved in T] barrier enhancement, which could protect against inflam-
mation-induced barrier loss[12]. Furthermore, Kim et al[13] discovered that protease-activated receptor 2 regulates
autophagy and intestinal epithelial TJs, thus reducing intestinal epithelial permeability. Additionally, another study
discovered that rapamycin (autophagy inducer) dramatically improved intestinal damage in benzo[a]pyrene induced
intestinal epithelial T] disruption[14]. In conclusion, the activation of autophagy plays an important role in maintaining
intestinal barrier function against toxic chemicals, intestinal inflammation, and intestinal permeability.

The intestinal epithelium is frequently exposed to the invasion of many foreign pathogens, leading to increased
permeability and intestinal barrier loss. When bacteria infect host cells, selective autophagy initially engulfs the
pathogens to limit the access to nutrients. Although autophagy initially triggers an innate immune response that induces
intestinal immune cells to produce interferon and clear harmful pathogens, some bacteria (such as Escherichia coli,
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Salmonella, and Listeria) have evolved strategies to inhibit or escape it. For example, Escherichia coli hinders the autopha-
gosome-lysosome fusion to inhibit autophagic flux, thus preventing the clearance of acidic hydrolase[15]. Besides that,
Yang et al[16] suggested that Salmonella escapes host immune responses by inhibiting autophagy degradation. Previously,
a large number of bacteria have been shown to evade NOD pathway-mediated intestinal immune surveillance by
inhibiting autophagy[17,18]. Molecule evidence has been found that autophagy is involved in the secretion of membrane
vesicles from Listeria monocytogenes in vitro[19]. In addition, one similar study discovered that Fusobacterium modulates
autophagy to survive, thus aggravating experimental colitis via the miR-574-5p/ CARD3 axis[20]. The latest findings show
that bacterial extracellular vesicles induced mitophagy through mTOR pathways relieve oxidative stress in colonic
epithelial cells[21]. Libertellenone T, a compound isolated from Endolichenic fungus, also induces autophagy to strengthen
the epithelial barrier function of the colon[22].

In contrast, some viruses exploit autophagy for replication to survive inside intestinal cells. Recently, the effect of
autophagy on SARS-CoV-2 infection has drawn much attention. Some studies showed that SARS-CoV-2 exploits host
autophagy machinery for intestinal dissemination[23,24]. Furthermore, Cloherty et al[25] proofed that Berbamine, a
selection of autophagy-blocking drugs, can suppress intestinal SARS-CoV-2 infection as well as prevent SARS-CoV-2-
mediated disruption of the intestinal barrier via an autophagy-mediated BNIP3 mechanism. However, not all viruses
have evolved such an escape mechanism. One study discovered that autophagy induced by urolithin A, an intestinal
metabolite of ellagic acid, inhibits enterovirus 71 replication in infected cells[26]. In addition, another study discovered
that the autophagy gene (ATG) Epg5 plays an important role in intestinal antiviral signaling by modulating interferon-y
responses[27].

ATG MUTATIONS AND INTESTINAL INFLAMMATION

Autophagy dysfunction can lead to disruption of intestinal barrier function, triggering an immune response and leading
to chronic intestinal inflammation. Genome-wide association studies have found that mutations in ATGs are associated
with IBD. At present, many autophagy-related genes (such as ATG16L1, ULK1, NOD2, LRRK2, and IRGM) have been
shown to be susceptibility genes for IBD[28,29]. One study found that ATG5 expression in intestinal myeloid cells
modulates IL-12, thereby preventing uncontrolled IFN-y-driven intestinal inflammation[30]. Furthermore, mice with
specific deletion of ATG16L1 in IECs have aggravated intestinal injury[31]. ATG16L1™"* is a single nucleotide
polymorphism of the susceptibility gene for Crohn's disease (CD)[32]. Further studies have shown that autophagy
disorder caused by the ATG16L1%** polymorphism contributes to the increased risk of CD through NF-kB-mediated
inflammation[33]. In addition, researchers have found that ATG16L1 interferes with Paneth cell secretion of antimicrobial
agents and dendritic cell antigen presentation, which leads to intestinal mucosal barrier dysfunction and the development
of CD.

In recent years, more and more animal experiments have revealed the presence of a large number of autophagic
vesicles accompanied by mitochondrial vacuolization in DSS-induced colitis. In Wistar rats, vitamin D has been shown to
alleviate stress colitis through mTOR-STAT3 signaling and regulation of autophagy[34]. Similarly, we found that
activation of estrogen receptor B, which is highly expressed in intestinal tissues, can inhibit colitis by promoting NLRP6-
mediated autophagy[35]. In addition, Ma and collaborators demonstrated that Parkin loss may lead to high drug
resistance in DSS-induced colitis[36].

AUTOPHAGY AND GI DISEASES
Intestinal I/R injury

Intestinal I/R injury is a common GI barrier dysfunction. The ultrastructural changes of the intestinal epithelium under
the transmission electron microscope can provide information about the early changes of intestinal I/R, including the
ischemia phase and reperfusion phase. One study showed that a large number of autophagosomes were found in the
cytoplasm of colonic epithelial cells after 1 h of ischemia, with organelle damage, cytolysis, and lysosome formation[37].
However, in another study, a significant reduction in autophagic vacuoles was observed in intestinal tissues 4 h after
reperfusion by TEM[38]. Another study found that the number of autophagosomes and autolysosomes increased at 4 h
and decreased at 20 h after I/R upon electron microscopy analysis of intestinal epithelial tissues taken at 0, 4, and 20 h
after I/R[39]. Thus, based on morphological evidence, autophagy has a conflicting role in the pathology of I/R-induced
intestinal injury. In addition to TEM results, several studies have found that the autophagy-related marker LC3BII/I ratio
and the mitophagy-related PINK1/Parkin pathway are significantly up-regulated during intestinal I/R injury[40-42].
Consistent with this, Liu et al[43] demonstrated in rat experiments that inhibition of autophagy alleviated intestinal I/R
injury through the miR-146a/TXNIP axis. Similarly, upregulation of miR-182 in I/R mice leading to a significant
reduction in autophagosomes has also found morphological evidence observed by TEM[44]. Studies have found that
selenium nanoparticles can effectively alleviate intestinal epithelial barrier damage by inhibiting autophagy mediated by
the TBC1D15/Rab7 signaling pathway[45]. In contrast to the above studies, activation of the AMPK/ SIRT1-autophagy
pathway alleviated intestinal I/R injury[46,47]. These studies seem to suggest that autophagic changes during the
ischemic phase play a more decisive role in the course of the disease. Therefore, studying the role of autophagy in
intestinal I/R injury may require a more unified modeling approach and further analysis of the morphological changes of
autophagy in different periods. Another common intestinal barrier dysfunction is necrotizing enterocolitis. The
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ultrastructure of rapamycin-treated IEC-6 and Caco2 cells was observed by TEM, and the formation of autophagic
vacuoles was significantly accumulated, which could be reduced by human B-defensin-3 (hBD3) treatment[48].

GI motility disorders

Functional dyspepsia (FD) is a common GI motility disorder, affecting 11.5%-29.2% of people worldwide. Interstitial cells
of Cajal (ICC), especially muscle ICC (ICC-MY), are the key cells to GI motility. Early studies found that the impaired
autophagy of ICC was closely related to gastric hypomotility in rats with gastroparesis[49], especially with the reduction
and structural abnormalities of ICC-MY cells. Zhang et al[50] observed a large number of autophagosomes in the
ultrastructure of ICC-MY in the FD model group by electron microscopy, and even degeneration or reduction of
organelles. This suggests that increased autophagy and decreased differentiation of ICC-MY play an important role in FD.
In addition, Drp-1 mediated mitophagy in ICC significantly promoted gastric motility in FD rats. Lee et al[51] also found
that the traditional Chinese medicine compound Chaihu Shugan powder inhibits ICC autophagy through the PI3K/
PDK1 pathway, thus playing a role in promoting GI motility. In addition, many studies have found that electroacu-
puncture can improve GI motility disorders by activating autophagy[52-54]. In addition, Fu et al[55] demonstrated that
exosomes derived from patients with irritable bowel syndrome have an inhibitory effect on autophagy in human colonic
epithelial cells by promoting ATG14. Although there are still many mysteries about how autophagy is impaired in GI
motility disorders, with the further accumulation and analysis of morphological evidence, it is believed that more new
regulatory mechanisms will be discovered in the future.

Gl cancers

GI cancers have attracted much attention due to their high recurrence and metastasis rates, difficult diagnosis, and poor
prognosis. More and more evidence has shown that although chemotherapy drugs are clinically effective, it has become a
common phenomenon that many patients develop chemotherapy resistance in GI cancers during treatment.

Gastric cancer: Gastric cancer has attracted much attention due to its high recurrence and metastasis rates, difficult
diagnosis, and poor prognosis. Common treatments include surgical resection, radiotherapy[56], and chemotherapy.
Helicobacter pylori infection is a common cause in patients with gastric cancer. A study of H. pylori-positive human biopsy
specimens revealed onion-like (autophagosome-like) structures containing intact bacteria as well as autolysosomes
enclosing degraded material[57]. A number of studies have confirmed that autophagy is related to the chemoresistance in
gastric cancer, including resistance to oxaliplatin, cisplatin, and paclitaxel[58-62]. It was found that in paclitaxel-
pretreated BGC gastric cancer cells, typical double-membrane autophagic vacuoles and residual organelles around the
nucleus could be clearly captured by TEM[62]. Further morphological studies revealed that overexpression of SIRTS5,
Sec62, and TOBI1 genes can induce autophagy in gastric cancer cells[63-65]. Of course, autophagy activation is not present
in all drug-resistant gastric cancer cell lines. He ef al[66] observed multiple autophagosomes (double-membrane structure)
and autolysosomes (single-membrane structure) in the cytoplasm of BGC gastric cancer cells treated with 5-FU.
Moreover, the ratio of autophagosome area to that of the cytoplasm was significantly different from that of the control
group. However, in AGS cells treated with 5-FU, few autophagosomes and autolysosomes were observed by TEM. In
addition, gastric cancer cell-derived exosomes (GC-Ex) have been found to have the ability to induce neutrophil
autophagy[67]. The number of autophagosomes was increased in treated neutrophils. TEM and immunofluorescence
staining showed that neutrophils treated with GC-Ex had more autophagosomes than those in the control group. Further
study showed that FTO silencing reduced the number of autophagosomes in SGC-7901/DDP cells[68].

Colorectal cancer: Colorectal cancer (CRC) is the third most common malignancy and the second leading cause of cancer
death in the world. Multiple clinicopathological studies have confirmed that several autophagy-related genes, such as
ATGY9B, ATG4B, and ULK1, are CRC prognostic markers[69-72]. Accumulating evidence suggests that cytoprotective
autophagy not only increases cancer cell survival, but also enhances tumor drug resistance in CRC[73-75]. One study
showed that inhibition of autophagy enhanced doxorubicin hydrochloride-induced apoptosis in human colon cancer cells
[76]. Further studies found that MTOR signaling dependent mitochondrial dysfunction promotes colorectal cancer cell
death[77]. Regulation of the Beclin1/Beclin2 signaling pathway may be the key to inducing autophagic death of colorectal
cancer cells[78-80]. In addition, a study on the mechanism of lipopolysaccharide-induced injury in the colon adenoma cell
lines Caco-2 and HT-29 showed that autophagic flow was blocked at the autolysosome stage in vitro and in vivo[81].
Moreover, Bacillus Calmette-Guerin has been shown to induce autophagic cell death through TLR2 and TLR4 signaling
pathways in a radiosensitive colorectal cell line[82]. In addition, Liu et al[83] found that induction of autophagy-related
ferroptosis through the MEK1/2/ERK/c-FOS axis enhanced the sensitivity of colon cancer cells to chemotherapy. TEM
showed mitochondrial destruction and increased number of autophagosomes in the diabetic group compared with the
non-diabetic group[40].

Autophagy and GI drugs: Autophagy is closely related to the occurrence and development of GI cancer and drug
resistance. A large number of studies have found that a variety of natural compounds can induce autophagy to exert anti-
cancer effects. For example, salidroside was found to induce autophagy in AGS cells[84]. Moreover, autolysosome
accumulation in gastric cancer cells treated with narcicycline and galangin was observed under the electron microscope.
TEM showed that the number of autophagosomes increased in lutein-treated IEC-6 cells[8]. In addition, several Chinese
herbs such as ononin, celastrol, licorice, and Jianpi-Qingchang decoction have been shown to protect IECs and treat
experimental colitis by activating mitophagy[85-88]. Subsequently, Truzzi and colleagues demonstrated that stimulation
of autophagy by a combination of spermidine and eugenol supplements reduced intestinal inflammatory parameters[89].
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CONCLUSION

From the perspective of morphology, autophagy is similar to the biological phenomena such as phagocytosis and
apoptosis. As an intracellular catabolic mechanism, autophagy and the ubiquitin-proteasome system jointly assume the
role of maintaining cellular homeostasis. Not only that, autophagy also plays a role in programmed cell death in cells
lacking apoptosis. Autophagy is inextricably linked to cell growth, development, and differentiation. A large number of
studies have confirmed that autophagy is closely related to the physiological functions of the GI tract in different types of
GI cells. Morphological studies have provided us with a large amount of evidence that autophagy plays a pro-survival
role in benign diseases such as intestinal I/R injury, IBD, and GI motility disorders. However, under pathological
conditions, the role of autophagy is not the same, which may be due to the different degrees of autophagy or the existence
of other factors. Therefore, more studies on the role of autophagy in GI tumors are needed to solve these unsolved
mysteries in the future.
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Abstract

BACKGROUND

Patients with liver cancer complicated by portal hypertension present complex
challenges in treatment.

AIM

To evaluate the efficacy of radiofrequency ablation in combination with sorafenib
for improving liver function and its impact on the prognosis of patients with this
condition.

METHODS

Data from 100 patients with liver cancer complicated with portal hypertension
from May 2014 to March 2019 were analyzed and divided into a study group (n =
50) and a control group (n = 50) according to the treatment regimen. The research
group received radiofrequency ablation (RFA) in combination with sorafenib, and
the control group only received RFA. The short-term efficacy of both the research
and control groups was observed. Liver function and portal hypertension were
compared before and after treatment. Alpha-fetoprotein (AFP), glypican-3 (GPC-
3), and AFP-L3 levels were compared between the two groups prior to and after
treatment. The occurrence of adverse reactions in both groups was observed. The
3-year survival rate was compared between the two groups. Basic data were
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compared between the survival and non-surviving groups. To identify the independent risk factors for poor
prognosis in patients with liver cancer complicated by portal hypertension, multivariate logistic regression analysis
was employed.

RESULTS

When comparing the two groups, the research group's total effective rate (82.00%) was significantly greater than
that of the control group (56.00%; P < 0.05). Following treatment, alanine aminotransferase and aspartate
aminotransferase levels increased, and portal vein pressure decreased in both groups. The degree of improvement
for every index was substantially greater in the research group than in the control group (P < 0.05). Following
treatment, the AFP, GPC-3, and AFP-L3 levels in both groups decreased, with the research group having
significantly lower levels than the control group (P < 0.05). The incidence of diarrhea, rash, nausea and vomiting,
and fatigue in the research group was significantly greater than that in the control group (P < 0.05). The 1-, 2-, and
3-year survival rates of the research group (94.00%, 84.00%, and 72.00%, respectively) were significantly greater
than those of the control group (80.00%, 64.00%, and 40.00%, respectively; P < 0.05). Significant differences were
observed between the survival group and the non-surviving group in terms of Child-Pugh grade, history of
hepatitis, number of tumors, tumor size, use of sorafenib, stage of liver cancer, histological differentiation, history
of splenectomy and other basic data (P < 0.05). Logistic regression analysis demonstrated that high Child-Pugh
grade, tumor size (6-10 cm), history of hepatitis, no use of sorafenib, liver cancer stage IIIC, and previous
splenectomy were independent risk factors for poor prognosis in patients with liver cancer complicated with portal
hypertension (P < 0.05).

CONCLUSION

Patients suffering from liver cancer complicated by portal hypertension benefit from the combination of RFA and
sorafenib therapy because it effectively restores liver function and increases survival rates. The prognosis of
patients suffering from liver cancer complicated by portal hypertension is strongly associated with factors such as
high Child-Pugh grade, tumor size (6-10 cm), history of hepatitis, lack of sorafenib use, liver cancer at stage IIIC,
and prior splenectomy.

Key Words: Radiofrequency ablation; Sorafenib; Liver cancer; Portal hypertension; Efficacy; Prognosis analysis
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Core Tip: The combination of radiofrequency ablation (RFA) and sorafenib shows promise in treating liver cancer with portal
hypertension. This approach demonstrated improved short- and long-term efficacy, with significant reduction in portal vein
pressure and enhancement of liver function. Patients treated with this combination had higher survival rates compared to
those receiving RFA alone. Moreover, the study identified key prognostic factors, such as Child-Pugh grade, tumor size,
history of hepatitis, and the use of sorafenib, providing valuable insights for managing liver cancer complicated by portal
hypertension. These findings suggest that the RFA and sorafenib combination could be a beneficial therapeutic strategy, but
further research with larger sample sizes is warranted to validate these outcomes.
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INTRODUCTION

Liver cancer is categorized into two types: primary and metastatic liver cancer. Primary liver cancer is more common
than primary liver cancer, and its incidence ranks fifth among malignant tumors. According to epidemiological surveys,
there are more than 600000 new cases of liver cancer worldwide. Approximately 85% to 95% of primary liver cancers
develop from liver cirrhosis, 15% to 20% of which are complicated with different degrees of portal hypertension[1,2]. The
condition of patients suffering from liver cancer complicated with portal hypertension is relatively complex, and since
there are no obvious symptoms in the initial stages, most patients visit the hospital when they are typically already in the
middle or late stages and have missed the best time for surgical treatment. Moreover, patients suffering from liver cancer
complicated with portal hypertension are in poor physical condition and cannot tolerate surgical operation[3,4]. The
treatment principle of radiofrequency ablation (RFA) is to increase the temperature of liver tissue to > 60°C and maintain
it at that temperature for a certain time to cause degeneration and irreversible necrosis of cellular proteins. Multiple
earlier research studies have revealed that RFA effectively treats liver cancer, but studies on its application in patients
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with liver cancer complicated with portal hypertension are rare[5,6]. Sorafenib, an oral tyrosine kinase inhibitor, can
reduce visceral neovascularization and ameliorate portal hypertension via the inhibition of vascular endothelial growth
factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR) to inhibit neovascularization[7,8]. In the
present research, RFA in combination with sorafenib was applied to treat patients suffering from liver cancer complicated
by portal hypertension to study its mechanism of action and to analyze patient prognosis. This study provides a reference
for the treatment of liver cancer complicated by portal hypertension. The report is detailed below.

MATERIALS AND METHODS

General information

Data from 100 patients with liver cancer complicated with portal hypertension from May 2014 to March 2019 were
analyzed and divided into study groups (n = 50) and control groups (n = 50) according to the treatment regimen. The
research group comprised 23 women and 27 men aged 44-69 (55.46 * 6.31) years; portal hypertension symptoms: 30
patients with hemorrhage, 9 patients with ascites, and 11 patients with hemorrhage and ascites. The control group
included 31 men and 19 women aged 40-69 (57.40 + 5.69) years; portal hypertension symptoms were 22 hemorrhages, 13
ascites, and 15 hemorrhages and ascites. The two groups’ general data were comparable (P > 0.05).

Inclusion criteria

(1) Patients who satisfied the relevant standards in the “Guidelines for the Diagnosis and Treatment of Primary Liver
Cancer”[9]; (2) Patients were diagnosed with liver cancer complicated with portal hypertension by clinicopathological
and imaging examinations, and gastroscopy revealed active gastroesophageal venous active bleeding and a hepatic
venous pressure gradient > 5 mmHg; and (3) Complete clinical data.

Exclusion criteria

(1) Patients with diffuse liver cancer, extrahepatic metastasis, or history of liver cancer surgery; (2) Expected survival time
< 3 months; (3) Patients suffering from other cancerous tumors; (4) Individuals suffering from systemic infections; (5)
Individuals who experienced disturbance of consciousness; and (6) Patients who experienced allergies triggered by the
drugs utilized in this study.

Methods

The enrolled patients were screened for one month at our hospital before being included in the study, and each included
patient was numbered. The research group received RFA in combination with sorafenib, while the control group received
RFA. All the data were collected after admission and were accessed for study purposes in January 2023.

RFA therapy

A radiofrequency therapeutic instrument (CTRF220, Covidien, United States) was used for treatment, the output power
was 200 W, the frequency was set to 480 kHz, and the electrode diameter was set to 1.2 mm. Patients with multiple
tumors were treated with a multihook probe. Patients were placed in the supine or prone position, and multislice spiral
CT was used to locate the tumor site. The puncture point on the body surface and the puncture direction were selected,
and the puncture site was anesthetized with 10 mL of 2% lidocaine. RFA treatment was performed according to the tumor
size after the lesion was punctured with the ablation electrode needle, and the treatment time was 8-12 min. The ablation
area was 1-2 cm larger than the lesion area to ensure that the tumor tissue could be completely ablated and that the
infiltrated part was killed. After RFA treatment, a CT scan was again performed to observe the effect of tumor ablation.

Sorafenib treatment

Sorafenib (Chongqing Yaoyou Pharmaceutical Co., Ltd., SFDA approval number: H20203403) was given orally 14 days
before RFA treatment (400 mg/time) twice daily. After oral administration of sorafenib, adverse reactions were assessed
as per the Common Terminology Criteria for Adverse Events of National Cancer Institutes[10]. If there was no adverse
reaction, the drug dose was maintained until 1-2 d before the operation; if there was an adverse reaction, the dose was
halved; if there was a grade 3 or 4 adverse reaction, the drug was stopped, and RFA was performed after 1-2 d of drug
withdrawal. If the Child-Pugh grade was A or B after RFA and there was no serious complication, sorafenib was given
orally 3-7 d after the operation (400 mg once a day). If no symptoms of discomfort occurred, a dose of 400 mg/time was
given 7 d later, two times a day. If there were grade 3-4 adverse reactions, the drug was suspended, and when the
adverse reactions were reduced to grade 2 or below, the drug was restored to 400 mg/time, twice/day or 400 mg/time,
once/day.

Observation indicators

(1) Short-term efficacy; (2) Comparison of liver function and portal hypertension status. The detection of aspartate
aminotransferase (AST) and glutamate alanine aminotransferase (ALT) was performed via an automatic biochemical
analyzer. The AST and ALT levels before and after treatment were compared between the two groups. The portal vein
pressure was compared between the two groups; (3) Comparison of liver cancer markers The levels of alpha-fetoprotein
(AFP), glypican-3 (GPC-3) and AFP-L3 were determined via ELISA. The levels of AFP, GPC-3 and AFP-L3 before and
after treatment were compared between the two groups; (4) Adverse reactions; and (5) Comparison of the 3-year survival
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rate between the two groups. Univariate analysis of the survival and non-surviving groups Basic data such as age, Child-
Pugh grade, history of hepatitis, number of tumors, tumor size, use of sorafenib, stage of liver cancer, histological differ-
entiation, and history of splenectomy were compared between the survival and non-surviving groups. Multivariate
analysis of the survival and non-surviving groups. To analyze the independent risk factors for poor prognosis in patients
with liver cancer complicated by portal hypertension, multivariate logistic regression was employed.

Efficacy evaluation criteria

The efficacy of the WHO solid tumor evaluation criteria[11] was used to evaluate the efficacy of the treatment. Complete
remission (CR) was defined as follows: Tumor disappeared completely; partial response (PR): Tumor regression area >
50% and no new lesions; no response: Tumor regression area < 50% or increased area < 25%; and progressed disease:
Increased area > 50%. The total effectiveness was calculated as CR + PR.

Statistical methods

SPSS 20.0 statistical software was used to analyze and process the collected data. The measurement data are presented as
mean * SD, and for comparisons between the groups, the independent sample ¢ test was used, while the paired t test was
used for comparisons within the groups prior to and following the treatment. Count data are presented as the frequency
or composition ratio, and the y* test was used for comparison. Logistic multivariate regression was used to analyze the
independent risk factors for poor prognosis in patients suffering from liver cancer complicated by portal hypertension. A
value of P < 0.05 indicated a statistically significant difference.

RESULTS

Comparing the clinical efficacy of the two treatments
The research group’s total effective rate (82.00%) was greater than that of the control group (56.00%), with statistically
significant differences between the two groups (P < 0.05). As illustrated in Table 1.

Comparing liver function and portal venous pressure between the two groups before and after treatment

Prior to treatment, there were no considerable differences in ALT or AST levels or portal venous pressure between the
two groups (P > 0.05). Following treatment, the ALT and AST levels in both groups increased, and the portal venous
pressure was reduced. The improvement in each index was greater in the research group than in the control group. The
differences were statistically significant (P < 0.05). As illustrated in Table 2.

Comparison of liver cancer marker levels between the two groups before and after treatment
Prior to treatment, there was no considerable difference in the AFP, GPC-3, or AFP-L3 Levels (P > 0.05); following
treatment, the AFP, GPC-3 and AFP-L3 Levels decreased in both groups, and the levels in the research group were
significantly lower than those in the control group (P < 0.05). As illustrated in Table 3, Figure 1.

Comparing the adverse reactions between the two groups
Instances of diarrhea, rash, nausea, vomiting and fatigue were significantly greater in the research group than in the
control group (P < 0.05). As demonstrated in Table 4.

Comparison of 1-, 2-, and 3-year survival rates between the two groups
The 1-, 2-, and 3-year survival rates of the research group (94.00%, 84.00%, and 72.00%, respectively) were significantly

greater than those of the control group (80.00%, 64.00%, and 40.00%, respectively; P < 0.05). As illustrated in Table 5,
Figure 2.

Univariate analysis of the survival group and non-surviving group

Significant differences were observed between the survival group and the non-surviving group in terms of basic data
such as Child-Pugh grade, history of hepatitis, number of tumors, tumor size, use of sorafenib, stage of liver cancer,
histological differentiation, and previous splenectomy (P < 0.05). As illustrated in Table 6.

Logistic multivariate regression analysis of poor prognosis in patients with liver cancer complicated with portal

hypertension

The items with statistically significant differences in the above factors were included in the multivariate logistic
regression model, with survival at three years of follow-up as the dependent variable and the items with statistically
significant differences as the independent variable. The values were assigned as follows: Child-Pugh grade (grade A =0,
grade B = 1), history of hepatitis (none = 0, yes = 1), number of tumors (1 = 0, > 2 = 1), tumor size (< 6 = 0, 6-10 = 1), use of
sorafenib (yes = 0, no = 1), stage of liver cancer (IIl B = 0, III C = 1), histological differentiation (high = 0, low-moderator
necrosis = 1), and previous splenectomy (none = 0, yes = 1). Logistic regression analysis demonstrated that high Child-
Pugh grade, tumor size (6-10 cm), history of hepatitis, no use of sorafenib, liver cancer stage IIIC, and previous
splenectomy were independent risk factors for poor prognosis in patients with liver cancer complicated with portal
hypertension (P < 0.05). As demonstrated in Table 7.
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Table 1 Comparison of the clinical efficacy of the two treatment regimens [n (%)]

Group CR PR NR PD Total effective rate
Research group (1 = 50) 7 (14.00) 34 (68.00) 6 (12.00) 3 (6.00) 41 (82.00)

Control group (1 = 50) 4 (8.00) 24 (48.00) 17 (34.00) 5 (10.00) 28 (56.00)

x* value 7.901

P value 0.005

CR: Complete remission; PR: Partial response; NR: No response; PD: Progressed disease.

Table 2 Comparison of liver function and portal venous pressure between the two groups before and after treatment (mean + SD)

. ALT (U/L) AST (UL) Portal venous pressure (cm H,0)
roup Before treatment  After treatment Before treatment  After treatment Before treatment  After treatment

Research group (7=50)  40.06 + 6.15 71.45 + 9.85° 53.16 + 6.98 75.90 +10.09" 39.71 +7.56 28.93 +5.98°

Control group (n =50)  40.99 +7.51 89.27 +11.26° 51.21 +9.32 95.45 + 9.29° 39.83 +5.15 31.51 +5.88"

t value 0.676 8.425 1.184 10.076 0.089 2174

P value 0.501 <0.001 0.240 <0.001 0.929 0.032

P < 0.05 when compared to the same group prior to treatment.
ALT: Alanine aminotransferase; AST: Aspartate aminotransferase.

Table 3 Comparison of liver cancer marker levels before and after treatment between the two groups (mean * SD)

e AFP (ug/L) GPC-3 (ng/mL) AFP-L3 (ng/L)

roup Before treatment  After treatment Before treatment  After treatment  Before treatment  After treatment
Research group (7=50)  645.88 +56.05 463.12 + 40.45° 11.52 +2.88 6.46 +1.43° 1751.54 + 214.99 867.26 + 153.14"
Control group (1 =50)  655.80 + 53.69 563.21 + 41.46" 11.89 + 2.58 4.84 126" 1787.74 +177.19 1179.48 + 175.10°
t value 0.904 12.220 0.665 5.975 0.919 9.491
P value 0.368 <0.001 0.508 <0.001 0.360 <0.001

P < 0.05 when compared to the same group prior to treatment.
AFP: Alpha-fetoprotein; GPC-3: Glypican-3.

Table 4 Comparison of adverse reactions between the two groups [n (%])]

Diaphragm Portal vein and biliary Gastrointestinal Nausea and

Grou . Diarrhea Rash . ) o Fatigue
P injury tract injury bleeding vomiting g

Research group (3 (6.00) 14 (28.00) 20 13 (26.00) 5 (10.00) 9 (18.00) 33

=50) (40.00) (66.00)
Control group (1= 1 (2.00) 2(4.00) 2(4.00) 10 (20.00) 3 (6.00) 1(2.00) 10

50) (20.00)
¥ value 1.042 10714  18.881  0.508 0.543 7.111 21583
Pvalue 0.307 0.001 <0.001 0476 0.461 0.008 <0.001
DISCUSSION

Currently, the occurrence of liver cancer is increasing annually, and approximately 70%-90% of liver cancer patients are
complicated with cirrhosis[12,13]. The common causes of liver cancer complicated with portal hypertension are as
follows: Liver cancer usually develops from cirrhosis, which can cause portal hypertension; the formation of arteri-
ovenous fistula in the tumor body can lead to increased portal vein load; and impaired portal vein patency can increase
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Table 5 Comparison of 1-, 2-, and 3-year survival rates between the two groups

1-yr survival rate 2-yr survival rate 3-yr survival rate
SR Number of cases  Survival rate (%) Number of cases Survival rate (%) Number of cases Survival rate (%)
Research group (n =50) 47 94.00 42 84.00 36 72.00
Control group (n=50) 40 80.00 32 64.00 20 40.00
Log-y* value 4.465 5.337 9.223
P value 0.035 0.021 0.002

Table 6 Univariate analysis of the survival group and death group [n (%)]

Item Survival group (n = 56) Death group (n = 44) X? value Pvalue
Age

<60 yr 43 (76.79) 29 (65.91) 1.446 0.229

> 60 yr 13 (23.21) 15 (34.09)

Child-Pugh grade

Grade A 45 (80.36) 23 (52.27) 8.931 0.003
Grade B 11 (19.64) 21 (47.73)

History of hepatitis
Yes 18 (32.14) 29 (65.91) 11.278 0.001
None 38 (67.86) 15(34.09)

Number of tumors

1 35 (62.50) 15 (34.09) 8.266 0.016
2 16 (28.57) 20 (45.45)
3 5 (8.93) 9 (20.45)

Tumor size (cm)
<6 49 (87.50) 15 (34.09) 30.506 <0.001
6-10 7 (12.50) 29 (65.91)

Use of sorafenib
Yes 36 (64.29) 14 (31.82) 10.390 0.001
No 20 (35.71) 30 (68.18)

Stage of liver cancer
1I1B 47 (83.93) 20 (45.45) 16.496 <0.001
mc 9 (16.07) 24 (54.55)

Histological differentiation

High 28 (50.00) 14 (31.82) 6.810 0.033
Low-moderate 18 (32.14) 12 (27.27)
Necrosis 10 (17.86) 18 (40.91)

Previous splenectomy
Yes 18 (32.14) 30 (68.18) 12.822 <0.001

None 38 (67.86) 14 (31.82)
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Table 7 Logistic multivariate regression analysis of poor prognosis in patients with liver cancer complicated with portal hypertension

Item B SE Wald P value Exp (B) 95%Cl

High Child-Pugh grade 1.470 0.738 3.970 0.046 4.349 1.024-18.469
History of hepatitis 2.286 0.803 8.098 0.004 9.833 2.037-47.463
Tumor size (6-10 cm) 2.399 0.788 9.268 0.002 11.008 2.350-51.567
No use of sorafenib 2483 0.829 8.963 0.003 11.981 2.357-60.884
Liver cancer of stage ITIC 1.900 0.719 6.988 0.008 6.683 1.634-27.329
Previous splenectomy 1.629 0.741 4.835 0.028 5.101 1.194-21.800

Constant 6.685 1.486 20.226 <0.001 0.001
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Figure 1 Comparison of alpha-fetoprotein, glypican-3 and alpha-fetoprotein-L3 levels before and after treatment between the two groups.
A: Alpha-fetoprotein (AFP); B: Glypican-3; C: AFP-L3 levels before and after treatment between the two groups. 2P < 0.05 compared with the same group before
treatment; ®P < 0.05 compared with the control group after treatment. AFP: Alpha-fetoprotein; GPC-3: Glypican-3.

blood flow resistance. Patients suffering from liver cancer complicated with portal hypertension are at high risk of
surgery, and hepatectomy can further lead to increased portal vein pressure. For this reason, the clinical treatment of
patients with liver cancer complicated by portal hypertension relies mainly on alleviating portal vein symptoms. RFA is a
kind of local ablation therapy. The treatment principle of RFA is to increase the temperature of liver tissue to > 60°C and
maintain it at that temperature for a certain time to cause degeneration and irreversible necrosis of cellular proteins. It is
suitable for patients with unresectable liver cancer complicated with portal hypertension. Sorafenib is a tyrosinase
inhibitor that can reduce the generation of visceral neovascularization and ameliorate portal hypertension. Sorafenib can
improve portal hypertension by improving hemodynamics, inhibiting the activation of HSCs, and reducing neovascular-
ization. Several previous studies have applied sorafenib to patients suffering from liver cancer complicated with portal
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Figure 2 The 1-, 2-, and 3-year follow-up survival curves of the two groups. A: 1-year follow-up survival curves; B: 2-year follow-up survival curves for
the two groups; C: 3-year follow-up survival curves for the two groups.

hypertension, and the effect of this treatment is good[14-16]. In the present study, the research group received RFA in
combination with sorafenib, while the control group received RFA alone. The outcomes revealed that the research
group’s total effective rate (82.00%) was greater than that of the control group (56.00%). Following treatment, the ALT
and AST levels of both groups were elevated, and the portal vein pressure was reduced. The degree of improvement for
every index in the research group was substantially greater than that in the control group (P < 0.05). The results indicate
that RFA in combination with sorafenib effectively treats liver cancer patients with portal hypertension and can
effectively reduce portal vein pressure and improve liver function. This may be because, on the basis of RFA for the
treatment of liver cancer, sorafenib, a molecularly targeted drug, blocks the further growth of tumor cells and inhibits the
development of tumors and the generation of neovascularization. In addition, sorafenib improved portal hypertension,
and the two treatment methods had synergistic effects; thus, the treatment effect was better.

AFP is a common marker of liver cancer and is strongly expressed in the serum of liver cancer patients and is directly
associated with their prognosis[17,18]. GPC-3, a heparan sulfate glycoprotein, is expressed at low levels in normal liver
tissues and nodular hyperplasia tissues and is overexpressed in patients with liver cancer. The specificity and sensitivity
of the serum GPC-3 concentration for diagnosing liver cancer are greater than those of the AFP concentration[19,20]. AFP-
L3 is a variant of AFP. According to relevant studies, the value of AFP-L3 in assessing the prognosis of liver cancer
patients is greater than that of AFP, and high serum AFP-L3 levels can indicate the occurrence and poor prognosis of liver
cancer[21,22]. According to the present research, the improved serum AFP, GPC-3, and AFP-L3 Levels in the present
study were greater than those in the control group, implying that RFA in combination with sorafenib is capable of more
efficiently protecting the liver function of patients suffering from liver cancer complicated with portal hypertension.
Compared to those in the control group, the incidences of diarrhea, rash, nausea, vomiting, and fatigue in the research
group were greater than those in the control group. These conditions are all typical adverse reactions to sorafenib,
suggesting that changes in patients during the course of their clinical treatment should be closely monitored and that
effective measures should be taken for patients with serious adverse reactions in time. In this study, the 1-, 2-, and 3-year
survival rates of the individuals in the research group (94.00%, 84.00%, 72.00%) were greater than those of the individuals
in the control group (80.00%, 64.00%, 40.00%), indicating that the long-term efficacy of RFA in combination with sorafenib
for treating liver cancer patients with portal hypertension is better. Sorafenib can dramatically increase the survival
duration of patients who have advanced liver cancer, according to numerous earlier studies[23-25]. The outcomes of the
present research are in line with these findings and are related to the antitumor effect of sorafenib and the effect of
reducing portal hypertension.

The observed efficacy of combined therapy involving RFA and sorafenib in the treatment of liver cancer complicated
by portal hypertension can be attributed to the synergistic actions of these modalities, each targeting specific aspects of
disease pathophysiology. RFA, a local ablation therapy, exerts its effects by inducing thermal damage to liver tissue,
leading to cellular degeneration and irreversible necrosis. This approach is particularly advantageous in patients with
unresectable liver cancer complicated by portal hypertension, where surgical intervention may not be feasible due to the
patient's clinical condition. The localized tissue destruction achieved through RFA contributes to a reduction in tumor
burden, thereby alleviating portal vein pressure and improving liver function, as evidenced by the observed reduction in
transaminase levels and portal venous pressure in the study population.
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Concurrently, the incorporation of sorafenib, an oral tyrosine kinase inhibitor, complements the effects of RFA by
targeting critical molecular pathways involved in neovascularization and tumor progression. The mechanism of action of
sorafenib includes the inhibition of VEGFR and PDGFR, which are known to play pivotal roles in the promotion of tumor
angiogenesis and vascular remodeling. By disrupting these signaling pathways, sorafenib not only impedes tumor
neovascularization but also exerts modulatory effects on portal hypertension, thereby contributing to the overall
improvement in clinical outcomes observed in the present study.

Moreover, the synergy between RFA and sorafenib may extend beyond their individual mechanisms of action. It is
plausible that the localized tissue injury caused by RFA creates an environment conducive to the antitumor effects of
sorafenib, potentially enhancing its penetration and efficacy within the tumor microenvironment. This interplay between
the two treatment modalities underscores the importance of combination strategies in addressing the complex interplay
of factors associated with liver cancer complicating portal hypertension, with the potential to offer a more comprehensive
and efficacious approach to disease management.

In the present research, all patients underwent a three-year follow-up to observe their prognosis, and based on their
survival status, they were separated into a survival group and a death group. The basic data of the patients were
analyzed via univariate analysis. Considerable differences were found in Child-Pugh grade, history of hepatitis, number
of tumors, tumor size, use of sorafenib, stage of liver cancer, histological differentiation, previous splenectomy, and other
basic data between the survival and death groups (P < 0.05), suggesting that Child-Pugh grade, history of hepatitis,
number of tumors, tumor size, use of sorafenib, stage of liver cancer, histological differentiation and previous
splenectomy are strongly associated with the prognosis of liver cancer patients complicated with portal hypertension.
Logistic multivariate regression analysis demonstrated that high Child-Pugh grade, tumor size (6-10 cm), history of
hepatitis, no use of sorafenib, liver cancer stage IIIC, and previous splenectomy were independent risk factors for poor
prognosis in patients with liver cancer complicated with portal hypertension. A high Child-Pugh grade, large tumor
diameter, history of hepatitis, and liver cancer stage IIIC indicate severe disease, so the prognosis is poor. The patients
who did not use sorafenib composed the control group in this research, and the treatment effect in the control group was
worse than that in the research group; thus, the prognosis was poor. Patients with portal hypertension often exhibit
hypersplenism, and a history of previous splenectomy indicates that portal hypertension is more serious in these patients,
so the prognosis is poor. It is suggested that effective treatment and nursing measures be taken to improve the prognosis
of patients with high Child-Pugh grade, large tumor size (6-10 cm), history of hepatitis, no use of sorafenib, liver cancer of
stage IIIC, or previous splenectomy.

The findings of this study contribute to elucidating the efficacy and potential challenges associated with combined
therapy comprising RFA and sorafenib for the treatment of liver cancer complicated by portal hypertension. While the
results indicate a promising improvement in patient outcomes, it is essential to acknowledge the observed increase in
adverse reactions, particularly in the form of diarrhea, rash, nausea, vomiting, and fatigue, within the research group.
These adverse reactions have been documented as common side effects of sorafenib therapy. Therefore, in light of these
findings, it is imperative to address potential strategies for mitigating these adverse events to ensure the overall well-
being and treatment adherence of patients.

The management of adverse reactions related to sorafenib therapy is paramount for ensuring the continued effect-
iveness of the treatment approach. Given the adverse reactions identified in the research group, it is crucial for health care
providers to proactively monitor and manage these side effects to optimize patient tolerance and compliance. Strategies
for mitigation may include personalized patient education on potential side effects, proactive symptom management,
dose adjustments based on individual tolerability, and prompt intervention for severe adverse events. Additionally,
comprehensive supportive care measures, such as nutritional support and psychological counseling, can play a
significant role in contributing to the overall well-being of patients receiving this combined therapeutic approach.

Furthermore, future research endeavors should focus on investigating novel approaches to reduce the incidence and
severity of these adverse events, potentially through the exploration of alternative dosing regimens, the use of adjunctive
medications for symptom management, or the identification of predictive markers for susceptibility to specific adverse
reactions. By addressing these challenges, health care providers can work toward optimizing the therapeutic benefits of
RFA in combination with sorafenib while minimizing the impact of treatment-associated adverse reactions on patient
quality of life.

It is also necessary to acknowledge the limitation of the sample size, which underscores the need for a more compre-
hensive investigation to establish stronger conclusions. While the present study offers valuable insights, a larger-scale
investigation is warranted to reinforce the robustness and generalizability of the findings. Therefore, conducting a study
with a larger sample size would address this limitation and ensure broader applicability of the results, enhancing the
overall strength of the conclusions.

CONCLUSION

In conclusion, RFA in combination with sorafenib can successfully enhance patient liver function with good short- and
long-term efficacy and has clinical therapeutic potential in the treatment of liver cancer complicated by portal
hypertension. The disadvantage of the present research is the small sample size, which may produce a risk of selection
bias; therefore, further research should be conducted with a larger sample size.
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ARTICLE HIGHLIGHTS

Research background

Liver cancer, frequently arising from cirrhosis, presents with accompanying portal hypertension in a substantial portion
of cases. Current treatments are limited due to the challenging nature of surgical interventions and poor physical
tolerance of affected patients. Radiofrequency ablation (RFA) is a known therapeutic approach, but its application in liver
cancer complicated by portal hypertension has been insufficiently explored.

Research motivation

Given the complexity and limited treatment options for patients with liver cancer and portal hypertension, investigating
novel therapeutic strategies is crucial. Understanding the potential benefits of combining RFA with sorafenib in this
context could offer improved efficacy and survival outcomes.

Research objectives

This study aimed to assess the effectiveness of RFA in combination with sorafenib for patients with liver cancer
complicated by portal hypertension, discern prognostic factors, and evaluate their impact on patient outcomes. The study
also sought to analyze the potential synergistic effects of both treatments and their impact on liver function and survival
rates.

Research methods

A total of 100 patients were analyzed and categorized into a research group (RFA with sorafenib) and a control group
(RFA alone). Short-term efficacy, liver function, portal hypertension, cancer markers, adverse reactions, and survival rates
were assessed. Multivariate logistic regression analysis was employed to identify independent risk factors for poor
patient prognosis.

Research results

The combined RFA and sorafenib treatment demonstrated a significantly higher total effective rate compared to RFA
alone, effectively reducing portal vein pressure, improving liver function, and lowering liver cancer markers. Patients in
the combined treatment group exhibited higher survival rates at 1-, 2-, and 3-year follow-ups, highlighting the potential
long-term benefits of this approach.

Research conclusions

The combination of RFA and sorafenib yields promising results in treating liver cancer with portal hypertension, offering
improved short- and long-term efficacy. Prognostic factors such as Child-Pugh grade, tumor size, history of hepatitis, and
the use of sorafenib were identified as significant predictors of patient outcomes, providing valuable insights for clinical
management.

Research perspectives

These findings underscore the potential clinical therapeutic value of combining RFA with sorafenib for liver cancer
complicated by portal hypertension. However, further research with larger sample sizes is warranted to validate these
outcomes and establish guidelines for optimizing treatment protocols and patient care.
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Abstract

BACKGROUND
The gluten-free diet (GFD) has limitations, and there is intense research in the
development of adjuvant therapies.

AIM

To examine the effects of orally administered Aspergillus niger prolyl endo-
peptidase protease (AN-PEP) on inadvertent gluten exposure and symptom
prevention in adult celiac disease (CeD) patients following their usual GFD.

METHODS
This was an exploratory, double-blind, randomized, placebo-controlled trial that
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enrolled CeD patients on a long-term GFD. After a 4-wk run-in period, patients were randomized to 4 wk of two
AN-PEP capsules (GliadinX; AVI Research, LLC, United States) at each of three meals per day or placebo. Outcome
endpoints were: (1) Average weekly stool gluten immunogenic peptides (GIP) between the run-in and end of
treatments and between AN-PEP and placebo; (2) celiac symptom index (CSI); (3) CeD-specific serology; and (4)
quality of life. Stool samples were collected for GIP testing by ELISA every Tuesday and Friday during run-ins and
treatments.

RESULTS

Forty patients were randomized for the intention-to-treat analysis, and three were excluded from the per-protocol
assessment. Overall, 628/640 (98.1%) stool samples were collected. GIP was undetectable (< 0.08 g/ g) in 65.6% of
samples, and no differences between treatment arms were detected. Only 0.5% of samples had GIP concentrations
sufficiently high (> 0.32 pg/g) to potentially cause mucosal damage. Median GIP concentration in the AN-PEP arm
was 44.7% lower than in the run-in period. One-third of patients exhibiting GIP > 0.08 pg/g during run-in had
lower or undetectable GIP after AN-PEP treatment. Compared with the run- in period, the proportion of
symptomatic patients (CSI > 38) in the AN-PEP arm was significantly lower (P < 0.03). AN-PEP did not result in
changes in specific serologies.

CONCLUSION

This exploratory study conducted in a real-life setting revealed high adherence to the GFD. The AN-PEP treatment
did not significantly reduce the overall GIP stool concentration. However, given the observation of a significantly
lower prevalence of patients with severe symptoms in the AN-PEP arm, further clinical research is warranted.

Key Words: Celiac disease; Aspergillus niger prolyl endoprotease; Gluten immunogenic peptides; Trial; Symptoms; Real-life
trial

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

Core Tip: In treated celiac disease (CeD) patients, exposure to gluten due to both voluntary and involuntary dietary lapses is
prevalent and often leads to persistent symptoms despite adherence to a gluten-free diet. The potential of oral administration
of Aspergillus niger prolyl endopeptidase (AN-PEP) in preventing the effects of inadvertent gluten exposure, as confirmed
by gluten immunogenic peptide (GIP) stool excretion, and reducing CeD-specific symptoms in adults remains uncertain. Our
study findings indicate that while AN-PEP did not significantly reduce overall GIP stool excretion, it notably lowered the
prevalence of severe symptoms compared to the placebo arm.
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INTRODUCTION

Celiac disease (CeD) is a systemic autoimmune disorder that primarily affects the small intestine and is caused by gluten
exposure in genetically susceptible people[1]. Currently, its only treatment is a strict gluten-free diet (GFD), which results
in gradual improvement of symptoms and mucosal damage[2]. Gluten elimination is a difficult, time-consuming, and
expensive process for patients[3]. Despite a GFD being notably effective in the long term for most patients, some may be
considered non-responsive or experience symptom relapse and/or persistent enteropathy despite long-term adherence to
a GFD[1,2]. Exposure to gluten caused by voluntary and involuntary dietary lapses is common and is thought to be
responsible for most cases of persistent symptoms, low quality of life (QoL), intestinal mucosal damage, and the risk of
complications[4-6]. Such dietary exposure to gluten has been objectively demonstrated by the excretion of gluten
immunogenic peptides (GIP)[7,8].

The burden of following a GFD has led to the exploration of various potential therapies to be used alongside the GFD
[2,9]. Mammalian enzymes cannot effectively break down proline and glutamine-rich protein sequences, resulting in
incomplete degradation of gluten in the intestinal lumen. This exposes the intestinal mucosa to immunogenic gluten
peptides, which in CeD will reactivate the disease and gluten-specific T cells[10,11]. Several microbial peptidases have
been identified as potentially useful for detoxifying cereal prolamins[12-14]. The different proteases differ in affinities and
hydrolysis specificity, as well as in their optimal pHs. One of the first peptidases studied in vitro and in vivo in pre-clinical
studies was a prolyl endopeptidase from the Aspergillus niger (A. niger) fungus (AN-PEP)[10,15-17]. AN-PEP is optimally
active at low pH values typically found in the stomach and is resistant to degradation by pepsin[13,17]. A study
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conducted in a dynamic system that resembles the human gastrointestinal tract revealed that AN-PEP can accelerate
gluten degradation[18]. A study using a challenge meal with gluten plus AN-PEP found a high rate of hydrolysis with a
reduction of gluten-immunogenic peptides in the stomach before reaching the small intestine[12]. A clinical challenge
study conducted over a 2-wk period showed that AN-PEP was well tolerated but had no significant advantages over
placebo on clinical features or biomarkers[19]. Given that AN-PEP has been approved for marketing as an alimentary
supplement, no additional clinical studies have been conducted to demonstrate whether it could be efficacious in other
clinical stages of the disease, such as symptomatic patients likely exposed to real-life contamination. Therefore, we
explored whether oral administration of AN-PEP prevents the effects of the commonly occurring involuntary gluten
exposure, as verified by GIP stool excretion, and the reduction of CeD-specific symptoms in adult CeD patients who
continued their usual GFD.

MATERIALS AND METHODS

Study design and enzymatic treatment

This was a real-life exploratory pilot study following a prospective, double-blind, randomized, placebo-controlled design
that enrolled adult patients with CeD on a GFD for more than 2 years. Consecutive patients attending our Celiac Disease
Clinic at the C. Bonorino Udaondo Gastroenterology Hospital were invited to be screened. CeD patients were enrolled if
they met the following criteria: (1) A well-established histological (Marsh’s type 3) and serologic diagnosis of CeD; (2)
self-considering to be adherent with the GFD for more than 2 years; (3) having at least one bowel movement/day or
every other day; (4) being able to provide serum samples at enrollment and the end of the study period; (5) being able to
collect and store samples frozen, and transport stool samples to our institution in specially provided containers; and (6)
having the ability to respond to symptom and QoL questionnaires. Patients who were unwilling to participate,
intentionally ingested gluten, had uncontrolled concomitant disorders (e.g., type I diabetes, hypothyroidism), had type II
refractory CeD, or were taking drugs that could potentially affect stool GIP excretion (laxatives, probiotics, etc.) were
excluded from the study. Patients who met the inclusion and exclusion criteria underwent clinical evaluation, completed
the celiac symptom index (CSI) clinical questionnaire and the Short Form-36 (SF-36) QoL questionnaire, and provided
blood samples for clinical biochemical and serological determinations at baseline and at the end of the study. After a 4-wk
run-in period to achieve stable dietary adherence, patients were assigned to a 4-wk treatment period in which they
consumed either two capsules during each of the three main meals/day of AN-PEP (325 mg/capsule containing 70% AN-
PEP, 30% maltodextrin, and citric acid) (GliadinX; AVI Research, LLC, New York, NY, United States), or placebo
(maltodextrin, citric acid, and microcrystalline cellulose) for 4 consecutive weeks (Figure 1). The protease is an enzyme
preparation of prolyl-oligopeptidase produced with a genetically modified A. niger strain. This enzyme’s composition
and production process have been previously reported[19,20]. The dose of AN-PEP administered was the highest dose
employed in the study Konig et al[16], which provides 174000 protease picomol IU/meal, where the authors
demonstrated that AN-PEP significantly degraded most gluten in the stomach before it entered the duodenum. Other
studies have shown that degradation of gluten proteins in the insoluble fraction became evident after 30 min at pH 4, the
optimum pH for AN-PEP activity, with the strongest effect observed at a concentration of 20 propyl peptidase units/g
gluten[21,22].

CSl questionnaire

The presence and intensity of symptoms were assessed at the time of randomization and at the end of the study using the
CSI questionnaire. The CSI is a well-validated questionnaire of 36 items, developed in 2009 by an expert committee and,
subsequently, internally and externally validated[23]. The CSI questionnaire includes 16 items, with 11 items evaluating
“specific symptoms” related to CeD and five evaluating “general health” parameters. Participants rate each item on a
Likert scale ranging from 1 to 5, where 1 represents no symptoms and 5 indicates the highest intensity for the given
symptom. In previous comparative clinical studies, we have considered scores > 38 on the CSI to be indicative of a highly
symptomatic clinical level of CeD[24]. By assessing symptom presence and intensity using the CSI, we were able to
evaluate the impact of the enzyme treatment on symptom improvement and overall patient well-being throughout the
study.

Self-administered quality-of-life questionnaire

The impact of the enzyme treatment on patients’ QoL was evaluated by assessing parameters and gastrointestinal
symptoms using the SF-36 health survey[24]. The SF-36 includes eight sub-dimension measures of functioning and
wellness: Physical functioning, role limitations due to physical problems, bodily pain, general health, vitality, social
functioning, role limitations due to emotional problems, and mental health. We measured these sub-dimensions at
randomization and at the end of the trial and transformed the raw scores into a scale ranging from 0 to 100. A score of 0
indicates the poorest health and QoL, while a score of 100 represents optimal health and QoL. This assessment allowed us
to evaluate the impact of the enzyme treatment on various aspects of the patient’s well-being and overall QoL.

Stool collection and GIP measurement

During the study, patients were instructed to collect stool samples twice a week (on Tuesdays and Fridays) throughout
the two 4-wk periods (run-in and treatment) in both arms. The samples were immediately placed in sealed containers and
frozen at -10 °C until they were delivered to our laboratory. Upon arrival at the laboratory, the samples were stored at -20
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Figure 1 Study design. AN-PEP: Aspergillus niger prolyl endopeptidase protease; CSI: Celiac symptom index; GIP: Gluten immunogenic peptides; SF-36: Short
Form-36 health survey questionnaire.

°C until they were tested for GIP measurement. To quantify GIP in the stool samples, a commercial ELISA kit (iVYLISA
GIP-Stool; Biomedal S.L., Sevilla, Spain) was used following the manufacturer’s instructions. This kit has been previously
reported in the literature[8,25-27]. The detection limit of GIP is 0.08 pg/g of stool. Stool GIP testing was performed in
duplicate, and the average concentration of eight measurements from both the run-in and treatment periods was
reported. In the study, all analyses were conducted by operators who were deliberately blind to the clinical status of the
patients and the type of treatment they were undergoing.

Celiac disease-specific serology

Serum samples were kept frozen at -20 °C until the assay was performed in only a single lab. The CeD-related tests and
cut-offs were: (1) IgA tissue transglutaminase antibodies (tTG IgA) by ELISA (QUANTA LiteTM, h-tTG IgA; Inova
Diagnostic Inc., San Diego, CA, United States); and (2) IgA antibodies reacting with deamidated gliadin-derived peptides
(IsA DGP) (QUANTA LiteTM, IgA DGP; Inova Diagnostic Inc.) were performed at enrollment and at the end of the trial.
Cut-off for both tests was 20 U/mL.

Study ethics, data analysis and safety issues

The study was approved by Dr. C. Bonorino Udaondo Gastroenterology Hospital’s institutional ethical committee and
the local research committee (CODEI). All patients were required to provide written informed consent. Patients were
enrolled between October 2020 and July 2022. The study’s results were blinded to the researchers performing clinical and
biochemical analyses and collecting reports (CSI and SF-36 questionnaires). The study was registered at ClinicalTrials.gov
under the number NCT04788797.

Based on the very limited availability of previous studies on AN-PEP and the evidence of gluten exposure in real life
(determined by the excretion of stool GIP), this was an exploratory study. While we initially aimed at recruiting 80
patients, the long quarantine imposed in Argentina during the coronavirus disease 2019 (COVID-19) pandemic forced us
to reset our aim to n = 40. Patients returning > 30% of capsules administered at the randomization were part of the per-
protocol (PP) evaluation. After a 4-wk run-in period, patients were allocated to one of the two treatments (AN-PEP or
placebo). A block randomization method (blocks of four subjects each) elaborated by an independent statistician was
administered by an independent person who was not involved in the study analysis or an author of the study. The order
of blocks was also randomized. Stata 14 (Stata Corp, College Station, TX, United States) was used for the statistical
analysis. According to the data distribution, continuous variables were reported as median and 25%-75% percent
interquartile range (IQR) or range. The comparison of results between treatment arms was conducted using the Mann-
Whitney test. For assessing the differences within the same patients before and after treatment (paired samples), a
Wilcoxon test was used. Proportions between groups were compared using the Chi-square test, while comparisons of
proportions within the same patients before and after treatment (paired samples) were performed using the McNemar
test. P values less than 0.05 were considered statistically significant. Outcome measurements were analyzed by intent-to-
treat (ITT) analysis (all patients completing the run-in and treatment periods) and PP. For any safety concerns, all patients
were in contact with expert monitors (AFC, MG, and JCB). If a safety issue was present, a self-reported form for safety
concerns should have been completed.
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RESULTS

Study population and compliance with AN-PEP administration

Figure 2 displays the flowchart illustrating trial progression. Due to limitations imposed by the COVID-19 pandemic on
the activity of the ambulatory clinic for CeD patients, the enrollment period for the trial was from October 2020 to July
2022. Out of the initial 66 screened patients, 20 were excluded because they did not meet the inclusion and exclusion
criteria. Additionally, six out of the remaining 46 enrolled patients did not initiate sample collection during the run-in
period due to concerns about adhering to the protocol, leading to their exclusion from the study. Ultimately, 40patients
completed the study for the ITT analysis. According to our pre-established guidelines, three patients were excluded from
the final analysis because they returned more than 30% of the administered capsules. Table 1 presents the demographic
information of the patients enrolled in the ITT analysis, while Table 2 provides the corresponding data for the PP
analysis. No significant differences were observed between the AN-PEP and placebo-treated groups in terms of sex, age
at enrollment, or duration of following a GFD. During and after the trial, no patients reported any abnormal symptom
perception resulting from the use of AN-PEP or placebo.

Stool gluten immunogenic peptides

Throughout the trial, 628 (98.1%) samples were successfully collected. All analyses were conducted by investigators who
were kept blind to the clinical status of the patients and the allocated treatment. A high proportion of samples from run-
ins and treatment periods (65.6%) showed undetectable levels of gluten immunogenic peptides (GIP) (< 0.08 pg/g),
indicating high adherence to the GFD. No significant differences in GIP levels were observed between the treatment arms
in either the ITT or PP analyses. Three patients were excluded from the ITT analysis due to returning more than 30% of
the capsules at the end of the trial, and none had a positive GIP. There were no differences in GIP between ITT and PP
analyses. By using the information obtained in the PP, we observed that in the placebo arm, 52 out of 164 (31.7%) and 47
out of 165 (28.5%) stool samples collected tested positive for GIP during the run-in and placebo periods, respectively.
Among these patients, 58.7% tested positive for GIP in both periods, 17.7% tested negative in both, 11.8% tested positive
at the run-in and negative during the placebo, and 11.8% tested positive and negative, respectively. When comparing
run-in and treatment periods in the placebo arm, 15% (3/20) of patients had GIP below 0.08 pg/g while 30% maintained
high values at both time points and 25% (5/20) increased GIP during treatment with placebo. For the AN-PEP arm, 61 out
of 151 (40.4%) samples tested positive for GIP during the run-in, while 54 out of 148 (36.5%) collected samples tested
positive during the treatment period (data not shown). A more detailed analysis revealed that 17.7% (3/17) of patients
exhibited no detectable stool GIP at both time points (run-in and AN-PEP administration), 29.4% (5/17) had reduced
weekly GIP during AN-PEP and 17.7% (3/17) had unchanged GIP during both periods (data not shown). The average
stool GIP per period for both arms is shown in Tables 1 and 2. During the run-in period, a noteworthy observation was
that six patients (31.6%) in the AN-PEP arm exhibited an average stool GIP per period exceeding 0.08 ng/g. Among these
cases, five patients had more than a 50% reduction or undetectable GIP. In contrast, among the four patients with high
median concentrations (> 0.08 ng/g) at run-in in the placebo arm, only one patient experienced a decrease in GIP (data
not shown). Overall, only 0.5% of all samples had average stool GIP concentrations greater than 0.32 pg/g, a threshold
considered capable of causing mucosal damage. No patients were found to have a weekly average stool GIP concen-
tration exceeding 0.64 pg/g.

Symptoms report using the CIS

The effects of AN-PEP on symptoms were analyzed based on the median CSI scores between the run-in periods and both
treatments, as well as between the arms. Additionally, the proportion of cases with the highest CSI scores (> 38 points)
was also examined. At randomization, no significant differences in median scores were observed between the placebo
and AN-PEP arms, although patient scores in the AN-PEP arm were slightly higher than those in the placebo arm (Tables
1 and 2). Following treatment, there was a greater reduction in the median CSI score in the AN-PEP arm (12.5%)
compared to the placebo arm (8.5%), although this difference was not statistically significant. The most notable finding
was the decrease in the number of patients with the highest CSI scores (> 38 points) in the AN-PEP arm compared to
those receiving placebo, which was statistically significant (P < 0.03) (Tables 1 and 2).

Outcome of celiac disease-related serology

We also examined the impact of treatment on the concentrations of IgA tTG and IgA DGP autoantibodies before and after
the intervention. In the placebo group, seven patients tested positive for IgA tTG at enrollment, and this number
decreased to five after treatment. In the AN-PEP group, eight patients tested positive at enrollment, and this slightly
decreased to seven after treatment. Regarding IgA DGP antibodies, the positivity rate was lower, with two patients in
both the placebo and AN-PEP arms having high concentrations at enrollment, which increased to three and two patients,
respectively, after treatment. However, as expected because of the short duration of the study, there were no significant
differences observed when comparing the median serum concentrations of both antibodies between baseline and final
measurements within the same treatment arm or between the placebo and AN-PEP arms (Tables 1 and 2).

QoL and safety

The study also examined the impact of treatments on the QoL of patients using the SF-36 questionnaire, considering eight
dimensions. Data for the ITT are reported in Table 3. At baseline, there were no significant differences in scores between
arms across all dimensions for the ITT and PP analyses. After the treatment period, the placebo arm showed a significant
improvement in general health, pain, and emotional limitations both in the ITT and PP analyses (P < 0.05 for all

WIG | https://www.wjgnet.com 1549 March 21,2024 | Volume30 | Issuell |

Jaishideng®



Stefanolo JP et al. AN-PEP in celiac disease

Table 1 Patient data collected in the study in the intention-to-treat analysis

Item Overall population Placebo treatment AN-PEP treatment
Number of patients 40 21 19

Age in yr, median (range) 40.5 (29-47) 42.0 (32-48) 39.0 (28-46)
Females, 1 (%) 33.0 (82.5) 18.0 (85.7) 15.0 (78.9)

CeD serology in U/mL, median (IQR)

IgA DGP at baseline 3.0 (1.3-5.0) 2.0 (1.0-5.0) 4.0 (2.0-5.0)
End of study 3 (2-6) 3 (2-5) 3 (2-6)

IgA tTG at baseline 17 (7-44) 10 (5-30) 17 (8-49)
End of study 12 (6-50) 11 (6-15) 17 (8-70)
SCI global score at randomization median score 36 (32-44) 35 (30-44) 40 (33-44)
(IQR)

End of the study median score (IQR) 34 (28-40) 32 (29-39) 35 (28-41)
SCI scores > 38 at randomization, 1 (%) 19 (47.5) 8(38.1) 11 (57.9)
End of the study, n (%) 12 (30.0) 6 (28.6) 6 (31.6)"

Stool GIP. Median and CI (IQR) of the average concentration for period (ug/g)
Run-in period 0.37 (0-0.83)" 0.34 (0-0.68)" 0.42 (0-0.93)°

Treatment period 0.21 (0-0.79)" 0.19 (0.11-0.79)" 0.22 (0-0.89)°

#Comparison with run-in (McNemar test): P < 0.03.

PComparison with run-in values P (Wilcoxon): P = 0.79.

‘Comparison with run-in values P (Wilcoxon): P = 0.19.

dComparison with run-in values P (Wilcoxon): P = 0.29.

CeD: Celiac disease; CI: Confidence interval; CSI: Celiac symptom index; DGP: Deamidated gliadin peptide antibodies; GIP: Gliadin immunogenic

peptides; IQR: Interquartile range; tTG: Tissue transgluteminase antibodies.

66 patients
screened

10 declined participation
10 did not fulfilled inclusion/
exclusion criteria

46 patients were
randomized

| 6 patients dropped out during run-in

40 patients
completed the study
21 placebo, 19 AN-PEP

3 cases were excluded for
the per-protocol analysis

due to limited capsules intake
1 placebo, 2 AN-PEP

37 patients

Figure 2 Flowchart of enrolled patients. AN-PEP: Aspergillus niger prolyl endopeptidase protease.

dimensions). In contrast, compared to the baseline assessment, patients in the AN-PEP arm had higher scores for pain (P
< 0.05), but a higher score for vitality (P < 0.005), as assessed by both ITT and PP analyses. Neither AN-PEP nor placebo
elicited any reported adverse events or concerns from the patients, indicating that the treatment doses were well-
tolerated. Additionally, all three cases that were excluded from the ITT analysis tested negative for GIP. In these cases, the
omissions in adhering to the trial were attributed to the individuals” intense working activity outside of their homes
rather than any issues related to the treatment itself.
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Table 2 Per-protocol data and analysis

Item Overall population Placebo treatment AN-PEP treatment
Number of patients 37 20 17

Age in yr, median (range) 40 (29-46) 41 (31-48) 39 (28-45)

Females, n (%) 31 (83.8) 17 (85.0) 14 (82.3)

CeD serology in AU/mL, median (IQR)

IgA DGP at baseline 3 (1-5) 2 (1-5) 3 (1-5)

At end of study 3 (2-6) 3 (2-5) 3 (2-6)

IgA tTG at baseline 17 (7-43) 13 (6-36) 17 (11-48)

End of study 12 (6-48) 11 (5-20) 17 (7-62)

SCI global score at randomization median score (IQR)  36.0 (31.0-44.0) 35.0 (30.0-45.5) 40.0 (33.0-44.0)
End of the study median score (IQR) 33.0 (28.0-39.0) 32.0 (28.5-37.5) 35.0 (28.0-41.0)
SCI scores > 38 at randomization, 1 (%) 17 (45.9) 7 (35.0) 10 (58.8)

End of study, n (%) 10 (27.0) 5(25.0) 5(29.4)"

Stool GIP median and CI (IQR) of the average concentration for period, pg/g
Run-in period 0.40 (0-0.86) 0.37 (0-0.73) 0.55 (0-0.93)

Treatment period 0.30 (0.10-0.80)" 0.25 (0.11-0.79)° 0.32 (0-0.89)’

AComparison with run-in (McNemar test): P < 0.03.

bComparison with run-in values P (Wilcoxon): P = 0.43.

‘Comparison with run-in values P (Wilcoxon): P = 0.79.

dComparison with run-in values P (Wilcoxon): P = 0.33.

CeD: Celiac disease; CSI: Celiac symptom index; DGP: Deamidated gliadin peptide antibodies; GIP: Gliadin immunogenic peptides; IQR: Interquartile

range; tTG: Tissue transgluteminase antibodies.

DISCUSSION

The primary objective of this exploratory study was to investigate the effects of AN-PEP, a proline-specific endoprotease,
at a dose of 650 mg per meal, three times a day (during breakfast, lunch, and dinner) for 4 consecutive weeks, on
involuntary gluten exposure in patients following a long-term GFD. A placebo arm was included for comparison. By
replicating a real-life situation, the study expands on previous challenge studies to address the common issue of dietary
contamination occurring in diagnosed patients on a long-term GFD[8,25-28]. In the AN-PEP arm, there was an observable
reduction in the average stool GIP concentration during the treatment period compared with the 4-wk run-in phase.
Patients in the placebo arm also exhibited a decrease in GIP. While the magnitude of reduction in GIP tended to be higher
in patients receiving AN-PEP (47.6%) vs placebo (44.1%), this difference did not reach statistical significance.
Interestingly, during the run-in period, approximately 35.3% of patients in the AN-PEP arm had GIP levels exceeding 0.08
pg/g. After undergoing protease treatment, five out of these six patients experienced a 50% reduction or more in GIP
after AN-PEP, while only one out of four patients in the placebo group experienced such a reduction.

Neither AN-PEP nor placebo elicited any reported adverse events or concerns from the patients, indicating that the
treatment doses were well-tolerated. Additionally, all three cases that were excluded from the ITT analysis tested
negative for GIP. In these cases, the omissions in adhering to the trial were attributed to the individuals” intense working
schedules rather than issues related to the treatment itself. Although CSI scores did not show a significant reduction
between active treatment and placebo, the proportion of patients with the highest CSI score, which is considered
indicative of the most symptomatic clinical course, was significantly reduced by AN-PEP. No changes were detected in
specific CeD serology between treatment arms. Compared with the run-in period, patients in the placebo arm reported
improved QoL scores in the areas of general health, while those in the AN-PEP arm had better scores for vitality and
severe abdominal pain. These differences could be attributed to inherent limitations associated with questionnaires, such
as subjectivity, and other external factors influencing QoL. Before this study, AN-PEP had demonstrated promising
potential for degrading gluten in various in vitro and ex vivo laboratory models, as well as in gluten challenge trials.

However, testing AN-PEP in patients on long-term GFD who could be exposed to real-life dietary contamination has
never been investigated[17-20]. While important in the daily management of CeD, a “real-life” design is not devoid of
limitations, as real-life variability and trial effects cannot be controlled[8,29,30]. Indeed, this could explain our finding of
an overall lower GIP when compared with the run-in period. Thus, and in contrast to findings from our previous studies
[8], the level of GIP never reached one that could be associated with mucosal damage[27]. This discrepancy could be
attributed to trial timing, which primarily took place during the COVID-19 pandemic when our country was charac-
terized by high viral infection rates and prolonged isolation and lockdown. Consequently, the enforced stay-at-home
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Table 3 Quality of life data from the Short Form-36 questionnaire on the intention-to-treat analysis

Placebo arm AN-PEP arm
Item

At baseline Final At baseline Final
Number of patients 21 19
General health
Median score (IQR) 65 (50-72) 70 (50-80)" 50 (35-75) 50 (40-80)
Pain
Median score (IQR) 80 (42-90) 90 (50-80)" 80 (45-90) 67.5 (47.5-90.0)"
Vitality
Median score (IQR) 60 (45-65) 60 (50-70) 40 (30-60) 55 (40-65)°
Mental health
Median score (IQR) 68 (52-72) 68 (56-80) 68 (40-72) 64 (48-80)
Physical function
Median score (IQR) 95 (75-100) 95 (75-100) 95 (85-100) 100 (90-100)
Social function
Median score (IQR) 75 (50-100) 100 (62.5-100.0) 50 (37-100) 75 (50-100)
Physical limitations
Median score (IQR) 100 (50-100) 100 (75-100) 100 (25-100) 75 (25-100)
Emotional limitations
Median score (IQR) 50 (0-100) 100 (66-100)" 66.7 (0-100) 66.7 (0-100)

“vs placebo: P < 0.05.

"Run-in vs treatment: P < 0.05.

‘Run-in vs treatment: P < 0.005.

AN-PEP: Aspergillus niger prolyl endopeptidase protease; IQR: Interquartile range.

measures during this time may have contributed to improved adherence to the GFD, as has been suggested by a recent
study[31].

The relationship between the dose of AN-PEP, its enzymatic activity, the ratio of the protease administered per the
total gluten intake, and the kinetics of substrate cleavage is a crucial aspect to consider. Previous studies have emphasized
the importance of the dose-substrate relationship, contact time, and pH conditions in achieving optimal cleavage of
gluten by peptidases[32]. Konig et al[16] conducted a study demonstrating the effective cleavage of gliadin peptides by
AN-PEP shortly after its co-administration with gluten in a challenging study, even under varying caloric densities and
acidic conditions. In our study, we opted for an AN-PEP dose that was twice the highest concentration previously
demonstrated to effectively cleave gliadin in healthy individuals subjected to gluten challenges[21]. In essence, our
assessment indicates that the observed gluten intake levels suggest a predominant trend of relatively low gluten exposure
among the trial participants. However, it is important to underline that these individuals were concurrently receiving
substantial doses of AN-PEP treatment. The study also investigated the impact of enzyme treatment on symptom
intensity, as assessed by CSI score. Various factors have been associated with persistent symptoms in patients following a
GFD, including involuntary and voluntary gluten exposure, irritable bowel syndrome, bacterial overgrowth syndrome,
and a high intake of FODMAPs[1-5]. The most relevant and clinically interesting finding in the study was the significant
reduction in the number of patients with the highest CSI scores (> 38 points) in the AN-PEP arm. This reduction could
have been caused by a decrease in gluten exposure or through the action of the protease, and this cannot be identified
with our design. While in a small number of patients, the observation that those with higher GIP experienced a > 50%
reduction or non-detectable GIP after AN-PEP treatment supports the hypothesis of improved gluten degradation, as we
did not observe a similar reduction in the placebo arm. Whether minor amounts of gluten exposure can contribute to
symptom persistence is unclear, but hypersensitive patients have been reported[1]. Further research is needed to better
understand the mechanisms underlying symptom persistence and the potential effects of AN-PEP treatment in larger
trials with longer follow-up periods. Finally, while some parameters of QoL improved during AN-PEP vs placebo, we did
not detect changes in CeD-specific serological tests.

One advantage of the present study was the attempt to mimic real-life conditions typically encountered by patients on
lifelong GFD who are exposed to unpredictable gluten contamination. As previously discussed, this design is also
susceptible to limitations; thus, while real-life studies are necessary for better long-term management of CeD, results need
to be interpreted with caution as they lack the same level of control as gluten challenge studies[29,30]. Together, both
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designs can provide complementary and powerful clinical and pathophysiological insights. However, we believe that the
duration of treatment (4 wk) might not suffice to detect significant modifications in outcome parameters, particularly in
specific-serology testing.

CONCLUSION

In summary, AN-PEP treatment did not significantly reduce the overall GIP stool concentration. However, our results
support the idea that AN-PEP has a positive impact on symptom intensity and on some aspects of QoL during a long-
term GFD. More research is needed to unravel the underlying mechanisms this, as well as in larger populations with
longer follow-ups to confirm these findings. These studies will help us better implement adjunct therapies for the GFD in
CeD.
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ARTICLE HIGHLIGHTS

Research background

The impact of Aspergillus niger proline-specific endoprotease (AN-PEP) on gluten exposure resulting from inadvertent
dietary lapses in celiac disease (CeD) patients adhering to a gluten-free diet (GFD) in real-life scenarios remains
unknown.

Research motivation

Early-stage research has hinted at AN-PEP’s potential therapeutic role in breaking down gluten before it reaches the
intestinal mucosa, potentially serving as an adjunct for managing gluten exposure. Despite AN-PEP’s approval as a
dietary supplement, there is a lack of appropriate clinical studies to confirm its efficacy in detoxifying gluten
immunogenic peptides (GIP).

Research objectives
To examine the effects of orally administered AN-PEP on inadvertent gluten exposure and symptom prevention in adult
CeD patients following their usual GFD in a real-life scenario.

Research methods

This exploratory trial employed a double-blind, randomized, placebo-controlled design involving CeD participants on a
long-term GFD. After a 4-wk run-in phase, individuals were randomly assigned to receive either two AN-PEP capsules
per meal for 4 wk or a placebo. The study main outcome endpoints were to compare the average weekly stool GIP and
the celiac symptom index between run-in and treatment phases and between AN-PEP and placebo arms.

Research results

In this exploratory study, participants showed strong adherence to the GFD. While AN-PEP treatment did not decrease
overall stool GIP concentration, the group receiving AN-PEP exhibited a significantly lower prevalence of severe
symptoms compared to the placebo group.

Research conclusions
Despite the lack of reduction in stool GIP due to AN-PEP administration in this real-life setting, the significant decrease in
the number of symptomatic patients suggests the need for further investigation and more extensive studies.

Research perspectives

Subsequent studies could delve into whether AN-PEP administration showcases a protective effect against gluten
exposure using different research models. Additionally, these studies could aim to elucidate the reasons behind the
observed reduction in symptomatic patients to better understand the potential mechanisms at play.
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Abstract

BACKGROUND

Hepatitis B cirrhosis (HBC) is a chronic disease characterized by irreversible
diffuse liver damage and aggravated by intestinal microbial imbalance and
metabolic dysfunction. Although the relationship between certain single
probiotics and HBC has been explored, the impact of the complex ready-to-eat
Lactobacillus paracasei N1115 (LP N1115) supplement on patients with HBC has not
been determined.

AIM

To compare the changes in the microbiota, inflammatory factor levels, and liver
function before and after probiotic treatment in HBC patients.

METHODS

This study included 160 HBC patients diagnosed at the General Hospital of
Ningxia Medical University between October 2018 and December 2020. Patients
were randomly divided into an intervention group that received LP N1115
supplementation and routine treatment and a control group that received routine
treatment only. Fecal samples were collected at the onset and conclusion of the 12-
wk intervention period. The structure of the intestinal microbiota and the levels of
serological indicators, such as liver function and inflammatory factors, were
assessed.

RESULTS

Following LP N1115 intervention, the intestinal microbial diversity significantly
increased in the intervention group (P < 0.05), and the structure of the intestinal
microbiota was characterized by an increase in the proportions of probiotic

1556 March 21,2024 | Volume30 | Issuell |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v30.i11.1556
mailto:13619511768@163.com

Hu YCet al. LP N1115 in HBC
microbes and a reduction in harmful bacteria. Additionally, the intervention group demonstrated notable
improvements in liver function indices and significantly lower levels of inflammatory factors (P < 0.05).

CONCLUSION
LP N1115 is a promising treatment for ameliorating intestinal microbial imbalance in HBC patients by modulating
the structure of the intestinal microbiota, improving liver function, and reducing inflammatory factor levels.

Key Words: Hepatitis B cirrhosis; N1115 ready-to-eat lactobacillus; Inflammation; Liver function; Lachnospiraceae incertae
sedis; Probiotic

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

Core Tip: Intestinal microbial imbalance and metabolic dysfunction may accelerate the process of liver cirrhosis. We
explored the role of probiotic intervention in patients with hepatitis B cirrhosis in this study. After an intervention with the
N1115 ready-to-eat Lactobacillus supplement, we found the following significant changes: an increase in gut microbial
diversity, structural changes in the microbiota favoring the growth of probiotic microbes, improvements in liver function,
and decreases in inflammatory factor levels. We conclude that supplementation with the N1115 ready-to-eat Lactobacillus
product may be a beneficial intervention in patients with cirrhosis.

Citation: Hu YC, Ding XC, Liu HJ, Ma WL, Feng XY, Ma LN. Effects of Lactobacillus paracasei N1115 on gut microbial imbalance
and liver function in patients with hepatitis B-related cirrhosis. World J Gastroenterol 2024; 30(11): 1556-1571

URL: https://www.wjgnet.com/1007-9327/full/v30/i11/1556.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i11.1556

INTRODUCTION

Liver cirrhosis (LC) is a severe chronic liver disease characterized by extensive hepatocyte degeneration, fibrosis, and
nodular regeneration caused by various factors[1]. In China, 85% of cirrhosis and hepatocellular carcinoma (HCC) cases
are attributed to hepatitis B virus (HBV) infection[2]. Approximately 257 million people are infected with HBV annually
worldwide, leading to approximately 887000 deaths annually, approximately 30% of which result from LC[2].
Decompensated hepatitis B cirrhosis (HBC) often leads to multiple-organ dysfunction, such as gastrointestinal bleeding,
hepatic encephalopathy, spontaneous bacterial peritonitis (SBP), primary liver cancer (PLC), and hepatorenal syndrome,
often necessitating liver transplantation for survival[3].

Patients with LC often experience varying degrees of intestinal flora imbalance. The intestinal microbiota not only
directly affects intestinal health but also influences liver metabolism and immunity. The gut microbiota plays a critical
role in the development of various chronic liver diseases, including nonalcoholic fatty liver disease (NAFLD), alcoholic
liver disease (ALD), LC, and PLC. Alterations in the gut microbiota can lead to immune dysregulation, intestinal barrier
dysfunction, and systemic inflammation through the gut-liver axis, thus promoting disease progression. The gut
microbiota is closely associated with LC complications and liver disease[4-11]. Given the growing understanding of
intestinal flora imbalance in patients with LC, modulating the gut microbiota has emerged as a new therapeutic approach
for the treatment of LC. Probiotics, which promote the growth of beneficial bacteria and reduce the growth of harmful
bacteria, have particularly gained attention for their therapeutic effects on various liver diseases[12,13]. For instance,
supplementation with Lactobacillus casei (L. casei) can improve lipid metabolism and regulate intestinal flora disorders in
patients with alcoholic liver injury[14]. However, L. rhamnosus and its culture medium can ameliorate alcohol-induced
liver function damage and steatosis[15]. Supplementation with Lactobacillus, Bifidobacterium, Escherichia coli, Clostridium
butyricum, Streptococcus salivarius, and VSL#3 strains has shown promise in improving hepatic encephalopathy[16,17].
Although numerous studies have confirmed the effectiveness of probiotics in the treatment of liver disease in animal
models and hospitalized patients, controversies remain, and limited options are available for probiotic selection in
patients with hepatitis B virus-induced LC (HBC), necessitating further investigation of their efficacy[18].

N1115 is a ready-to-eat supplement containing fructooligosaccharides (FOS), lactitol, Lactobacillus paracasei N1115 (LP
N1115), L. plantarum, Bifidobacterium bifidobacterium, and L. acidophilus, with LP N1115 accounting for > 80% of its
composition. LP N1115 is isolated from traditional fermented dairy products and has probiotic effects, such as acid
resistance, bile salt tolerance, and promotion of intestinal cell growth[19]. In combination with FOS, LP N1115 promotes
recovery of the p38 mitogen-activated protein kinase pathway, enhances the expression of cohesin-1, improves intestinal
barrier function, and preserves histological integrity[20]. The combinedapplication of LP N1115 and FOS reduces
endotoxin levels, inhibits the activation of the lipopolysaccharide (LPS)/Toll-like receptor 4 (TLR4) signaling pathway,
decreases the release of inflammatory factors, and alleviates NAFLD-related insulin resistance in mice[21]. Stadlbauer et
al demonstrated that L. casei preparations regulated the expression of TLR4, promoted interleukin (IL)-10 secretion, and
restored neutrophil phagocytic ability in patients with ALD[22]. However, it remains unclear whether the complex ready-
to-eat LP N1115 supplement can modulate the prognosis of patients with HBC by regulating the gut microbiota.
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Based on the aforementioned background, this study recruited 160 HBC patients and evaluated them by comparing the
changes in microbiota before and after probiotic treatment as well as the changes in the levels of inflammatory factors and
liver function to assess whether LP N1115 had beneficial effects on the gut microbiota in HBC patients.

MATERIALS AND METHODS

Study participants

A total of 160 patients diagnosed with HBC and treated at the General Hospital of Ningxia Medical University between
October 2018 and December 2020 were enrolled in this study. Patients were randomly divided into two groups. The
intervention group consisted of 86 patients who received LP N1115 supplementation in addition to general treatment for
3 months. Stool samples were collected at baseline and at the end of the intervention (54 patients did not provide stool
samples after the intervention owing to the use of antibiotics or proton pump inhibitors during LP N1115 treatment). The
nonintervention group consisted of 74 patients who received general treatment only. The diagnosis of HBC was based on
the guidelines for the prevention and treatment of chronic hepatitis B (2019 edition) issued by the Chinese Society of
Hepatology and Chinese Society of Infectious Diseases[23]. The exclusion criteria were as follows: (1) Patients with
alcoholic, autoimmune, or fatty liver disease, with acquired immunodeficiency, or with other viral liver diseases or other
liver diseases; (2) patients with hypertension, diabetes, obesity, metabolic syndrome, inflammatory bowel disease,
autoimmune disease (such as rheumatoid arthritis or multiple sclerosis) or various tumors; (3) patients who had not used
antibiotics, microecological agents, or proton pump inhibitors within 2 wk before enrollment; and (4) pregnant and
lactating women. This study was approved by the Medical Ethics Committee of the General Hospital of Ningxia Medical
University (approval number: 2016-252), and all participants provided informed consent.

Clinical data

The Laboratory Department of the General Hospital of Ningxia Medical University conducted blood tests for high-
sensitivity C-reactive protein (CRP), endotoxin, total bilirubin (TBIL), creatinine (Cr), albumin (Alb), prothrombin time
(PT), and the prothrombin international standard ratio (INR). Abdominal color Doppler ultrasound was performed in the
Department of Ultrasound at Ningxia Medical University.

The Child-Turcotte-Pugh (CTP)[24] scoring system was used as a clinical classification standard to quantitatively assess
liver reserve function in patients with LC.

The Model for End-Stage Liver Disease (MELD) score was used to assess disease severity. The formula was as follows:
r=0.378 Ln [bilirubin (mg/dL)] + 1.12 Ln (INR) + 0.95 Ln [Cr (mg/dL)] + 0.64 (cause: Biliary or alcoholic 0, others 1). A
higher R value indicated a greater risk and lower survival rate.

The prognostic index (PI)[25], which is based on serum CRP levels and white blood cell (WBC) counts, primarily
reflects acute inflammation in the body. A CRP level of <10 mg/L and WBC count of <11 x 10°/L score 0 points; CRP <
10 mg/L and WBC count > 11 x 10°/L score 1 point; CRP > 10 mg/L and WBC count <11 x 10°/L score 1 point; CRP > 10
mg/L and WBC count > 11 x 10°/L score 1 point; and CRP > 10 mg/L and WBC count > 11 x 10°/L score 2 points.

Selection ofprobiotics

The probiotic used in this study was LP N1115, which was produced by Shijiazhuang Junlebao Dairy Co., Ltd.
(Shijiazhuang City, China) and contains fructooligosaccharides, the food additive lactitol, LP N1115, L. plantarum,
Bifidobacterium bifidum, and L. acidophilus. The dosage of active Lactobacillus added was =5 x 10" CFU per bag, with each
bag weighing 2 g. The probiotic was administered by mixing an appropriate amount of warm water or milk with the
recommended dosage of one bag twice a day. The storage instructions recommend keeping the probiotics in a cool, dry,
or refrigerated place.

Collection of feces

Fresh fecal samples were collected from the participants and promptly placed in liquid nitrogen tanks for preservation
during transportation to the laboratory. The collection process involved weighing the fecal samples and repackaging
them in sterile centrifuge tubes. Three samples were collected from each participant. The subpacked specimens were
rapidly transferred to a low-temperature refrigerator at -80 °C for frozen storage. The entire collection and repackaging
process was completed within 30 min.

DNA extraction and sequencing of the fecal microbiota
All the samples were subjected to the same procedures for DNA extraction and polymerase chain reaction (PCR)
amplification by the same laboratory staff. The samples were suspended in 790 pL of sterile lysis buffer [4 M guanidine
thiocyanate, 10% N-lauroyl sarcosine, and 5% N-lauroyl sarcosine in 0.1 M phosphate buffer (pH 8.0)] in a 2 mL screw-
cap tube containing 1 g of glass beads (0.1 mm; BioSpec Products, Inc., United States). This mixture was vortexed
vigorously and thenincubated at 70 °C for 1 h. After incubation, the mixture was subjected to bead beating for 10 min at
maximum speed. Bacterial DNA was extracted using an E.Z.N.A.® Stool DNA Kit (Omega Biotek, Inc., GA) following the
manufacturer’s instructions, which excluded lysis steps; the extracted DNA was stored at -20 °C for further analysis.

The extracted DNA from each sample was used as the template for amplifying the V3-V4 region of the 165 rRNA gene.
The primers F1 and R2 (5-CCTTCGGGNGGCWGCAG-3" and 5'-GACTACHVGGGTATCTAATCC-3’) corresponding to
positions 341 to 805 of the Escherichia coli 16S rRNA gene were used to amplify the V3-V4 region of each fecal sample by
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PCR. PCRs were run on an EasyCycler 96 PCR system (Analytik Jena Corp., AG). The products from different samples
were indexed and mixed at equal ratios for sequencing using the MiSeq platform (Illumina, Inc., United States) according
to the manufacturer’s instructions.

Bioinformatic analysis

Clean data were extracted from the raw data using USEARCH software (version 11.0.667). The quality-filtered sequences
were clustered into unique sequences and sorted in order of decreasing abundance to identify representative sequences
using UPARSE according to the UPARSE operational taxonomic unit (OTU) analysis pipeline, and singletons were
omitted from this step. OTUs were classified based on 97% similarity after chimeric sequences were removed using
UPARSE (version 7.1; http://drive5.com/uparse/) and annotated using the SILVA reference database (SSU138) in
qiime2-2020.11. Taxonomic analysis was performed on the representative sequences of the OTUs, and the community
composition at each taxonomic level (domain, kingdom, phylum, class, order, family, genus, and species) was determined
for each sample.

Statistical analysis

The Mann-Whitney U test (Wilcoxon rank-sum test) was used to compare the levels of CRP, endotoxin, and CTP between
the two groups. The MELD score and PI were compared before and after treatment. P < 0.05 indicated statistical
significance. The chi-square test was used to compare the incidence of ascites.

Bacterial a diversity was assessed using the Shannon, Simpson, Chaol, and The ACE estimator (ACE) indices. The
Wilcoxon rank-sum test was also used to assess the o diversity among the different groups. The nonparametric factorial
Kruskal-Wallis rank-sum test was used to detect differences in microbial abundances. Linear discriminant analysis (LDA)
effect size (LEfSe) was used to detect taxa with differential abundance among the groups (LEfSel.1, https://github.com/
SegatalLab/Lefse).

RESULTS

Baseline characteristics of the participants and changes in clinical indicators before and after treatment in the

intervention group and nonintervention group

The baseline characteristics of the participants, including their clinical and biochemical characteristics, are summarized in
Table 1. Before the intervention, no significant differences in age, sex, TBIL level, Cr level, PT time, WBC count, or platelet
count were observed between the intervention and nonintervention groups. There were significant alterations observed
in the levels of Alb, Cr, PT, INR, and CRP before and after treatment in the intervention group. Conversely, no notable
changes were found in clinical parameters before or after treatment in the nonintervention group (Table 2).

Evaluation of liver function before and after treatment

The CTP and MELD scores were used to assess liver function before and after treatment in the intervention and noninter-
vention groups, respectively. The results showed that after treatment, the CTP score of the intervention group was better
than that before treatment, with a decrease in the proportion of patients with CTP grade C disease from 25.68% to 12.16%.
In contrast, the proportion of patients with CTP grade C disease in the nonintervention group increased from 31.08% to
33.78% (Figure 1A-D). Survival curves revealed that the probability of recurrence of ascites in the intervention group was
significantly lower than that in the nonintervention group (Figure 1E).

The CTP grade in the intervention group significantly decreased after treatment (P = 0.007), whereas that in the
nonintervention group did not significantly change (P = 0.489). The MELD score, which reflects the severity of end-stage
liver disease, was not significantly different between the intervention and nonintervention groups before treatment,
whereas after treatment, the MELD score of the intervention group was significantly lower than that of the noninter-
vention group (P = 0.017), indicating that the severity of liver disease was lower in the intervention group than in the
nonintervention group (Figure 2).

Changes in inflammatory indices before and after treatment

The results showed no significant differences in CRP levels or PI between the intervention and nonintervention groups at
baseline, whereas after the intervention, there were significant differences (P < 0.001 and P = 0.001, respectively).
Compared with those in the pretreatment group, the CRP level and PI in the intervention group decreased significantly
after treatment (P < 0.001 and P = 0.006, respectively), whereas there was no significant reduction in the nonintervention
group after treatment (P = 0.823 and P = 0.306, respectively). The endotoxin levels were significantly lower after treatment
in the intervention group (P = 0.007) (Figure 3).

Changes in the incidence of ascites before and after treatment

There was no significant difference in the incidence of ascites between the intervention and nonintervention groups
before treatment (P = 1.0). After treatment with LP N1115, the incidence of ascites in the intervention group was
significantly lower than that before treatment, whereas there was no significant change in the nonintervention group. The
incidence of massive ascites decreased from 6.76% to 2.7%in the intervention group, whereas it increased from 8.11% to
12.16% in the nonintervention group. The incidence of ascites after treatment was significantly lower in the intervention
group than in the nonintervention group (P = 0.001) (Figure 4).
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Table 1 Baseline characteristics of the subjects

Characteristic Treat (n = 86) Untreat (n = 74) P value
Age (yr), median (IQR) 58 (51.25, 64.75) 60 (51, 70) 0.219
Sex, 1 (%) 0.176

Male 68 (79.07) 53 (71.62)

Female 18 (20.93) 21 (28.38)
TBIL (3.0-22.0 pmol/L) 29.26 (21.025, 43.095) 33.875 (26.168, 53.657) 0.117
Alb (35.0-50.0 g/L) 32.75 (25, 39.6) 30.745 (26.575, 34.825) 0.341
Cr (58-110 pmol/L) 64.5 (54.45, 75.325) 60.55 (51.35, 76.925) 0.498
WBC (3.5-9.5 x 10°/L) 3.89 (2.728, 5.578) 3.88 (2.9075, 5.06) 0.855
PLT (125.0-350.0 x 10'2/L) 78 (43.25, 110.25) 69 (48.25,111.5) 0.943
PT (9.4-12.5 5) 16.15 (14.6, 18.125) 16.25 (14.625, 18.275) 0.986
INR (0.85-1.14) 1.345 (1.216, 1.518) 1.36 (1.193, 1.505) 0.907
CRP (< 10) 4.75 (1.74,12.8) 4.995 (1.72, 9.403) 0.836

TBIL: Total bilirubin; Alb: Albumin; Cr: Creatinine; WBC: White blood cell; PLT: Platelet; PT: Prothrombin time; INR: International standard ratio; CRP: C-

reactive protein.

Table 2 Changes in clinical indicators before and after treatment were compared between the intervention group and the

nonintervention group

. Treat Untreat
Characteristics P value P value
Before After Before After
TBIL (pmol/L), median (IQR) ~ 29.26 (21.025,43.095)  27.515 (18.237,44.22)  0.707 33.875 (26.168, 53.657)  33.3 (20.8, 57.315) 0.637
Alb (g/L), median (IQR) 32.75 (25, 39.6) 37.85 (31.635,43.773)  0.007 30.745 (26.575,34.825)  29.9 (26.775,38.025)  0.625

Cr (pmol/L), median (IQR) 64.5 (54.45, 75.325) 0.85 (48.425, 69.325) 0.03 60.55 (51.35, 76.925) 61.9 (51.4, 82.125) 0.689

WBC (10%/L), median (IQR) ~ 3.89 (2.7275,55775)  3.505(2.383,5155) 0321 3.88 (2.9075, 5.06) 4115 (3, 5.493) 0439
PLT (10'2/L), median (IQR) 78 (43.25,110.25) 715 (50.25,123.25)  0.760 69 (48.25, 111.5) 69 (48.25, 103.75) 0.833
PT (s), median (IQR) 1615 (14.6,18125)  15.05 (1335, 16.6) 0.003 16.25 (14.625,18.275)  15.95 (14, 17.75) 0342
INR, median (IQR) 1345 (1.216,1.518)  1.29 (1.123, 1.408) 0.018 1.36 (1.193, 1.505) 1315 (1.185,1.448)  0.526
CRP, median (IQR) 475 (1.74,12.8) 1.845 (0.775,4.343)  0.005 4.995 (1.72, 9.403) 1.985 (2.035,1.015)  0.822

TBIL: Total bilirubin; Alb: Albumin; Cr: Creatinine; WBC: White blood cell; PLT: Platelet; PT: Prothrombin time; INR: International standard ratio; CRP: C-

reactive protein.

Changes in the intestinalflora before and after treatment in the intervention group

Venn diagram of the OTU distribution: The microbiota in a total of 118 fecal samples collected from the intervention
group were tested, including 86 samples collected before the intervention and 32 samples after the intervention. A Venn
diagram showed that there were 1744 OTUs shared in the samples before and after treatment, while 1541 OTUs were
specifically detected before treatment, and 372 OTUs were specifically detected after treatment (Figure 5).

Alpha diversity analysis: Alpha diversity was used to assess the richness (Chaol and ACE) and diversity (Shannon and
Simpson indices) of the gut microbiota. Alpha-diversity analysis of the intervention group revealed changes in the
bacterial richness and diversity before and after treatment. The richness of the intestinal flora tended to increase after the
intervention, but the difference was not significant (P > 0.05). The Simpson index was significantly lower after the
intervention than before the intervention (P < 0.05), indicating that the diversity of the intestinal flora tended to increase
after intervention with probiotics (Figure 6).

Composition of the intestinal flora before and after probiotic treatment: At the phylum level, Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria and Fusobacteria were the main phyla identified both before and after treatment.
However, the proportion of each phylum changed after the treatment: the proportion of Bacteroidetes (25.2%-35.3%)
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Figure 1 Proportions of Child-Turcotte-Pugh grades A, B, and C before and after treatment in the intervention and nonintervention
groups and Kaplan-Meier survival curves. A: The proportion of Child-Turcotte-Pugh (CTP) grades A, B, and C before treatment in the intervention group; B:
The proportions of patients with CTP grades A, B, and C in the intervention group after treatment with Lactobacillus paracasei N1115; C: The proportions of patients
with CTP grades A, B, and C in the nonintervention group before treatment; D: The proportions of patients with CTP grades A, B, and C in the nonintervention group
after treatment; E: The probability of recurrence of ascites in the intervention and nonintervention groups. CTP: Child-Turcotte-Pugh.
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Figure 2 Comparison of liver function indices between the intervention and nonintervention groups before and after treatment. A: A
comparison of Child-Turcotte-Pugh grades between the two groups; B: A comparison of Model for End-Stage Liver Disease scores between the two groups. 2P <
0.01,°P < 0.001.

increased significantly, and those of Firmicutes (61.8%-51.7%) and Proteobacteria (10.5%-5.6%) decreased significantly
(Table 3 and Figure 7).

The main genera identified before and after treatment were Bacteroides, Faecalibacterium, Lachnospiraceae incertae sedis,
and Ruminococcaceae_unclassified. However, after treatment, the proportions of the potentially pathogenic bacteria
Enterobacteriaceae_unclassified (2.6%-0.7%), Escherichia, Shigella (5%-1.8%), and Streptococcus (1.8%-0.6%) decreased in
abundance. In contrast, the proportions of Bacteroides (19.8%-28.4%), Bifidobacterium (1.6%-4%), Ruminococcus (0.7%-1.5%),
Prevotella (2.4%-4.9%), and Lachnospiraceae incertae sedis (4.8%-5.0%) increased (Table 3 and Figure 8).

Comparison of the abundance of flora before and after treatment: LEfSe analysis was used to identify the key
phylotypes with significant differences in abundance before and after treatment. LEfSe analysis revealed that, compared
to those before treatment, the proportions of Firmicutes (LDA = 4.74, P = 0.05), Clostridium (LDA = 3.8, P = 0.03),
Pseudobutyrivibrio (LDA = 3.5, P = 0.03), and Anaerostipes (LDA = 3.46, P = 0.01) significantly decreased after treatment. In
contrast, the proportions of Bacteroidetes (LDA = 4.66, P = 0.01), Bifidobacterium (LDA = 4.47, P = 0.04), Veillonellaceae
(LDA = 4.0, P = 0.01), Lachnospiraceae (LDA = 3.95, P = 0.001) and Eggerthella (LDA = 3.47, P = 0.01) significantly
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Table 3 Proportions of intestinal flora at the phylum and genus levels in all subjects in the intervention group before and after

treatment

Phylum of bacteria (%) GR L P value
Firmicutes 61.8 51.7 0.046
Bacteroidetes 252 35.5 0.008
Proteobacteria 10.5 5.6 0.468
Actinobacteria 1.7 4 0.057
Fusobacteria 0.3 0.8 0.494
Bacteroides 19.8 284 0.014
Faecalibacterium 22 17.8 0.803
Lachnospiraceae_Incertae_Sedis 48 5 0.001
Ruminococcaceae_uncultured 54 2.6 0.027
Escherichia-Shigella 5) 1.8 0.348
Subdoligranulum 45 2.3 0.561
Prevotella 24 49 0.211
Veillonella 8 1.3 0.315
Bifidobacterium 1.6 89 0.039
Enterobacteriaceae_unclassified 2.6 0.7 0.629
Anaerostipes 1 0.6 0.007

GR: Before treatment with Lactobacillus paracasei N1115 (LP N1115); ZL: 3 months after treatment with LP N1115.
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Figure 3 Comparison of inflammatory indices between the intervention and nonintervention groups before and after treatment. A: A
comparison of C-reactive protein levels between the two groups; B: A comparison of endotoxin levels between the two groups; C: A comparison of the prognostic
index between the two groups. 2P < 0.001, °P < 0.01. CRP: C-reactive protein; PI: prognostic index.

increased after treatment (Figure 8).

Correlation analysis between differential flora and CTP classification: To further understand the relationship between
the differential bacteria and the patient's CTP classification of liver function, we performed a correlation analysis between
the differential flora and the CTP classification. There was no correlation between the occurrence of Veillonella, Strepto-
coccus, or Lachnospiraceae incertae sedis and the CTP classification before treatment.However, after treatment, there was a
positive correlation (Table 4).

DISCUSSION

Intestinal flora imbalance in patients with decompensated LC has garnered significant attention[8]. Studies have
indicated that the intestinal microbiota may contribute to the progression of HBV-related chronic liver disease to severe
liver failure by promoting the accumulation of inflammatory factors and pathogenic metabolites[26]. An imbalanced
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Table 4 Correlations between genus and Child-Turcotte-Pugh classification score before and after intervention

r P value r Pvalue

Bacteroides -0.436 0.013 -0.004 0.981
Lachnospiraceae_Incertae_Sedis 0.312 0.082 0.353 0.048
Veillonella 0.272 0.132 0.449 0.01

Streptococcus 0.143 0.433 0.354 0.047
Escherichia-Shigella 0.275 0.128 0.016 0.929
Prevotella 0.22 0.226 0.069 0.706
Enterobacteriaceae_unclassified 0.366 0.04 0.198 0.277
Firmicutes/Bacteroidetes 0.299 0.097 0.253 0.126

GR: Before treatment with Lactobacillus paracasei N1115 (LP N1115); ZL: 3 months after treatment with LP N1115.
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Figure 4 Occurrence of ascites before and after treatment in the intervention and non-intervention groups. A: No ascites; B: Small ascites; C:
Moderate ascites; D: Large ascites.
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Figure 5 Venn analysis of the distribution of operational taxonomic units. GR: Before treatment with Lactobacillus paracasei N1115 (LP N1115); ZL: 3
months after treatment with LP N1115.

intestinal ecology in patients with LC can lead to impaired intestinal barrier function and microbial translocation, which
in turn contributes to the development of SBP[27]. Moreover, intestinal flora imbalance after disruption of intestinal
barrier function results in increased levels of Klebsiella and Proteus spp., which, through the production of ammonia and
endotoxins, directly causes hepatic encephalopathy owing to an increase in blood ammonia levels[28]. Patients with HCC
often exhibit elevated levels of gram-negative bacteria commonly found in the gut microbiome, such as Escherichia coli,
and decreased levels of beneficial bacteria, including Lactobacillus, Bifidobacterium, and Enterococcus. This imbalance is
primarily caused by increased intestinal permeability, leading to bacterial translocation and endotoxin accumulation,
which in turn results in intestinal bacterial overgrowth and alterations in the composition of the intestinal microbiota[29].
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Figure 6 Comparison of gut microbiota abundance and diversity before and after intervention in patients. A: Differences in the Ace index
between groups; B: Differences in the Chao index between groups; C: Differences in the Shannon index between groups; D: Differences in the Simpson index
between groups. GR: Before treatment with Lactobacillus paracasei N1115 (LP N1115); ZL: 3 months after treatment with LP N1115.

A previous study involving patients with HBC demonstrated no significant differences in alpha diversity among
patients with HBV-related chronic diseases, HBC, or HCC[30]. However, in the present study, the results indicated an
increasing trend in gut microbiota diversity after treatment.

L. paracasei ameliorated diarrhea by inhibiting activation of the NF-xB-MLCK pathway and increasing the abundance
of gut microbiota that produce short-chain fatty acids (SCFA)[31]. Lp N1115 was able to enhance the contentof Lactoba-
cillus and maintain fecal pH levels. Its beneficial effects on gut development were more obvious in 6-12-month-old infants
[32]. These findings suggest that intervention with the N1115 ready-to-eat Lactobacillus supplement may have a
modulatory effect on gut microbiota dysbiosis in patients with LC. The increased diversity of the gut microbiota after
treatment may help restore a healthy gut state. However, further studies are required to validate and explore the effect-
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Figure 7 Plots of the relative abundance of the gut microbiota at the phylum and genus levels before and after treatment in all patients. A:
Plots of the relative abundance of the gut microbiota at the phylum levels before and after treatment in all patients; B: Plots of the relative abundance of gut microbiota
at the genus levels before and after treatment in all patients. GR: Before treatment with Lactobacillus paracasei N1115 (LP N1115); ZL: 3 months after treatment with

LP N1115.

iveness and mechanisms of this intervention.

Although numerous studies have confirmed the efficacy of probiotics in animal models and in the treatment of hospit-
alized patients with liver disease, several controversies remain. The choice between single or combined probiotics as well
as the efficacy of different bacterial combinations in different probiotics for chronic liver disease require further invest-
igation. Interestingly, we found a close relationship among dysbiosis, inflammatory markers, and liver function. The
partial recovery of inflammatory marker levels and liver function in patients after LP N1115 intervention was even more
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Figure 8 Histogram of linear discriminant analysis effect size distribution; evolutionary subplots were analyzed. A: Histogram of linear
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analysis effect size distribution; The evolutionary subplots were analyzed. LEfse analyzed LDA evolutionary cladistics. GR: Before treatment with Lactobacillus
paracasei N1115 (LP N1115); ZL: 3 months after treatment with LP N1115.

3%’@, WIG | https://www.wjgnet.com 1566 March 21,2024 | Volume30 | Issuell |



Hu YCet al. LP N1115 in HBC

surprising. Our study demonstrated a significant decrease in CRP levels and a lower CRP level in the intervention group
than in the nonintervention group after treatment. Moreover, endotoxin synthesis decreased in the intervention group.
The PI, which reflects acute inflammation in the body, significantly decreased in the intervention group after treatment
and was significantly lower than that in the nonintervention group, suggesting improved acute inflammation in the
intervention group after treatment, whereas the nonintervention group receiving conventional treatment exhibited no
significant changes. Patients with HBC often experience bacterial translocation and increased endotoxin levels, leading to
changes in intestinal permeability and increased activation of the LPS/TLR4 signaling pathway in the liver[4,33]. TLR4
activation triggers the production of proinflammatory, antiviral, and antibacterial cytokines. The levels of IL-10 and
tumor necrosis factor-a are significantly greater in HBC patients than in control individuals, and increased endotoxin
expression promotes factor synthesis through signaling pathways[19,34,35]. L. casei preparations can regulate TLR4
expression and IL-10 secretion. Therefore, we propose that LP N1115inhibits the activation of the LPS/TLR4 signaling
pathway, reduces the release of inflammatory factors, and effectively alleviates the inflammatory state of patients when
combined with conventional treatment[36].

However, whether there is a correlation between intestinal flora imbalance and liver function needs to be further
explored. The main pathophysiological changes in patients with LC are liver function impairment and portal
hypertension, which are crucial factors to consider when evaluating disease conditions and prognosis. Widely used
evaluation systems, such as the CTP classification and MELD score, are commonly used both domestically and interna-
tionally. An imbalance in the gut microbiota can trigger an inflammatory response and exacerbate liver fibrosis by
activating TLRs, thereby promoting the progression of cirrhosis to decompensation and liver failure[27]. Probiotics have
been found to reduce liver function damage and improve the levels of markers, such as alanine aminotransferase,
aspartate aminotransferase, cholesterol, low-density lipoprotein, and triglycerides, and waist circumference in children
with NAFLDI[37]. One study showed that Bullavirinae, Felixounavirus, Streptococcus, Escherichia and Pseudomonas
phages were positively linked with the MELD, whereas Faecalibacterium phages were negatively linked with the MELD
[38]. In this study, we aimed to further understand the effects of LP N1115, a ready-to-eat Lactobacillus supplement, on
liver function. We compared the CTP and MELD scores between the intervention and nonintervention groups before and
after the intervention. The results showed a significant improvement in the CTP classification score and a decrease in the
MELD score after the intervention. We further validated liver function by assessing the incidence of ascites. The incidence
of ascites in patients treated with LP N1115 was significantly lower, including a lower incidence of massive ascites, than
that in patients who did not receive the N1115 intervention and who only received conventional treatment during the
same period. Therefore, LP N1115 is highly important for improving liver function and liver reserve function in patients.

In patients with HBC, an increase in the proportion of Enterobacteriaceae, Fusobacteriaceae, and alkali-producing
bacteria in the gut was observed, accompanied by a decrease in the abundance of Ruminococcaceae and Pilospirillaceae.
Many bacteria from the Ruminococcaceae and Pilospirillaceae families possess bile acid hydrolases that are closely
associated with the production of secondary bile acids[27]. Bile acids can disrupt the gut barrier and immune function,
affecting the regulation of the intestinal flora structure. At the phylum level, the dominant species remained consistent
before and after treatment, although the proportion of each phylum changed. After treatment, the abundance of some
potentially pathogenic bacteria decreased, whereas that of beneficial bacteria increased. LEfSe analysis revealed
significant differences in the abundance of Bacteroides, Bifidobacterium, Lachnospirillaceae, and Eggerthella after treatment.
These results are consistent with the relative abundance map of the dominant species, suggesting that LP N1115
effectively regulates the homeostasis of the intestinal flora. Surprisingly, we found a significant difference in Lachnos-
piraceae incertae sedis levels after N1115 intervention, which was positively correlated with the CTP classification score.
Previous studies by Bajaj et al[8] indicated that beneficial bacteria, such as Spirillaceae and Verrucomicrobacteriaceae,
decrease in abundance in the intestines of patients with LC, whereas harmful bacteria, such as Enterobacteriaceae and
Bacteroidaceae, increase in abundance. Triclospira, a member of Lachnospiraceae incertae sedis, produces anti-inflammatory
SCFA that help maintain water and electrolyte balance, improve intestinal mucosa function and morphology, inhibit
tumor cell proliferation, induce macrophage apoptosis, inhibit histone deacetylation, promote the migration of regulatory
T cells, and induce the production of anti-inflammatory IgA by mucosal B cells[39,40]. Lachnospiraceae incertae sedis
possesses bile salt hydrolase, which is involved in secondary bile acid production. Bile acids can directly damage bacterial
outer membranesand exert bactericidal effects. These bacteria can also generate nitric oxide and IL-18 through the "bile
acid-G protein-coupled receptor (targeting of bile acid receptor 5) TGR5-farnesoid X receptor-camp" pathway, thereby
influencing the intestinal flora via the immune system, which plays a crucial role in maintaining the balance of the
intestinal flora[39,41]. Additionally, the liver secretes bile acids into the intestine through the biliary tract, which can
affect the composition and abundance of the intestinal flora. LC is often accompanied by bile acid excretion disorders.
Patients with decompensated cirrhosis may develop portal hypertension, leading to intestinal mucosal congestion,
edema, impaired small intestinal motility, and intestinal content retention. Complications such as esophageal and gastric
fundus variceal bleeding are accompanied by intestinal mucosal ischemia/reperfusion injury, leading to bacterial
overgrowth and translocation to the small intestine[42]. Qin et al[42] reported that the intestinal flora of patients with LC
contained a high proportion of oral bacteria, such as Streptococcus and Veillonella, indicating that the oral microbial flora
invades the gut and contributes to LC deterioration. Reduced gastric acid secretion and altered bile acid secretion in
patients with LC may facilitate the translocation of oral bacteria to the gut. Similarly, we observed an increased
proportion of Streptococcus and Veillonella before the intervention, although this difference was not correlated with the
CTP classification score. However, after the intervention, the proportion of patients who died decreased and was
positively correlated with the CTP classification score. Therefore, we believe that LP N1115 may influence the level of
intestinal bile acid by regulating the level of Lachnospiraceae incertae sedis, reducing the translocation of Streptococcus and
Veillonella to the intestine, and assisting conventional treatment to improve inflammation levels and liver function in
patients with hepatobiliary diseases, thereby significantly affecting patient prognosis.
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Wang et al[43] discovered that patients with hepatitis B-decompensatedcirrhosis exhibited a significant reduction in the
abundance of Firmicutes, Trichospirillum, Dorea, and Dialister. Conversely, there was a significant increase in the
abundance of Streptococcus, Fusobacterium, Veillonella, and Haemophilus spp. In our analysis of patients with HBC at the
phylum level, we observed a relatively high proportion of Firmicutes before the intervention, which decreased after the
intervention, demonstrating slight differences from previous studies. We think that a phylum-based analysis is generally
not applicable to patients with cirrhosis because of the inclusion of pathogenic groups, such as staphylococci and Entero-
coccaceae, within Firmicutes, which are more abundant in severely ill individuals. Following the intervention with LP
N1115, the proportions of cocci and Enterococcaceae within the phylum Firmicutes decreased.

This study is limited by its small sample size, single- center analysis, absence of an intervention treatment in the control
group and no additional stratification. Therefore, whether the effects of the N1115 ready-to-eat Lactobacillus supplement
on the intestinal flora are limited by differences in region and dietary habits is unknown; additionally, whether the
changes in the intestinal flora in patients with different complications are consistent needs to be further explored. Our
future work will involve designing larger multicenter trials.

CONCLUSION

In conclusion, we propose that LP N1115 modulates intestinal bile acid levels by regulating the abundance of Lachnos-
piraceae incertae sedis, consequently reducing the translocation of Streptococcus and Veillonella to the intestine. This
intervention can effectively complement conventional treatments, leading to improvements in inflammation and liver
function in HBC patients. As a potential therapeutic target, it is crucial to consider the timing, duration, and dosage of
this intervention. Therefore, conductinglarge-scale, multicenter, randomized, placebo-controlled trials investigating the
microbiome and metabolomics of LP N1115-treated patients with HBC in the future would provide valuable insights.

ARTICLE HIGHLIGHTS

Research background

Hepatitis B cirrhosis (HBC) is a prevalent chronic disease associated with significant morbidity and mortality. Numerous
studies have consistently demonstrated the occurrence of intestinal flora dysbiosis in patients diagnosed with HBC.
Alterations in the composition of the intestinal flora can disrupt immune regulation, impair intestinal barrier function,
and induce systemic inflammatory changes via the gut-liver axis, thereby hastening the progression of cirrhosis.
Interventions utilizing microecological preparations hold immense significance in enhancing prognosis.

Research motivation
Although numerous individual probiotics have been documented in relation to HBC, the impact of the N1115 compound
ready-to-eat Lactobacillus supplement in patients with HBC remains uncertain.

Research objectives

The primary objective was to assess the impact of the N1115 ready-to-consume lactic acid bacterial supplement on hepatic
function, inflammation, and ascites in patients with HBC. This study aimed to investigate the therapeutic potential of the
intestinal microecology in managing HBC. HBC patients were administered the N1115 ready-to-eat lactic acid bacterial
supplement for 3 months, which resulted in a significant increase in intestinal microbial diversity and notable alterations
in the composition of the intestinal microbiota. There was a remarkable improvement in liver function parameters and a
decrease in the levels of inflammatory markers among the patients. This investigation offers novel insights into
optimizing interventions targeting the intestinal microflora in individuals with HBC.

Research methods

This study included 160 HBC patients who were diagnosed at the General Hospital of Ningxia Medical University
between October 2018 and December 2020. Patients were randomly divided into an intervention group that received
Lactobacillus paracasei N1115 (LP N1115) supplementation along with routine treatment and a control group that received
routine treatment only. Fecal samples were collected at the onset and conclusion of the 12-wk intervention period. The
structure of the intestinal microbiota and the levels of serological indicators, such as liver function and inflammatory
factors, were assessed.

Research results

The patients were assessed after 3 months of treatment with the N1115 ready-to-eat Lactobacillus supplement: (1) There
were significant changes in the levels of albumin, creatinine, prothrombin time, international standard ratio, and C-
reactive protein and in the Child-Turcotte-Pugh and Model for End-Stage Liver Disease scores before and after treatment
in the intervention group; (2) the probability of recurrence of ascites in the intervention group was significantly lower
than that in the nonintervention group; and (3) the diversity of the intestinal flora tended to increase after intervention
with probiotics. At the phylum level, the proportion of Bacteroidetes increased significantly, and those of Firmicutes and
Proteobacteria decreased significantly. At the genus level, the proportions of the potentially pathogenic bacteria
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Enterobacteriaceae_unclassified, Escherichia, Shigella, and Streptococcus decreased. In contrast, the proportions of
Bacteroides, Bifidobacterium, Ruminococcus, Prevotella, and Lachnospiraceae incertae sedis increased.

Research conclusions
LP N1115 supplementation is promising for ameliorating intestinal microbial imbalance in patients with HBC by
modulating the structure of the intestinal microbiota, improving liver function, and reducing inflammatory factor levels.

Research perspectives

Future studies should prioritize investigating the structural and metabolic alterations in the composition of intestinal
biota among patients with various complications of HBC, along with elucidating their underlying mechanisms. To
address these inquiries, our research group intends to conduct large-scale, long-term clinical trials.
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Abstract

BACKGROUND

Fecal microbiota transplantation (FMT) is a promising therapeutic approach for
treating Crohn’s disease (CD). The new method of FMT, based on the automatic
washing process, was named as washed microbiota transplantation (WMT). Most
existing studies have focused on observing the clinical phenomena. However, the
mechanism of action of FMT for the effective management of CD-particularly in-
depth multi-omics analysis involving the metagenome, metatranscriptome, and
metabolome-has not yet been reported.

AIM
To assess the efficacy of WMT for CD and explore alterations in the microbiome
and metabolome in response to WMT.

METHODS

We conducted a prospective, open-label, single-center clinical study. Eleven CD
patients underwent WMT. Their clinical responses (defined as a decrease in their
CD Activity Index score of > 100 points) and their microbiome (metagenome,
metatranscriptome) and metabolome profiles were evaluated three months after
the procedure.

RESULTS
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Seven of the 11 patients (63.6%) showed an optimal clinical response three months post-WMT. Gut microbiome
diversity significantly increased after WMT, consistent with improved clinical symptoms. Comparison of the
metagenome and metatranscriptome analyses revealed consistent alterations in certain strains, such as Faecalibac-
terium prausnitzii, Roseburia intestinalis, and Escherichia coli. In addition, metabolomics analyses demonstrated that
CD patients had elevated levels of various amino acids before treatment compared to the donors. However, levels
of vital amino acids that may be associated with disease progression (e.g., L-glutamic acid, gamma-glutamyl-
leucine, and prolyl-glutamine) were reduced after WMT.

CONCLUSION

WMT demonstrated therapeutic efficacy in CD treatment, likely due to the effective reconstruction of the patient’s
microbiome. Multi-omics techniques can effectively help decipher the potential mechanisms of WMT in treating
CD.

Key Words: Crohn’s disease; Clinical trials; Fecal microbiota transplant; Metagenome; Metatranscriptome; Metabolome

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

Core Tip: Fecal microbiota transplantation (FMT) is a promising therapeutic approach for treating Crohn’s disease (CD). The
new method of FMT, based on the automatic washing process, was named as washed microbiota transplantation (WMT).
However, most existing studies have focused on observing clinical phenomena. In the present study, we found that the
efficacy of WMT in CD may be due to the effective remodeling of the intestinal micro-ecological balance of patients
through the combined in-depth analysis of metagenomic, metatranscriptomic, and metabolomic technologies. Multi-omics
techniques can effectively help decipher the underlying mechanism of WMT for CD.
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INTRODUCTION

The global incidence of Crohn’s disease (CD), a type of inflammatory bowel disease (IBD), has been steadily rising over
recent years. The prevalence rate has increased from 79.5 cases per 100000 individuals in 1990 to 84.3 per 100000 in 2017
[1]. This increase poses a significant risk to human health. The pathogenesis of CD is still not completely understood.
However, it is widely believed that the onset of CD is influenced by genetic, environmental, and gut microbiota dysbiotic
factors, especially the abnormal activation of the gastrointestinal immune system by disorders involving the gut
microbiota, which have emerged as a research hotspot in recent years. CD patients have distinct differences in their gut
microbiota compared to healthy individuals, including a general decrease in species diversity and abundance of certain
commensal and beneficial bacteria (e.g., Firmicutes and Bacteroides spp.), accompanied by increased Proteobacteria. The
pathotype adherent-invasive Escherichia coli (E. coli), in the phylum Aspergillus, has been identified as an important risk
factor for CD[2]. It potentially contributes to inflammation by producing a-hemolysin, which can lead to the destruction
of the intestinal mucosa[3]. On the other hand, Ruminococcus gnavus may be involved in CD development by producing a
glucorhamnan polysaccharide that acts on toll-like receptor 4 to induce an inflammatory response[4].

The utilization of fecal microbiota transplantation (FMT) has shown potential as an effective treatment option for CD.
The new method of FMT, based on the automatic washing process, was named washed microbiota transplantation
(WMT)[5] in the consensus statement from the FMT-standardization Study Group in 2019[6]. Washed preparation of fecal
microbiota improves transplantation-related safety, quantitative methods, and delivery of the microbiota suspension|[5,
7]. WMT has been used to effectively re-establish intestinal microecology and holds promise for treating CD.
Interestingly, in comparison to manual FMT, WMT has significantly enhanced the safety of CD treatment, as evidenced
by a decrease in adverse events from 21.7% (15/69) to 4.0% (35/882)[7]. Clinical responses to WMT in IBD treatment are
primarily associated with successful Akkermansia fixation, and F. prausnitzii has been found to have a strong symbiotic
relationship with it[8]. In addition, when the optimal timing of the second FMT was sought, it was determined that 125 d
was the median time needed to maintain a clinical response to the first FMT[9].

A recent meta-analysis comprising 12 studies on 228 CD patients who underwent FMT revealed that 57% of patients
achieved clinical remission between 2 and 4 wk after treatment[10]. However, most published studies are currently
limited to observations of clinical phenomena, as the mechanisms of action by which FMT is effective in treating CD have
not yet been fully identified, particularly regarding more extensive changes in the microbiome and metabolome. This
identification is critical for expanding the high-quality evidence base for FMT in CD treatment.
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In the first decade of microbiome research, microbial composition and genome structure were mainly elucidated using
DNA sequencing techniques such as 16S rDNA and metagenomic sequencing[11]. Recently, researchers have employed
transcriptomic sequencing to analyze bacterial communities to explore dynamic microbiome and gene expression. This
approach can elucidate variations in microbiome function in specific environments and interactions with the host. It can
also help to understand microbiome configurations across the transition from healthy to diseased states[11]. However,
neither changes in the active gut microbiota (from metatranscriptomics) nor changes in fecal metabolites have been
reported in CD patients treated with FMT. Therefore, this study aimed to reveal the multi-omics mechanism of WMT for
the effective treatment of CD by evaluating and analyzing the metagenomic (DNA), metatranscriptomic (RNA), and
metabolomic aspects of stool specimens before and after CD patients received WMT.

MATERIALS AND METHODS

The study was a prospective, open-label, and single-center clinical trial conducted at the Second Affiliated Hospital of
Nanjing Medical University. All the participants willingly agreed to participate in the research and provided written
informed consent. The institution’s Institutional Review Board approved the study protocol (NCT01793831). The study
protocol complied with the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Ethics
Committee of the Second Affiliated Hospital of Nanjing Medical University (2022-KY-161-01).

Patient recruitment

Adult CD patients with a CD Activity Index (CDAI) score = 150 were recruited from the Second Affiliated Hospital of
Nanjing Medical University between March 2022 and March 2023. Exclusion criteria were applied as follows: (1) Patients
who had used antibiotics, gastric acid suppressants (e.g., proton pump inhibitors), probiotics, and other medications that
may interfere with the gut microbiota in the three months prior to the recruitment; (2) patients requiring antibiotics
during hospitalization; (3) patients who had changed their medication in the four weeks prior to recruitment; (4) patients
who had comorbidities, such as infectious diseases identified by examination that included (but were not limited to)
bacterial infections [including Clostridioides difficile (C. difficile)], fungal infections, and viral infections; (5) pregnant
women, or women of childbearing age planning to conceive; (6) presence of contraindications to gastrointestinal
endoscopy or anesthesia; and (7) any other conditions deemed by the investigator to be unsuitable for inclusion in the
study.

Patient assessment

Montreal classification[12,13] was used to count the CD patients included in the study. The Montreal classification is
based on the age at diagnosis (Al: <16, A2: 17-40, A3: > 40), disease location (L1: Ileal, L2: Colonic, L3: Ileocolonic, L4:
Upper gastrointestinal), and the disease behavior (B1: Non-stricturing/non-penetrating, B2: Stricturing, B3:penetrating, P:
Perianal disease modifier). All the patients were assessed for CDAI and Harvey-Bradshaw Index (HBI) scores as well as
clinically relevant indices (including general health, stool frequency, level of abdominal pain, presence of complications
related to CD, abdominal masses, and Simple Endoscopy Score (SES) CD score by colonoscopy) before the WMT. Patients
were also evaluated-three months post-WMT-for their CDAI and HBI scores and any modifications in their treatment
medications and hospitalization. Patients were consistently monitored for any adverse events (AE) from when they
underwent WMT until three months post-treatment. Stool samples were collected one week before and three months
after WMT treatment for metagenomic, metatranscriptomic sequencing, and metabolomic testing.

Research program and WMT process

WMT donors were selected from the universal stool bank (China Microbiota Transplantation Systemm, CMTS). The
donor screening criteria have been described in detail in the Nanjing Consensus[6]. The donors in the present study were
six individuals (four males and two females) between the ages of 18 and 25. No donors were related to the participating
patients.

The steps for the preparation of washed microbiota suspensions were as follows: (1) An automatic purification system
(GenFMTer, FMT Medical, Nanjing, China) was used to enrich the microbiota; (2) the fecal microbiota suspension was
transferred to tubes for centrifugation and the supernatant was discarded (this step was repeated three times using sterile
saline to make the suspension); and (3) the volume ratio of final precipitation/vector solution was 1:2 for making fresh
suspensions[6]. The washed preparation of fecal microbiota changes the transplantation-related safety, quantitative
method, and delivery[7]. Moreover, the “one-hour FMT protocol” was used to ensure that the interval between defecation
and infusion of the fresh bacteria into the intestinal tract of patients was less than one hour[14]. Washed microbiota
suspensions (1U) were delivered through either colonic or mid-gut transendoscopic enteral tubing (TET) once daily for
two days (methods for colonic[15] and mid-gut[16] TET have been reported in detail in previous studies). Colonic TET
offers a new and convenient method of delivering WMT that is painless and easily reproducible, resulting in high patient
satisfaction[14].

Assessment of efficacy

The primary outcome was the clinical response (a decrease in CDAI score > 100) three months after WMT. Secondary
outcome included clinical remission (CDAI < 150), improvement in HBI, SES CD score, reduction in the various inflam-
matory markers [erythrocyte sedimentation rate (ESR), high-sensitivity C-reactive protein (hs-CRP), fecal calprotectin],
and improvement in different clinical symptoms three months after WMT. In particular, mucosal healing after WMT can
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be evaluated in patients willing to undergo colonoscopy three months after WMT.

Security assessment

The follow-up was conducted one week, one month, three months, and six months after WMT to assess the potential AE
and concomitant medication changes. The correlation between AE and WMT was classified as either “unrelated,”
“possible,” “probably,” or “definitive”[17].

Patient and donor fecal sample collection

The stool samples from patients and donors were collected and delivered to the laboratory within one hour and stored at
-80 °C until processing. The samples were collected one week before WMT and three months after WMT. A total of 22
fecal samples were collected, of which 16 were from eight CD patients (including five responders and three non-
responders), and six were from the six donors. All the samples were subjected to metagenomic, metatranscriptomic, and
untargeted metabolomic analysis.

DNA/RNA extraction and metagenomic/metatranscriptomic sequencing

Total gut microbiota genomic DNA was extracted from the 22 thawed stool samples using the QIAGEN DNeasy
PowerSoil Pro Kit (Qiagen, Germany) according to the manufacturer’s instructions. Total RNA was extracted from the
samples using the QIAGEN RNeasy PowerMicrobiome Kit (Qiagen, Germany), employs the RiboMinus™ Transcriptome
Isolation Kit (Invitrogen, United States), that utilizes rRNA-complementary probes to bind and remove rRNA.
Subsequently, the mRNA was randomly divided into various short fragments of 250-300 bp with divalent cations in the
NEB Fragmentation Buffer, and the first strand of cDNA was then synthesized using the fragmented RNA as a template
and random oligonucleotides as potential primers. The DNA obtained by both methods was sequenced using the
Illumina NovaSeq PE150 platform. The above experiments were performed at Institute of Microbiology, Chinese
Academy of Sciences, Beijing, China.

Species annotation and functional analysis

The rRNA reads were removed using Bowtie2, based on the sortmerna-4.3 version of the rRNA database. The sequences
were assembled using the MEGAHIT software, and gene prediction was conducted with Prodigal. The various redundant
genes were removed from multiple samples using cd-hit. The obtained reference sequences and the reads were then
compared to the reference sequences using the software BBMap Suite to calculate abundance. Both metagenome and
metatranscriptome were analyzed using the software kraken2[18] to obtain abundance tables of species across different
taxonomic levels. Intergroup differences were examined using linear discriminant analysis effect size (LEfSe).

Identification and quantification of metabolites in fecal samples

The chromatographic separation of the target compounds was performed on a Waters ACQUITY UPLC BEH Amide (2.1
mm X 50.0 mm, 1.7 pm) liquid chromatography column using a Vanquish (Thermo Fisher Scientific) ultra-performance
liquid chromatograph[19]. The liquid chromatographic phase A consisted of an aqueous phase containing 25 mmol/L
ammonium acetate and 25 mmol/L ammonia, whereas the phase B was acetonitrile. The temperature of the sample tray
was maintained at 4 °C, and the injection volume was 2 pL. The Orbitrap Exploris 120 mass spectrometer, controlled by
Thermo’s Xcalibur software (version 4.4), could acquire primary and secondary mass spectrometry data. The raw data
was converted into mzXML format by ProteoWizard software and then processed by an in-house written R package
(kernel XCMS) for peak identification, extraction, alignment, and integration[20]. The substance annotation was then
performed by matching it with the self-built secondary mass spectrometry database of BiotreeDB (V2.1), and the cut-off
value for algorithm scoring was set to 0.3.

Metabolite analysis of fecal samples

The data were log-transformed and centered (CTR) formatted using SIMCA software (V16.0.2, Sartorius Stedim Data
Analytics AB, Umea, Sweden). After that, it was subjected to automated modeling analysis[21], and a Score scatter plot of
the PCA model was obtained. For each set of comparisons, we calculated the Euclidean distance matrix for determining
the quantitative values of the differential metabolites and clustered differential metabolites in a complete chaining
approach, and these metabolites were subsequently presented in a heat map.

Heat mapping of metabolite and microbial species correlation in fecal samples

Based on the non-parametric test method, paired Wilcoxon tests were employed to obtain significant differences in
metabolite level (P < 0.05), RNA level species annotated with LEfSe LDA greater than two, and significant differences (P
< 0.05) in species annotated with LEfSe LDA. The correlation coefficients, R, were calculated with a P value using the
Spearman method to create the heatmap.

Statistical analysis

The descriptive statistics included reporting the means and standard deviations for continuous variables and the
frequencies and percentages for categorical variables. The data were examined using IBM SPSS 26.0. Wilcoxon signed-
rank tests were employed to analyze paired data. P values < 0.05 were considered as significantly different.
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RESULTS

Clinical outcome

The baseline characteristics of patients are depicted in Table 1 (Supplementary Table 1 for specific parameters). We found
that seven of the 11 patients met the primary endpoint of CDAI improvement-a clinical response rate of 63.6%. All the
responders achieved clinical remission. The remaining four non-responders experienced symptoms of disease within
three months of treatment and returned to the hospital. The seven patients who reached the primary observation
endpoint were followed up 3-6 months after the treatment. Among these, one patient experienced increased abdominal
pain and was readmitted to the hospital. Two patients in remission requested a repeat WMT to consolidate their
treatment. The remaining four patients remained in clinical remission. The different parameters in responders and non-
responders three months after WMT-including CDAI, HBI, stool frequency, abdominal pain, CRP, ESR, and fecal calpro-
tectin-are shown in Table 2.

Based on a decrease of more than 100 points in their CDAI score, the patients were categorized into responders (n = 7)
and non-responders (n = 4). After three months of WMT, responders exhibited significant improvements in HBI, CDAI,
and bowel frequency (P < 0.05). In addition, abdominal pain, hs-CRP, and ESR decreased to varying degrees, although
the reduction was not statistically significant. The fecal calprotectin levels in responders remained constant before and
after the treatment (Table 2). However, non-responders did not experience any improvement in CD-related clinical
symptoms and inflammatory indexes; in some cases, their condition even deteriorated compared to the baseline period
(Supplementary Table 2). Consistent with the clinical symptoms and laboratory indices, four patients in the responder
group displayed a trend of decreasing SES CD scores compared with the previous period. Conversely, the non-responder
group showed increased SES CD scores during the same period.

AEs

The incidence of AEs was 2/22 (9.1%). One patient experienced constipation (possibly related, mild) within one week of
transplantation, which improved rapidly with laxative medication. In the other patient, a mild increase in defecation
(possibly related, mild) was observed on the second day after transplantation and was not treated. Both patients'
symptoms resolved spontaneously within 24 hours. Two other patients experienced painful episodes of urticaria and
gout after treatment. Because these patients had previously relapsed with similar conditions, the treating physicians did
not consider them to be transplant-related. All of these AE were clarified as short-term AE according to the cut-pont of 1
month-post WMT[22]. No severe AEs and long-term AE occurred during treatment and follow-up.

MICROBIOME AND METABOLOMIC ANALYSIS

Differences in the gut microbiome and metabolome between patients with mildly active CD and donors

Metagenomic species-level annotation showed that CD patients had significantly decreased Shannon and Simpson
indices compared to donors prior to WMT, indicating lower alpha diversity (ANOVA, P < 0.01; P < 0.05) (Figure 1A).
Regarding B-diversity, we constructed a principal coordinate analysis plot of the categorical distances between the
samples (Jaccard index in Figure 1B), revealing a significant separation between the two groups, with the donor group
exhibiting a more compact clustering. At the metabolome level, a significant separation between the two groups was
visible in the Score scatter plot of the PCA model. The donor group exhibited a significantly closer clustering than the CD
group (Figure 1C). Differences in the amino acids composition of fecal samples were found between patients with
baseline CD patients and donors (Figure 1D). Amino acids levels in the feces of CD patients were higher than those of
donors.

LEfSe was employed in the metagenomic analysis to screen the two groups for the differential species based on LDA >
2 and P < 0.05. The three species with the highest abundance in the patient group before the transplantation were
Collinsella aerofaciens (LDA = 4.901 P < 0.05), Erysipelotrichaceae bacteriuml46 (LDA = 3.745, P < 0.05), and Clostridium
scindens (LDA = 3.697, P < 0.01). In contrast, the three species with the highest abundance in the donor group were F.
prausnitzii (LDA = 5.002, P < 0.01), Anaerostipes hadrus (A. hadrus, LDA = 4.259, P < 0.01), and Bacteroides vulgatus (LDA =
4104, P < 0.01), respectively (Supplementary Figure 1).

The same LEFSe was employed in the metatranscriptomic analysis to screen for the differential species between
baseline and donor in CD patients based on LDA = 2 and P < 0.05. The top three species with the highest baseline
abundance in CD patients were observed to be Phocaeicola coprophilus (LDA = 4.43, P < 0.01), Bacteroides fragilis (LDA =
4178, P < 0.01) and Bacteroides sp. PHL 2737 (LDA = 4.035, P < 0.01). The three species with the highest abundance in the
donor group were Bifidobacterium bifidum (LDA = 4.746, P < 0.05), A. hadrus (LDA = 4.638, P < 0.01), and Blautia producta
(LDA = 4.518, P < 0.01) (Supplementary Figure 2). Interestingly, when analyzed in comparison with the metagenome
assay results, elevated expression of F. prausnitzii, A. hadrus, and R. intestinalis in the donor group was found to be almost
identical to the metatranscriptomic assay results (Supplementary Table 3).

The diversity of gut microbiome increased in responders after WMT, and the diversity was associated with clinical
symptoms

According to the metagenomic species level annotation, there was a significant increase in alpha diversity (as indicated
by the observed species and chaol index) in the responder group after WMT compared to the baseline (ANOVA, both P <
0.01) (Figure 2A). However, the non-responder group did not show any notable alterations in observed species and chaol
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Table 1 Baseline characteristics of the study participants, n (%)

Characteristic n (%)
Age (SD) 35.6 (9.4)
Male 8 (81.8)
Female 3(18.2)

Age at diagnosis (Montreal classification)

Al (age <16 yr) 1(9.1)
A2 (age 17-40 yr) 9 (81.8)
A3 (age > 40 yr) 1(9.1)

Location (Montreal classification)

L1 (terminal ileum disease) 5 (45.5)
L2 (colonic disease) 3(27.3)
L3 (ileocolonic disease) 3(27.3)
L4 (upper GI) 0 (0.0)

Behavior (Montreal classification)

B1 (inflammatory) 3(27.3)
B2 (stricturing) 4 (36.4)
B3 (penetrating) 2(18.2)
B2 + B3 2(18.2)
Perianal disease 4 (36.4)
Duration of disease, mean (SD), yr 8.8 (6.9)

Medication at the time of WMT

None 2(18.2)
Mesalamines 7 (63.6)
Steroids 1(9.1)
Immunomodulators 3(27.3)
Biologics therapy 1(9.1)
Bowel surgery 2(18.2)
Anal surgery 4 (36.4)

Smoking status

Current 0 (0.0)
Ex-smoker 2(18.2)
Never smoker 9 (81.8)

Disease severity

Mild 11 (100.0)

Moderate 0 (0.0)

Severe 0 (0.0)
Route of WMT

Mid-gut TET 4 (36.4)

Colonic TET 7 (63.6)

GI: Gastrointestinal; WMT: Washed microbiota transplantation; TET: Transendoscopic enteral tubing.
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Table 2 Clinical outcomes baseline and post-3 month washed microbiota transplantation

Responders' Non-responders’

3-month post- 3-month post-

Variable Baseline, mean Baseline, mean

n +5D ! WMT, mean P value n +5D ’ WMT, mean Pvalue

- SD - SD

HBI (three-month 7 57108 24105 0.014 4 5.0+0.0 70423 0.157
post-WMT)
CDAI (three-month 7 196.5+21.7 76.4 295 0.018 4 190.0 +13.3 238.5+50.1 0.068
post-WMT)
Stool frequency 7 17+1.0 0.6+05 0.023 4 15406 35+24 0.180
(number/d)
Pain (scale 0-3) 7 07405 03+05 0.083 4 05+0.6 05+0.6 1.000
hs-CRP (mg/L) 7 36161 21420 0.500 4 148 +15.8 29.6+19.0 0.144
ESR (mm/h) 7 15.9+17.0 10.9+11.2 0.340 4 433+316 54.0 +33.0 0.273
Fecal calprotectin 6 367.6 £159.9 374.2 +£290.4 0.753 4 391.6 £120.9 561.2 +140.2 0.144
(ug/g)
SES CD score 4 53121 33+25 0.285 4 93174 175+7.1 0.068

Walues compared by Wilcoxon signed-rank tests.

Clinical outcomes of responders’ baseline and post-washed microbiota transplantation (WMT) and non-responders’ baseline and post-WMT. The data are
presented as means + SD. WMT: Washed microbiota transplantation; HBI: Harvey-Bradshaw index; CDAI: Crohn’s Disease Activity Index; hs-CRP: High-
sensitivity C-reactive protein; ESR: Erythrocyte sedimentation rate; SES: Simple Endoscopic Score; CD: Crohn'’s disease.

index following WMT compared to the baseline (ANOVA, both P < 0.05) (Figure 2B).

When analyzing the disparities in post-transplant microbiome diversity, the responder group presented a significant
increase in observed species and chaol index compared to the non-responder group. (ANOVA, both P < 0.05)
(Figure 2C). Examining the disparity in species abundance at the DNA and RNA levels in both groups showed a marked
resemblance between the two differential microbiomes (Figure 2D). There was a decrease in F. prausnitzii and Phocaeicola
vulgatus and an increase in E. coli.

Changes in microbiome and metabolome before and after WMT in responders

A thorough comparison of DNA levels between the baseline responder group, post-transplantation responders, and
donors exhibited that the transfer of F. prausnitzii can be identified in both donor and responder samples, with corres-
ponding variations observed in RNA levels (Figure 3A). The fecal metabolites L-glutamic acid, gamma-glutamyl-leucine,
and prolyl-glutamine were significantly higher than the donors before WMT but decreased after WMT (Figure 3B).
Furthermore, a number of metabolites exhibit a similar pattern of alteration (Figure 3C).

At the DNA level, the comparison between the community species pre-and post-WMT revealed an increase in Desulfo-
vibrio piger (D. piger) and Clostridiales bacteriumCCNA10, and a decrease in Paraclostridium bifermentans (P. bifermentans),
Bradyrhizobium sp 6 2017, and Bradyrhizobium sp SK17 (Figure 3D), according to the results from the comparative LEfSe
analyses. Interestingly, the most significant changes at the RNA level included a decrease in C. difficile and a significant
increase in Prevotella copri (P. copri) (Figure 3E). Analysis of fecal metabolites showed a significant decrease in several
metabolites, such as isonicotinic acid, lutein, and norvaline (Supplementary Figure 3). Heatmaps were plotted to show
differential species (RNA levels) and differential metabolite correlations before and after WMT in the responding group,
as shown in Figure 3F.

DISCUSSION

In this prospective study on the effectiveness of WMT for CD, 63.6% of patients experienced notable improvements in
CDALI (of more than 100 points) three months after WMT. This treatment efficacy was higher than in a previously
reported study[10]. Although inflammatory indicators such as SES CD, fecal calprotectin, hs-CRP, and ESR decreased in
the responding group, the small sample size prevented the identification of statistically differences (P > 0.05). Therefore,
randomized controlled trials with larger sample sizes are needed for further validation of these findings.

We thoroughly analyzed fecal samples obtained from patients before and after WMT-and from donors-for
metagenomic, metatranscriptomic, and non-targeted metabolomic assays. To our knowledge, this is the first time that
metatranscriptomic and metabolomic techniques have been used to analyze pre- and post-transplant fecal samples in a
study of FMT for CD. Metagenomic-based species annotation studies revealed that patient clinical phenotypes were
significantly associated with alpha diversity (Figure 1A; Figure 2A-C). For example, the alpha diversity of the donor gut
microbiome was significantly higher than that of baseline patients. The alpha diversity of the post-WMT responders was
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Figure 1 Mildly active Crohn’s disease patients differed from the donors in alpha and beta diversity and metabolites. A: Baseline Crohn’s
disease (CD) patients exhibited significantly lower gut microbiome Shannon’s and Simpson’s index than the donors; B: Comparison of beta diversity of the microbial
communities between baseline CD patients and donors. The Jaccard distances from principal coordinate analyses of abundance are depicted as donors (red) and
baseline CD patients (blue). The donors’ samples were more tightly clustered than the baseline samples; C: The PCA score plot clearly discriminated between donors
(red) and baseline CD patients (blue), where donors’ samples were more tightly clustered than baseline CD patients’ samples; D: The heat map depicts the intensity
of amino acid in the feces of CD patients and donors.
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Figure 2 Patients’ clinical symptoms were correlated with the composition of the gut microbiota and alpha diversity. A: The observed species
and chao1 index of the gut microbiota were significantly increased in the responders after transplantation; B: The observed species and chao1 index of the gut
microbiota of the non-responders did not change significantly before and after washed microbiota transplantation (WMT); C: The observed species and chao1 index
significantly larger in the responders than non-responders post-transplantation; D: Similar differences in species-rich changes at both DNA and RNA levels were
observed between the responders and non-responders after WMT treatment. WMT: Washed microbiota transplantation.
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significantly higher than that of the baseline. However, the alpha diversity of the non-responders was not significantly
altered pre- and post-WMT. These findings were consistent with those reported in previous studies[23]. In terms of beta
diversity, it was observed that there was a distinct separation between the donor group and the baseline patients, and the
samples were clustered more tightly between the donor groups, which also aligns with previous reports[24]. A similar
phenomenon was observed in metabolomic analyses (Figure 1C).

The microbiome characteristics of the baseline CD patient samples were also analyzed. The significant reductions in R.
intestinalis, F. prausnitzii, and Akkermansia muciniphila in the DNA-level species-richness-based differential analyses
(Supplementary Figure 1) were very similar to the results of other recently reported studies of CD patients and healthy
controls[25]. However, despite the presence of a gene in the DNA, its functionality and transcriptional activity are not
guaranteed as they rely on the type and quantity of RNA transcribed from it[26]. The metatranscriptome can offer
improved “resolution” for species identification compared to the metagenome[11]. In this study, we compared the
metagenomic and metatranscriptomic analyses and observed that the changes in certain strains were consistent. When
studying the species differences between the donors and baseline CD patients, it was discovered that F. prausnitzi, A.
hadrus, and R. intestinalis were significantly more abundant in the donors than in baseline CD patients based on both
DNA and RNA species annotation (Supplementary Table 3). All three bacteria are producers of short-chain fatty acid
(SCFA)[25]. SCFA is an important metabolite for maintaining intestinal homeostasis and is thought to have some
therapeutic potential for IBD[27]. F. prausnitzi and R. intestinalis are recognized as beneficial bacteria in IBD and can exert
anti-inflammatory effects through the regulation of multiple pathways[25,28]. When comparing the differences in
bacterial microbiomes between the responder and non-responder groups post-transplantation, an increase in SCFA-
producing bacteria[25], such as F. prausnitzii and Phocaeicola vulgatus, as well as a decrease in the potentially pathogenic
bacterium E. coli, were also found in the responder group at both the DNA and RNA levels (Figure 2D).

The effectiveness of WMT lies in its ability to restore the patient’s microbial balance effectively. We observed that,
whether based on investigation of DNA or RNA levels, the abundance of F. prausnitzii showed a remarkable increase after
transplantation in the responders compared to baseline and was higher than in the non-responders group (Figures 2D
and 3A). It was observed that Ruminococcus gnavus, a well-established CD causative agent[4], significantly decreased in
the responders after transplantation at the RNA level. However, contrasting results were observed at the DNA level.
(Figure 3A). Thus, RNA-based transcriptional activity of the bacterial population could be more relevant to the clinical
outcomes.

Furthermore, a significant increase in the abundance of D. piger in the responding group (based on DNA levels) was
noted in this study. Around 50% of individuals carry sulfate-reducing bacteria (SRB) in their gut. Specifically, D. piger
was reported to be the most common SRB in a cohort of healthy adults in the United States[29]. In addition, prior studies
have shown that a higher abundance of D. piger is resistant to invasion by Salmonella enteritidis in a chick preclinical model
[30]. Moreover, the abundance of potentially pathogenic bacteria, such as P. bifermentans and Bradyrhizobium sp 6 2017,
was significantly reduced in the responder group after the transplantation. P. bifermentans was the first strain reported to
cause worsening of the pathological scores in a mouse model of ulcerative colitis[31]. In another elegant study,
Bradyrhizobium enterica (B. enterica) nucleotide sequences were identified by PCR from the biopsy specimens of patients
with umbilical cord colitis, thereby suggesting that B. enterica may be an opportunistic human pathogen[32].

Interestingly, the decreased abundance of C. difficile and increased abundance of P. copri was predominantly found at
the RNA level (Figure 3E). C. difficile is an opportunistic pathogen with increased abundance in the intestines of dysbiotic
intestinal hosts and is a leading pathogen in pseudomembranous colitis. Several previous studies have shown a
significant decrease in P. copri in pediatric CD patients and in a canine model of CD[33], whereas P. copri abundance was
significantly increased after WMT intervention. Based on these findings, it can be suggested that WMT can improve
patients’ clinical outcomes by optimizing microbiome structure, boosting the presence of helpful bacteria, and reducing
the colonization of pathogenic bacteria.

Increased levels of many amino acids were observed in the baseline samples collected from CD patients (Figure 1D).
Previous studies have shown that there is a noticeable increase in specific metabolites related to glutathione metabolism
(including glutamate, glycine, cysteine, and pyroglutamate) in the urine of pediatric IBD patients[34], and it has also been
suggested that CD patients tend to have enhanced fecal amino acids[35]. Furthermore, various studies in preclinical
models have indicated that bacterial urease expression can effectively transfer host-sourced nitrogen to the gut microbiota
to facilitate amino acid synthesis during gut microbiota dysregulation and inflammation[35].

Interestingly, several amino acids (including L-glutamic acid, gamma-glutamyl-leucine, and prolyl-glutamine) were
elevated in the baseline samples compared to the donors but decreased significantly after WMT (Figure 3B). Among
these, glutamic acid has been recognized as an inflammatory marker in an immunocompromised mouse model of a
specific type of ulcerative colitis[36]. Moreover, another study indicates that increased levels of gamma-glutamyl-leucine-
a biologically active peptide implicated in inflammation, oxidative stress, and glucose management-are causally
associated with cardiometabolic risk[37]. In addition, the down-regulation of prolyl-glutamine has been linked with
immune enhancement in mice[38]. We have illustrated the presence of several metabolites showing similar patterns
(Figure 3C). One of these metabolites, N1-methyl-2-pyridone-5-carboxamide (M2Py), is known to be a uremic toxin[39].
The reduction in M2Py levels after transplantation through WMT suggests that WMT could be a potentially effective
approach in protecting the renal function of patients suffering from renal failure[40]. In addition, the levels of many anti-
inflammatory substances (including isonicotinic acid, lupulone, and norvaline) were elevated in the responders after
WMT. The combination of isoniazid and salazosulfapyridine has demonstrated anti-colitis effects in preclinical
experiments by suppressing the pathology of inflammation and fibrosis in a model of colitis[41]. Lupulone, a component
found in hops extracts, is recognized for its significant role in exhibiting antimicrobial effects and its potential as an
antioxidant, anti-inflammatory, and antibacterial agent[42]. Norvaline demonstrates anti-inflammatory properties by
inhibiting arginase, and its effectiveness in reducing inflammation is partially due to its ability to suppress inhibited
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Figure 3 Changes in microbiome and metabolome before and after WMT in responders. A: The transfer of Faecalibacterium prausnitzii from the
donor to the responders can be detected at both the DNA and RNA levels; B: Demonstration of several fecal metabolites that were significantly higher than those of
the donors before the washed microbiota transplantation (WMT) and declined after the WMT; C: Heat map of the selected metabolite intensities between the
responder group before and after WMT treatment and the donor trio; D: A plot of the difference in linear discriminant analysis effect size of the species level at the
DNA level in the responders before and after the WMT revealed statistically significant differences (P < 0.05); E: The species changes at the RNA level before and
after WMT in the responders; F: Correlation heatmap analysis of the differential metabolites in differential species (RNA levels) before and after WMT in the
responder group. 2P < 0.05, °P < 0.01. WMT: Washed microbiota transplantation.

p70s6k[43].

Correlation heatmap display analyses were performed for both differential metabolites and differential species at the
RNA level pre-and post-WMT in the responders (Figure 3F). It was observed that species such as Eubacterium limosum
and Bacillus cereus were positively correlated with the metabolite norvaline, which is associated with anti-inflammatory
properties. In addition, previous studies have indicated that Eubacterium spp. and Bacillus cereus can exhibit significant
anti-inflammatory effects related to intestinal inflammation[25,44]. Several species within the genus Prevotella, including P.
copri, are negatively correlated with the immune-related metabolite dehydrophytosphingosine[45] but positively
correlated with the anti-inflammatory metabolite norvaline[43] and urocanic acid[46].

A limitation of this study is its small sample size, which is related to our strict inclusion criteria. To minimize the
interference of drugs on the results of microbiome testing, we excluded patients who had used drugs (such as antibiotics,
proton pump inhibitors, and probiotics) within three months before recruitment and three months after WMT. We also
excluded some patients with moderately to severely active CD. Nonetheless, although not designed as a randomized
controlled trial, this study closely integrates microbiomics and metabolomic analyses, providing new evidence for
understanding FMT in treating CD and thus advancing the field of microbiota medicine[47].

CONCLUSION

This study demonstrates that WMT is effective in CD treatment. The clinical phenotype of the patients was closely related
to the altered diversity of the gut microbiota, and metagenomic and metatranscriptomic techniques were effective and
complementary in improving the “resolution” of the active microbiome, which could potentially have significant implic-
ations. To better understand the role of the microbiome in WMT treatment and uncover the underlying mechanismes, it
remains crucial to utilize additional genomic techniques such as macro-proteomics and culture genomics in future
studies.

ARTICLE HIGHLIGHTS

Research background

Incidence of Crohn’s disease (CD) is increasing every year, posing a serious threat to human health. Fecal microbial
transplantation (FMT) is a promising therapeutic approach for the treatment of CD. The new methodology of FMT, based
on the automatic washing process, was named as washed microbiota transplantation (WMT).
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Research motivation
Most existing studies have focused on observing clinical phenomena. However, a combined multi-omics (metagenomic,
metatranscriptomic, and metabolomic) analysis of FMT for the effective treatment of CD has not been reported.

Research objectives
To examine the effects of two consecutive fixed WMT doses on clinical and endoscopic outcomes in CD patients. A
secondary aim was to explore alterations in the microbiome and metabolome in response to WMT.

Research methods

WMT was administered to 11 patients with active CD. Their clinical response (defined as a decrease in CD activity index
score > 100 points) was assessed three months after transplantation. Fecal samples collected 1 wk before and 3 months
after WMT were subjected to combined metagenomic, metatranscriptomic, and metabolomic analyses.

Research results

Seven of 11 patients (63.6%) demonstrated response 3 months after WMT. There was a significant increase in the diversity
of the gut microbiota after WMT, consistent with improved clinical symptoms. A comparison of metagenomic and
metatranscriptomic analyses revealed constant changes in certain strains, such as Faecalibacterium prausnitzii, Roseburia
intestinalis, and Escherichia coli. Metabolomic analysis of the responder group identified certain amino acids that may be
associated with disease progression (e.g., L-glutamic acid, gamma-glutamyl-leucine, and prolyl-glutamine) that were
higher in the pre-transplant than in the donor but lower in the post-transplant.

Research conclusions
WMT has shown efficacy in CD treatment, possibly due to the effective reconstitution of the patient’s microbiome.

Combined metagenomic, metatranscriptomic, and metabolomic analyses can effectively help decipher the underlying
mechanisms of WMT for CD.

Research perspectives
The exact mechanism by which FMT treats CD still needs to be better understood. Future studies need to clarify the
underlying mechanisms by utilizing additional histological techniques (e.g., macro-proteomics and culture genomics etc.).
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RESULTS

Serum AST and ALT levels were elevated in patients with ALF. SIRT1, solute carrier family 7a member 11
(SLC7A11), and GPX4 protein expression was decreased and acetylated p5, p53, GSDMD, and acyl-CoA synthetase
long-chain family member 4 (ACSL4) protein levels were elevated in human ALF liver tissue. In the p53 and
ferroptosis inhibitor-treated and GSDMD”- groups, serum interleukin (IL)-1B, tumour necrosis factor alpha, IL-6,
IL-2 and C-C motif ligand 2 levels were decreased and hepatic impairment was mitigated. In mice with GSDMD
knockout, p53 was reduced, GPX4 was increased, and ferroptotic events (depletion of SLC7A11, elevation of
ACSL4, and iron accumulation) were detected. In vitro, knockdown of p53 and overexpression of GPX4 reduced
AST and ALT levels, the cytostatic rate, and GSDMD expression, restoring SLC7A11 depletion. Moreover, SIRT1
agonist and overexpression of SIRT1 alleviated acute liver injury and decreased iron deposition compared with
results in the model group, accompanied by reduced p53, GSDMD, and ACSL4, and increased SLC7A11 and GPX4.
Inactivation of SIRT1 exacerbated ferroptotic and pyroptotic cell death and aggravated liver injury in LPS/D-GalN-
induced in vitro and in vivo models.

CONCLUSION
SIRT1 activation attenuates LPS/D-GalN-induced ferroptosis and pyroptosis by inhibiting the p53/GPX4/GSDMD
signaling pathway in ALF.

Key Words: Silent information regulator sirtuin 1; Ferroptosis; Pyroptosis; p53/glutathione peroxidase 4/gasdermin D; Acute
liver failure

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

Core Tip: In this study, we investigated the involvement of ferroptosis and pyroptosis in acute liver failure (ALF) using
lipopolysaccharide/D-galactosamine-induced ALF model mice. Our results showed that silent information regulator sirtuin 1
activation alleviated ALF through p53/glutathione peroxidase 4/gasdermin D, which mediated the ferroptosis and pyroptosis
crosstalk. Our study established a link between ferroptosis and pyroptosis and the upstream regulatory mechanisms. These
results may lead to the identification of potential therapeutic targets for ALF.
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INTRODUCTION

Acute liver failure (ALF) is a rare and severe consequence of abrupt hepatocyte injury, with a mortality rate of up to 30%
[1]. ALF is caused by various factors, including drugs, toxins, virus, and metabolic diseases. The central event in ALF is
the excessive and uncontrolled mass death of hepatocytes through necrosis and apoptosis, which can cause DNA damage
and oxidation stress, accompanied by an inflammatory storm[2,3]. Accumulating evidence has suggested that ferroptosis
and pyroptosis, which are novel programmed modes of cell death that are distinct from necrosis, apoptosis, and
autophagy, play critical roles in ALF by each mediating different immunological effects and inflammatory responses[4-6].

Ferroptosis is characterized by intracellular iron overload, decreased glutathione peroxidase 4 (GPX4) activity, and
accumulation of lipid reactive oxygen species (ROS)[7]. Solute carrier family 7a member 11 (SLC7A11), a component of
the system XC~ antiporter located in the cell membrane, is involved in glutathione (GSH) synthesis[8]. Jiang et al[9]
showed that transcriptional suppression of SLC7A11 by p53 resulted in inhibited cystine uptake and sensitized cells to
ferroptosis. p53 plays a critical role in the cellular response to various stresses, including DNA damage, hypoxia,
nutrition starvation, and oncogene activation[10]. Additionally, p53 promotes ferroptosis by inhibiting cystine
metabolism and ROS activity[9,11].

Pyroptosis is a form of lytic cell death induced by pathogen infection or an endogenous challenge[12]. When cells
receive internal and external danger signals, pattern recognition receptors initiate various inflammasomes to activate
caspase 1, leading to cleavage of the pyroptosis executor gasdermin D (GSDMD) into the active N terminal and inactive C
terminal. The active N terminal fragment translocates from the cytosol into the medial cell membrane, forming a large
number of sieve membrane pores, resulting in the release of cell contents, including interleukin (IL)-18 and IL-18, into the
extracellular space. Recruitment of immune cells for targeted migration to the injury site mediates secondary immune
damage[13]. Our previous study showed that GSDMD-mediated pyroptosis of hepatocytes played an important role in
the pathogenesis of ALF[14]. Furthermore, GSDMD knockout reduced hepatocyte death and inflammatory responses,
thus alleviating ALF. However, the relationship between ferroptosis and pyroptosis in ALF is unknown.
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Silent information regulator sirtuin 1 (SIRT1), which is an NAD+-dependent protein deacetylase, regulates the
acetylation of specific transcription factors and proteins, including p53. SIRT1 is involved in various functions, such as
energy metabolism, stress responses, inflammation, and redox homeostasis[15,16]. Deacetylation of p53 by SIRT1 may act
as a protective shield in sepsis-induced liver injury[17].

In the present study, we investigated the involvement of ferroptosis and pyroptosis in ALF using lipopolysaccharide
(LPS)/D-galactosamine (D-GalN)-induced ALF model mice. Our study established an association between ferroptosis
and pyroptosis and the upstream regulatory mechanisms. These results may lead to the identification of potential
therapeutic targets for ALF.

MATERIALS AND METHODS

Patients

Samples from 30 patients with ALF and 30 healthy individuals were collected from the Affiliated Hospital of Guizhou
Medical University. ALF was diagnosed by following the definition in the 2017 EASL ALF Guidelines[18]. Whole livers of
seven patients with ALF and donor trimmed portions from three liver transplant recipients were collected. This study
was approved by the Ethics Committee of the Affiliated Hospital of Guizhou Medical University (2018 Lun Audit No.
036) and complied with the ethical guidelines of the 1975 Declaration of Helsinki. The tissue donors and/or their families
provided informed consent for the use of human residual material for research purposes.

Mouse model and drug treatment

Male C57BL/6 mice (8-10 wk, 22-26 g) were purchased from SPF Biotechnology Co. (Beijing, China). Male GSDMD
systemic knockout (GSDMD~) mice (C57BL/ 6] strain, 6-8 wk) were a generous gift from Shao Feng’s Laboratory, Beijing
Institute of Life Sciences, China. All animals were kept in the Laboratory Animal Centre of Guizhou Medical University
(laboratory animal production license No. SYXK (Guizhou) 2023-0002, and laboratory animal use license No. SYXK
(Guizhou) 2023-0002). The animal experimental methods designed in this study were reviewed and approved by the
Animal Ethics Committee of Guizhou Medical University. The mice were maintained in a 12-h light-dark cycle
environment and had free access to water and food. The mice acclimated to the environment for 1 wk before the
experiments.

The mice were randomly divided into the following nine experimental groups (n = 10 per group): Vehicle (phosphate-
buffered saline), resveratrol [a SIRT1 activator; MedChemExpress, New Jersey, United States; 30 mg/kg, intraperitoneal
injection (i.p.) for 14 d], EX527 (a SIRT1 inhibitor; Sigma, St. Louis, Missouri, United States; 5 mg/kg, i.p. for 14 d),
pifithrin-a (a p53 inhibitor; MedChemExpress; 2.2 mg/kg, i.p. for 3 d), nutlin-3a (a p53 inducer; MedChemExpress; 12
mg/kg, i.p. for 7 d), liproxstatin-1 (a ferroptosis inhibitor; MedChemExpress; 10 mg/kg, i.p. for 14 d), RAS-selective lethal
3 (RSL3) (a ferroptosis inducer; Sigma; 2 mg/kg, i.p. for 7 d), GSDMD"-, and ALF model. The mice were pre-treated as
described above before establishing the model.

To establish the ALF model, all groups except for the vehicle group, were injected with LPS (Sigma; 10 pg/kg, i.p.) and
D-GalN (Sigma; 300 mg/kg, i.p.). After 48 h, survival was recorded and the surviving mice were sacrificed. Blood was
collected from the eyeball vein and centrifuged at 3000 x g/min for 15 min. The serum was separated and stored at -80 °C.
Liver tissues were harvested by portal vein perfusion. Some of the specimens were fixed using paraformaldehyde for 48
h, and a pathological examination was performed. The remaining tissues were quickly stored at -80 °C.

Iron assay

Liver tissues and cells were homogenized in an ice bath using the Iron Assay Kit (BC4355; Solarbio, Beijing, China). The
samples were centrifuged at 4000 x g at 4 °C and the supernatants were removed. The supernatants were added to a 96-
well plate, and the absorbance was measured at 520 nm with a microplate reader.

Hematoxylin and eosin staining

Liver tissues were fixed in 4% paraformaldehyde for 24 h and dehydrated with a concentration gradient of ethanol
solutions, followed by paraffin embedding. Tissue sections were cut, de-waxed, rehydrated, and stained with
hematoxylin and eosin (HE). The sections were subjected to microscope analysis.

Immunofluorescence analysis

Liver tissues were collected and routinely embedded in optimal cutting temperature compound. The sections were
dewaxed three times for 30 min each and dehydrated three times for 30 min each, followed by three washes with
phosphate-buffered saline. Liver sections were stained with antibodies against SIRT1 (ab110304; Abcam), p53 (80077-1-
RR; Proteintech), and GSDMD (ab219800; Abcam) overnight at 4 °C. After extensive washing, the sections were incubated
with the respective fluorescent secondary antibodies (ab150115 and ab150077; Abcam) for 2 h at room temperature.

Short interfering RNA transfection

SIRT1, p53, GPX4, and negative control (NC) short interfering (siRNAs) were obtained from GeneChem (China). HL7702
cells were transfected with siRNAs using Lipofectamine 3000 (Invitrogen, United States) by following the manufacturer’s
instructions. After 6 h, the culture medium was replaced with fresh complete medium and the cells were cultured for 48

h.
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Alanine aminotransferase and aspartate aminotransferase assays

The levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in serum were assessed using the
ALT Kit (E-BC-K235-M; Elabscience, China) and AST Kit (E-BC-K236-M; Elabscience, China) by following the manufac-
turers’ instructions.

ROS assay

ROS activity in cells was measured with a fluorescent probe (DCFH-DA) (Beyotime, Shanghai, China). HL7702 cells in a
six-well plate were treated with D-GalN/LPS (D-GalN 15 mmol/L + LPS 100 ng/mL) for 24 h, and DCFH-DA (2 uL/
well) was added for 30 min at 37 °C. The cells were washed three times with serum-free medium. DCFH-DA was
measured by flow cytometric analysis.

Quantitative real-time polymerase chain reaction

Liver tissue was lysed with Trizol (Omega, United States). Total RNA was extracted and tested for concentration and
purity. The RNA was reverse transcribed using a reverse transcription kit (Takara, Japan) to synthesize cDNA.
Expression levels of mRNA were evaluated using the SYBR Green detection system (Takara, Japan). All samples were
measured in triplicate and gene expression was normalized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA levels. The primer sequences were as follows: GAPDH, (forward) AGGTCGGTGTGAACGGATTTG and (reverse)
GGGGTCGTTGATGGCAACA; p53, (forward) CCCCTGCATCTT TTGTCCCT and (reverse) AGCTGGCAGAATAGCT-
TATTGAG; GPX4, (forward) TGTGCATC CCGCGATGATT and (reverse) CCCTGTACTTATCCAGGCAGA; GSDMD,
(forward) ATGCC ATCGGCCTTTGAGAAA and (reverse) AGGCTGTCCACCGGAATGA; SLC7A11, (forward)
GGCACCGTCATCGGATCAG and (reverse) CTCCACAGGCAGACCAGAAAA; and acyl-CoA synthetase long-chain family
member 4 (ACSLA4), (forward) CCTGAGGGGCTTGAAATTCAC and (reverse) GTTTCGGTGTGAACGGATTTG.

Western blot analysis

Liver tissues and cells were rinsed twice with phosphate-buffered saline buffer and lysed on ice with RIPA lysis solution
(Solarbio). The protein samples were separated on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred to
polyvinylidene fluoride membranes (Millipore, United States). The membranes were incubated with mouse anti-Sirt1
(1:1000; Abcam; ab110304), mouse anti-p53 (1:1000; Abcam; ab26), rabbit anti-p53 (acetyl K382) (1:1000; Abcam; ab75754),
mouse anti-GPX4 (1:2000; Proteintech; 67763-1-Ig), rabbit anti-GSDMD (1:1000; Abcam; ab129800), rabbit anti-SLC7A11
(1:2000; Origene; TA351958), and rabbit anti-ACSL4 (1:2000; Origene; TA349566) antibodies overnight at 4 °C. The
membranes were incubated with secondary anti-mouse (1:5000; Proteintech; SA00001-1) or anti-rabbit horseradish
peroxidase-conjugated antibodies (1:5000; Proteintech; SA00001-2) for 2 h at room temperature. The signals were
visualized using enhanced chemiluminescence reagent (CLiNX; Chemiscop, Shanghai, China).

Statistical analysis

Statistical analyses were conducted using Prism 8.3.0 (GraphPad, United States). Values are expressed as the mean + SD
of at least three independent experiments. The normality and the homogeneity of variance were checked by the Shapiro-
Wilk test before Student’s t-test and one-way analysis of variance. Student’s t-test was used to compare data between two
groups, while one-way analysis of variance analysis was used for comparison among multiple groups. Statistical
significance was considered if P value was < 0.05.

RESULTS

Ferroptosis and pyroptosis are triggered in liver tissue in patients with ALF

To examine the potential role of ferroptosis and pyroptosis in ALF, we first examined the inflammatory status, liver
function biomarkers, and markers for ferroptosis and pyroptosis in the serum or liver tissue samples from patients with
ALF. We found that AST, ALT, and inflammatory factor levels were increased in human ALF serum (Figure 1A). Iron
staining showed iron accumulation in liver tissue in patients with ALF (Figure 1B and C). Additionally, the ferroptotic
markers GPX4 and SLC7A11 showed decreased protein expression, whereas p53 and ACSL4 proteins, which are positive
regulators of ferroptosis, were elevated in human ALF liver tissue (Figure 1D). In line with previous studies[14], GSDMD,
which is a key regulatory factor of pyroptosis, was increased in human ALF tissue (Figure 1E). We also found that p53
and acetylated p53 (Ac-p53) were elevated and SIRT1 was decreased in human ALF tissue (Figure 1F).

Inhibition of p53/GPX4/GSDMD-mediated ferroptosis and the pyroptosis pathway protects mice against LPS/D-GalN-
induced ALF

We observed an induction of ferroptosis and pyroptosis in human ALF liver tissues, accompanied by increased p53
protein expression. To further examine the mechanism of ferroptosis and pyroptosis in ALF, we inhibited ferroptosis and
pyroptosis in mice with ALF induced by LPS/D-GalN. Untreated mice were first pretreated with pifithrin-o and liprox-
statin-1, which inhibits GPX4 consumption[19,20]. GSDMD~- mice were used as another experimental group. HE staining
of liver sections showed that mice pre-treated with pifithrin-o or liproxstatin-1 and GSDMD”- mice had less structural
damage in liver tissue, and most liver lobules were structurally intact compared with those in the ALF model group.
These mice also showed a prolonged survival compared with those in the ALF model group (Figure 2A and B).
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necrosis factor alpha, interleukin (IL)-1B, and IL-6 were changed in serum samples of healthy individuals and patients with acute liver failure (ALF) (n = 30 in each
group); B: Iron staining (scale bar: 100 ym and 33.3 um) of normal liver tissue and ALF liver tissue; C: Detection of iron in normal liver tissue and ALF; D: Western
blot analyses of glutathione peroxidase 4, solute carrier family 7a member 11, p53, and acyl-CoA synthetase long-chain family member 4 proteins were performed in
healthy individuals and patients with ALF. Data are presented as the mean + SD of three independent experiments; E: Western blot analysis of gasdermin D protein
expression (n = 3); F: Western blot analysis of silent information regulator sirtuin 1 and Ac-p53 protein expression in healthy individuals and patients with ALF (n = 3).
3P < 0.05, °P < 0.01. ALF: Acute liver failure; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; IL: Interleukin; GPX4: Glutathione peroxidase 4;
SLC7A11: Solute carrier family 7a member 11; ACSL4: Acyl-CoA synthetase long-chain family member 4; GSDMD: Gasdermin D; SIRT1: Silent information regulator
sirtuin 1.

Furthermore, mice pre-treated with pifithrin-a or liproxstatin-1 and GSDMD~- mice showed a reduction in elevated
serum levels of IL-1pB, tumour necrosis factor alpha (TNF-a), IL-6, IL-2, and C-C motif ligand 2 (CCL2), which are inflam-
matory factors associated with pyroptosis, compared with those in the ALF model group (Figure 2C). Western blot
analysis and quantitative real-time polymerase chain reaction (QRT-PCR) showed that mice pre-treated with pifithrin-a
and liproxstatin-1 had reduced protein and mRNA levels of GSDMD and ferroptotic markers (ACSL4 and p53) compared
with those in the ALF model group. We also found that GSDMD~- mice showed increased GPX4 and SLC7A11 and
decreased p53 and ACSL4 expression, accompanied by a decrease in iron accumulation (Figure 2D-G). Notably, p53
protein levels were markedly lower in GSDMD”- mice than in ALF mice, but they were not affected by liproxstatin-1.
However, p53 mRNA levels in the liproxstatin-1 group were downregulated (Figure 2D). An immunofluorescence assay
showed a decrease in GSDMD expression in the groups treated with pifithrin-a and liproxstatin-1 (Supplementary Figure
1A).

%o gain insight into the potential mechanisms of ferroptosis and pyroptosis in ALF induced by LPS/D-GalN, HL7702
cells transfected with siRNA targeting p53 and plasmid overexpressing GPX4 were stimulated with LPS/D-GalN for 24
h. We then detected the cellular AST and ALT contents. We found that LPS/D-GalN significantly increased AST and
ALT, while knocking down p53 and overexpressing GPX4 reduced AST and ALT (Figure 3A and B). We further
examined iron, ROS, GSH, and lipid peroxidation products, and found that knocking down p53 and overexpressing
GPX4 significantly reduced GSH, malondialdehyde, and ROS contents compared with those in the AFL model group
(Figure 3C-E). Western blot analysis and qRT-PCR showed that when p53 was knocked down and GPX4 was overex-
pressed, SLC7A11 protein and mRNA expression levels were restored compared with control levels. This change
occurred at the same time as a decrease in ACSL4 expression (Figure 3F-I). Notably, GSDMD expression was also
reduced in the sh-p53 group compared with the sh-NC group. To evaluate the relationships between p53, GPX4, and
GSDMD, we overexpressed GPX4 in HL7702 cells, and found that AST and ALT levels were increased (Supplementary
Figure 1A). Furthermore, with GPX4 overexpression, iron, ROS, and GSH contents and ferroptotic events were higher
than those in the control group (Supplementary Figure 2A). Western blot analysis and qRT-PCR showed that SLC7A11
protein and mRNA levels were downregulated, while p53, ACSL4, and GSDMD protein and mRNA levels were
upregulated in the GPX4 knockdown group compared with the sh-NC group (Supplementary Figure 2B and C).

GPX4 and GSDMD play a prominent role in the occurrence of ferroptosis and pyroptosis. p53 promotes ferroptosis by
inhibiting cystine metabolism and ROS activity. However, the relationships between p53, GPX4, and GSDMD are
unknown. These results showed that the suppression of ferroptosis and pyroptosis attenuated LPS/D-GalN-induced
hepatocyte injury by inhibiting the p53/GPX4/GSDMD signaling pathway and lipid peroxidation.

Upregulation of p53 downregulates SLC7A11 and GPX4, leading to ferroptosis and triggering of pyroptosis

To further validate our hypothesis, we used nutlin-3a and RSL3 (ferroptosis inducer, which also causes GPX4
inactivation)[21,22] in ALF model mice. HE staining of liver tissue showed that the administration of nutlin-3a dramat-
ically aggravated liver injury in ALF model mice to the same extent as that with RSL3 (Figure 4A). Furthermore, both
treatments shortened the survival time of mice (Figure 4B). We also found that nutlin-3a and RSL3 worsened the inflam-
matory response in ALF model mice (Figure 4C). GPX4 and SLC7A11 were significantly decreased after nutlin-3a
treatment, and ACSL4 protein levels were elevated (Figure 4D). Notably, p53 protein levels were upregulated slightly
after RSL3 treatment, but this was not significant (Figure 4D). Western blot analysis showed that GSDMD and GSDMD-N
protein levels were significantly higher in the nutlin-3a and RSL3 groups than in the ALF model group (Figure 4E),
accompanied by increased iron deposition (Figure 4F). Immunofluorescence staining showed that nutlin-3a and RSL3
significantly exacerbated GSDMD expression in liver tissue, which suggested that inducing ferroptosis aggravated
pyroptosis (Supplementary Figure 1B). Taken together, these data indicate that p53 upregulation may cause SLC7A11
and GPX4 downregulation, leading to ferroptosis, which in turn triggers pyroptosis to amplify the inflammatory
response. This process may form a positive feedback loop, resulting in the deterioration of ALF.

The SIRT1-mediated p53/GPX4/GSDMD signaling pathway is dependent on p53 deacetylation in LPS/D-GalN-induced

ALF

We found that SIRT1 levels were downregulated in human ALF, while Ac-p53 and p53 Levels were increased (Figure 1D
and E). Previous studies have shown that SIRT1 inhibits p53 deacetylation. Our results confirmed that p53/GPX4/
GSDMD mediated ferroptosis and pyroptosis. Therefore, we next pre-treated mice with EX527 and resveratrol. HE
staining showed that the structure of the liver lobules was severely destroyed by the infiltration of inflammatory cells in
the EX527 group compared with the ALF model group. In contrast, resveratrol treatment attenuated LPS/D-GalN-
induced acute liver injury (Figure 5A) and prolonged the survival time of mice (Figure 5B). Multi-factor kits showed that
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Figure 2 Inhibition of the p53/glutathione peroxidase 4/gasdermin D signaling pathway attenuates acute liver failure in vivo. A: Macroscopic
examinations of mouse livers and microscopic examinations of liver sections stained with hematoxylin and eosin (100 x); B: Administration of pifithrin-a. and
liproxstatin-1 and gasdermin D (GSDMD) knockout improved the median survival in mice treated with D-galactosamine/lipopolysaccharide; C: Detection of interleukin
(IL)-1B, tumour necrosis factor alpha, IL-6, IL-2, and C-C motif ligand 2 in mouse serum with multi-factor kit. Data are presented as the mean + SD of five independent
experiments; D: Western blot analyses of p53, glutathione peroxidase 4 (GPX4), solute carrier family 7a member 11, Acyl-CoA synthetase long-chain family member 4
(ACSL4), and GSDMD proteins (n = 3 in each group). Data are presented as the mean + SD of three independent experiments; E: Western blot analyses of GSDMD
protein expression (n = 3 in each group). Data are presented as the mean + SD of three independent experiments; F: llron detection with an iron kit. Data are
presented as the mean + SD of five independent experiments; G: Quantitative real-time polymerase chain reaction analyses of p53, GPX4, SLC7A11, ACSL4, and
GSDMD mRNA expression (n = 3 in each group). Data are presented as the mean + SD of three independent experiments. 2P < 0.05, °P < 0.01. ALF: Acute liver
failure; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; IL: Interleukin; GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 7a member
11; ACSL4: Acyl-CoA synthetase long-chain family member 4; GSDMD: Gasdermin D; SIRT1: Silent information regulator sirtuin 1; LPS: Lipopolysaccharide; D-GalN:
D-galactosamine.

EX527 exacerbated the inflammatory response (serum IL-1B, TNF-a, IL-6, IL-2, and CCL2 levels in mice), while resveratrol
had the opposite effect (Figure 5C). Western blot analysis showed that, in liver tissue of resveratrol-treated mice with
ALF, SIRT1 activation increased p53 acetylation, with no significant changes in p53 protein levels (Figure 5D). When
SIRT1 was inhibited, GPX4 and SLC7A11 expression was decreased and ACSL4 expression was upregulated (Figure 5E).
GSDMD and GSDMD-N expression was increased, especially GSDMD-N (Figure 6A), and iron accumulation was
enhanced (Figure 6B). We found that resveratrol, as a SIRT1 inducer, increased SIRT1 expression. In contrast, EX527
decreased SIRT1 level (Figure 6C and D). We further performed immunofluorescence experiments, which showed no
significant change in p53 protein expression in the resveratrol or EX527 treatment groups compared with the ALF model
group (Figure 6E and F), which is consistent with our results mentioned above (Figure 5D). Overall, these data
demonstrate that SIRT1 exerts protection against ALF by inhibiting p53 deacetylation, thereby inhibiting the GPX4/
GSDMD signaling pathway.

SIRT1 attenuates hepatocyte ferroptosis and pyroptosis via a p53/GPX4/GSDMD-dependent mechanism

To further investigate the functional role of SIRT1 in hepatocyte ferroptosis and pyroptosis, we knocked down and
overexpressed SIRT1 in HL7702 cells. ALT and AST levels were lower in the SIRT1 overexpression group and higher in
the SIRT1 knockdown group than in the ALF model and knockdown groups (Figure 7A and B). Ferroptotic events
(elevation of ROS activity and iron accumulation) were detected in the SIRT1 overexpression group (Figure 7C and D).
Western blot analysis showed that Ac-p53 protein levels were significantly decreased in the SIRT1 overexpression group,
while p53 did not change (Figure 7E). We next examined ferroptosis- and pyroptosis-related proteins (GPX4, SLC7A11,
ACSL4, and GSDMD). We found that upregulation of SIRT1 increased GPX4 and SLC7A11 protein expression and
decreased ACSL4 and GSDMD protein expression (Figure 7F and G). Furthermore, knockdown of SIRT1 inhibited the
deacetylation and degradation of p53 and downregulated the levels of SLC7A11 and GPX4 (Figure 7F and G). These data
show that SIRT1 overexpression alleviated ALF in HL7702 cells via a p53/ GPX4/GSDMD-dependent mechanism.

DISCUSSION

ALF is a life-threatening disease with high morbidity and mortality rates. The most effective treatment for ALF at present
is liver transplantation[23]. However, liver transplants are not widely available because of the lack of donors and the high
cost of medical care[18]. ALF is characterized by extensive hepatocellular cell death, leading to massive loss of
parenchymal cells, with the release of cell contents, cell swelling, and inflammation. Emerging evidence has indicated that
ferroptosis and pyroptosis, two newly identified forms of non-apoptotic cell death, play a crucial role in liver disease[24,
25], but their precise role in ALF is unknown. In this study, we provided evidence that ferroptosis and pyroptosis
occurred in ALF and established an association between them. We found that SIRT1 activation or inhibition of the p53/
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Figure 3 Inhibition of the p53/glutathione peroxidase 4/gasdermin D signaling pathway exacerbates acute liver injury in vitro. A and B: The
levels of alanine aminotransferase and aspartate aminotransferase were changed in HL7702 cells (n = 3); C-E: The levels of iron, reactive oxygen species, and
glutathione were changed in HL7702 cells (n = 3); F: Quantitative real-time polymerase chain reaction analyses of p53, glutathione peroxidase 4 (GPX4), solute
carrier family 7a member 11 (SLC7A11), Acyl-CoA synthetase long-chain family member 4 (ACSL4), and gasdermin D (GSDMD) mRNA expression (n = 3 in each
group); G: Western blot analyses of p53, GPX4, and GSDMD protein expression (n = 3 in each group); H: Western blot analyses of SLC7A11 and ACSL4 protein
expression (n = 3 in each group). 2P < 0.05, °P < 0.01. ALF: Acute liver failure; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; IL: Interleukin;
GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 7a member 11; ACSL4: Acyl-CoA synthetase long-chain family member 4; GSDMD: Gasdermin D;
SIRT1: Silent information regulator sirtuin 1; LPS: Lipopolysaccharide; D-GalN: D-galactosamine.
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Figure 4 Activation of the p53/glutathione peroxidase 4/gasdermin D signaling pathway exacerbates alanine aminotransferase. A:
Macroscopic examinations of mouse livers and microscopic examinations of liver sections stained with hematoxylin and eosin (100 x); B: Administration of nutlin-3a
and RAS-selective lethal 3 shortened the survival time of mice treated with lipopolysaccharide/D-galactosamine; C: Detection of interleukin (IL)-1B, tumour necrosis
factor alpha, IL-6, IL-2, and C-C motif ligand 2 in mouse serum with multi-factor kit; D: Western blot analyses of p53, glutathione peroxidase 4, solute carrier family 7a
member 11, acyl-CoA synthetase long-chain family member 4, and gasdermin D (GSDMD) protein expression (n = 3 in each group); E: Western blot analyses of
GSDMD protein expression (n = 3 in each group); F: Iron detection with an iron kit. P < 0.05, °P < 0.01. ALF: Acute liver failure; AST: Aspartate aminotransferase;
ALT: Alanine aminotransferase; IL: Interleukin; GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 7a member 11; ACSL4: Acyl-CoA synthetase long-
chain family member 4; GSDMD: Gasdermin D; SIRT1: Silent information regulator sirtuin 1; LPS: Lipopolysaccharide; D-GalN: D-galactosamine; RSL3: RAS-
selective lethal 3.
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Figure 5 Silent information regulator sirtuin 1 interdicts the glutathione peroxidase 4/gasdermin D signaling pathway by intercepting p53
deacetylation. A: Macroscopic examinations of mouse livers and microscopic examinations of liver sections stained with hematoxylin and eosin (100 x); B: Survival
time of mice after resveratrol and EX527 treatments; C: Multi-factor kit for the Detection of interleukin (IL)-1B, tumour necrosis factor alpha, IL-6, IL-2, and C-C motif
ligand 2 in mouse serum with multi-factor kit; D and E: Western blot analyses of silent information regulator sirtuin 1, acetylated p53, p53, glutathione peroxidase 4,
solute carrier family 7a member 11, and Acyl-CoA synthetase long-chain family member 4 protein expression (n = 3 in each group). 2P < 0.05, °P < 0.01. ALF: Acute
liver failure; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; IL: Interleukin; GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 7a
member 11; ACSL4: Acyl-CoA synthetase long-chain family member 4; GSDMD: Gasdermin D; SIRT1: Silent information regulator sirtuin 1; LPS: Lipopolysaccharide;
D-GalN: D-galactosamine; RSL3: RAS-selective lethal 3; RSV: Resveratrol.

GPX4/GSDMD signaling pathway attenuated LPS/D-GalN-induced ferroptosis and pyroptosis in ALF (Figure 8).

In this study, we found that the activity of the enzymatic biomarkers ALT and AST was markedly increased in human
ALF, accompanied by elevated inflammatory factors, such as TNF-o, IL-1p, and IL-6. Furthermore, we found that the
ferroptosis-related antioxidant proteins GPX4 and SLC7A11 were reduced and iron deposition was aggravated.
Additionally, GSDMD expression was increased.

The pathogenesis of ALF induced by LPS/D-GalN in mice is similar to that of fulminant hepatitis in humans[26,27].
Only some evidence has indicated that ferroptosis and pyroptosis occur in LPS/D-GalN-induced ALF, and inhibition of
ferroptosis and pyroptosis attenuates ALF[28,29]. However, the association between ferroptosis and pyroptosis is unclear.

GPX4 and GSDMD play a prominent role in the occurrence of ferroptosis and pyroptosis. GSH biosynthesis and proper
functioning of GPX4 are critical for inhibiting ferroptosis, and conditions that culminate in GPX4 inhibition/destabil-
ization sensitize cells to ferroptosis or even trigger ferroptotic cell death[19,21,30]. GSDMD, a mediator of pyroptosis, is
cleaved by inflammasome-activated caspase-1 and LPS-activated caspase-11/4/5 into active GSDMD-N and inactive
GSDMD-C. Deletion of GSDMD completely abolishes cell pyroptosis[31,32]. An increasing number of studies have
suggested that there is an interaction between ferroptosis and pyroptosis. The knockout of caspase-11, which is involved
in the non-classical pathway of pyroptotic cell death, in myeloid cells conferred similar protection in septic myeloid
cell-specific GPX4-knockout mice, which were susceptible to lethal infection[33]. The caspase-1-dependent NLRP3
inflammasome was also inhibited by GPX4, indicating that GPX4 has a broad role in inhibiting pyroptosis[33]. However,
the association between ferroptosis and pyroptosis in ALF is unclear. The present study provided evidence that bridged
the gap between ferroptosis and pyroptosis, and showed that blocking the p53/GPX4/GSDMD pathway regulated
ferroptosis and pyroptosis in ALF. Inhibiting p53 and enhancing GPX4 in ALF model mice with drugs reduced AST and
ALT levels and inflammatory reactions compared with the ALF model group, and ferroptotic events (depletion of GPX4,
GSH, and SLC7A11, and iron accumulation) were reversed. Additionally, GSDMD-N protein levels were significantly
decreased, consistent with the immunofluorescence results (Supplementary Figure 1). Notably, deletion of GSDMD
decreased p53 expression and upregulated GPX4, which indicated crosstalk between ferroptosis and pyroptosis. The
knockdown of GPX4 increased AST and ALT levels, accompanied by significantly increased ferroptotic markers and
GSDMD (Supplementary Figure 2). Together, these results suggested that blocking the p53/GPX4/GSDMD signaling
pathway alleviated ferroptosis and pyroptosis in ALF, and a positive feedback loop may exist.

In our study, we found that increased or decreased GPX4 mRNA or protein expression did not affect p53, but it acted
indirectly by regulating GSDMD, suggesting that GPX4 is a downstream regulator of p53. Chen et al[34] reported that p53
levels were unaffected by the loss of ACSL4 and GPX4, and p53-driven ferroptosis was induced in a GPX4-independent
manner. Nevertheless, enhancement of GPX4 reduced p53 transcription, which was inconsistent with the Western blot
results. This difference between mRNA and protein levels suggests that post-transcriptional regulation, translational
efficiency, and post-translational modifications alter protein levels. One possible explanation for this difference is that
reduced translational efficiency may be compensated for by increased transcriptional activity[35]. However, the
mechanism underlying the differences in transcription and translation of p53 is unclear.

SIRT1 has been widely reported to play a protective role in various biological processes including nutrient starvation,
DNA repair, aging, oxidative stress, and the inflammatory response[36,37]. One study suggested that negative regulation
of SIRT1 increased pyroptosis (GSDMD) and aggravated the acute hepatic pro-inflammatory reaction[38]. This finding is
consistent with another study, which showed that SIRT1 was suppressed in APAP-induced hepatotoxicity[39]. Treatment
with resveratrol, a small-molecule SIRT1 activator, shows a protective effect in mouse liver ischemia-reperfusion injury
[40,41]. Similarly, in our study, we found that SIRT1 was decreased and p53 and Ac-p53 were increased in human ALF.

Buissidenge WIG | hittps://www.wijgnet.com 1601 March 21,2024 | Volume30 | Issuell |


https://f6publishing.blob.core.windows.net/02331c63-57c0-4ce2-934a-682fbd4d0849/WJG-30-1588-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/02331c63-57c0-4ce2-934a-682fbd4d0849/WJG-30-1588-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/02331c63-57c0-4ce2-934a-682fbd4d0849/WJG-30-1588-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/02331c63-57c0-4ce2-934a-682fbd4d0849/WJG-30-1588-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/02331c63-57c0-4ce2-934a-682fbd4d0849/WJG-30-1588-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/02331c63-57c0-4ce2-934a-682fbd4d0849/WJG-30-1588-supplementary-material.pdf

Zhou XN et al. Study on the mechanism of ALF

A

GSDMD-FL

GSDMD-N

e D — —

53 kDa

31 kDa

B-action | == s emmwr e | 12 kDa

o N N N
°¢\‘ p’b o p’b
¢ O P
U SR o
v 0 ,\-\’
2) 4h
&

C
D a
b r
1.0 q —
(] b
B o~ |
55
%S 051
)
- B
z e |
x
n
0.0 - T .
éé° X X ofz}(\
S § b {
O a)\o 6\0 %\o
iR
" A*
€ 4
<

Beienideng>  VVIG | https://www.wjgnet.com

GSDMD protein expression

p53 positive ratio

(fold of control)

(fold of control)

B
b
—
1.0 1
0 b E
b o
— =
+
[}
0.5 - [he
™
(7]
2
=
0.0 'j T T
»
oo\‘o ; fb\(‘ p@\@ p@\(\
() 6\0 6\0 6\0
K K
W A
&€ 4
<

1.0 q

0.5 1

L]

1602

March 21,2024 | Volume30 |

500 1 —
— L
400 - b
| — |
300 -
200 -
100
0- : ;
°<‘~“°\ & & &
5 O S
VR
¥ o
&
<

Issue 11



Zhou XN et al. Study on the mechanism of ALF

Figure 6 Silent information regulator sirtuin 1 interdicts the glutathione peroxidase 4/gasdermin D signaling pathway by intercepting p53
deacetylation. A: Western blot analyse of gasdermin D protein expression (n = 3 in each group); B: Iron detection with an iron kit; C: Silent information regulator
sirtuin 1 (SIRT1) expression in liver tissue measured by immunofluorescence (100 x); D: Percentage of SIRT1 immunofluorescence area; E: Percentage of p53
immunofluorescence area; F: p53 expression in liver tissue measured by immunofluorescence (100 x). Data are presented as the mean + SD of five independent
experiments. 2P < 0.05, °P < 0.01. ALF: Acute liver failure; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; IL: Interleukin; GPX4: Glutathione
peroxidase 4; SLC7A11: Solute carrier family 7a member 11; ACSL4: Acyl-CoA synthetase long-chain family member 4; GSDMD: Gasdermin D; SIRT1: Silent
information regulator sirtuin 1; LPS: Lipopolysaccharide; D-GalN: D-galactosamine; RSL3: RAS-selective lethal 3; RSV: Resveratrol.

SIRT1 is an NAD-dependent deacetylase that directly deacetylates p53 and mediates its function[37]. A study showed
that SIRT1 overexpression abolished p53 acetylation levels and reduced the release of hepatic enzymes, hepatic oxidative,
stress, and inflammation in non-alcoholic fatty liver disease[42]. Ma et al[43] demonstrated that SIRT1 inhibited
ferroptosis-induced myocardial cell death through the p53/SLC7A11 axis in myocardial ischemia-reperfusion injury.
Nevertheless, whether SIRT1 activation regulates p53 deacetylation to affect ferroptosis in ALF has not been shown. Our
study showed that SIRT1 activation attenuated liver injury and the inflammatory response, accompanied by a reduction
in ferroptosis and pyroptosis-related proteins in ALF. We demonstrated that SIRT1 activation inhibited p53/GPX4/
GSDMD by inducing p53 acetylation, which attenuated LPS/D-GalN-induced ALF.

CONCLUSION

In conclusion, our study provides evidence that ferroptosis and pyroptosis are crucial modes of hepatocyte death in ALF,
and the interactions between these modes of cell death advance the progression of ALF. SIRT1 plays an important role in
ALF through p53/GPX4/GSDMD-mediated ferroptosis and pyroptosis. These results could provide new therapeutic
targets to alleviate ALF. However, there are still many issues that need to be further investigated. First, p53 is a versatile
protein with multiple roles in promoting physiological and pathological regulation. Although p53 can promote
ferroptosis, it is also involved in several major functions, such as cell cycle arrest, DNA repair, angiogenesis, metastasis,
and senescence. When p53 pro-death function is inhibited, its pro-survival function is concomitantly impaired. Therefore,
how the unique p53-mediated pro-death function might be achieved is unclear. Second, our research was only limited to
cellular and mouse models and has not been applied to clinical studies. Although we found decreased SIRT1 expression
in human ALF liver tissue, whether an SIRT1 activator is effective for acute liver injury and failure in patients is
unknown, and further safety and efficacy studies are required. Third, the mechanism of ALF may be associated with
multiple modes of cell death, but our study was limited to ferroptosis and pyroptosis, and was not designed to examine
other modes of death. The focus of our next study will be to further investigate the mechanism of ALF in depth.
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Figure 7 Silent information regulator sirtuin 1 attenuates hepatocyte ferroptosis and pyroptosis via a p53/glutathione peroxidase
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4/gasdermin D dependent mechanism in vitro. A and B: The levels of aspartate aminotransferase and alanine aminotransferase were changed in serum
samples of HL7702 cells (n = 3); C and D: The levels of iron and reactive oxygen species were changed in HL7702 cells (n = 3); E: Western blot analyses of silent
information regulator sirtuin 1, p53, and acetylated p53 protein expression (n = 3 in each group); F: Western blot analyses of gasdermin D and glutathione peroxidase
4 protein expression (n = 3 in each group); G: Western blot analyses of solute carrier family 7a member 11 and Acyl-CoA synthetase long-chain family member 4
protein expression (n = 3 in each group). 2P < 0.05, °P < 0.01. ALF: Acute liver failure; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; IL:
Interleukin; GPX4: Glutathione peroxidase 4; SLC7A11: Solute carrier family 7a member 11; ACSL4: Acyl-CoA synthetase long-chain family member 4; GSDMD:
Gasdermin D; SIRT1: Silent information regulator sirtuin 1; LPS: Lipopolysaccharide; D-GalN: D-galactosamine; RSL3: RAS-selective lethal 3; ROS: Reactive oxygen
species.

e’ D.::;.‘:.:?.C:.ILJB )
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Figure 8 Silent information regulator sirtuin 1 activation ameliorates lipopolysaccharide/D-galactosamine-induced acute liver failure by
inhibiting p53/glutathione peroxidase 4/gasdermin D to reduce ferroptosis and pyroptosis. Silent information regulator sirtuin 1 activation inhibits
p53 deacetylation, thereby inhibiting the glutathione peroxidase 4 (GPX4)/gasdermin D (GSDMD) signaling pathway and reducing inflammatory response and iron
deposition. Blocking the p53/GPX4/GSDMD signaling pathway attenuates ferroptosis and pyroptosis in acute liver failure. IL: Interleukin; GPX4: Glutathione
peroxidase 4; SLC7A11: Solute carrier family 7a member 11; GSDMD: Gasdermin D; SIRT1: Silent information regulator sirtuin 1; ROS: Reactive oxygen species;
GSH: Glutathione; TNF-a: Tumour necrosis factor alpha.

ARTICLE HIGHLIGHTS

Research background

Acute liver failure (ALF) has a high mortality with widespread hepatocyte death involving ferroptosis and pyroptosis,
but their precise role in ALF is unknown. Silent information regulator sirtuin 1 (SIRT1)-mediated deacetylation influences
multiple biological processes, including cellular senescence, apoptosis, sugar and lipid metabolism, oxidative stress, and
inflammation. In this study, we examined the link between ferroptosis and pyroptosis and the upstream regulatory
mechanisms.

Research motivation
The most effective treatment for ALF at present is liver transplantation. However, liver transplants are not widely
available because of the lack of donors and the high cost of medical care. Therefore, therapies for ALF are imminent.
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Research objectives
To explore the link between ferroptosis and pyroptosis and the upstream regulatory mechanisms.

Research methods

Animal and cellular models of ALF were developed. The levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were tested with automatic biochemistry instrument. Iron, reactive oxygen species, and
glutathione levels were measured using commercial kits. SIRT1, p53, acetylated p53 (Ac-p53), glutathione peroxidase 4
(GPX4), gasdermin D (GSDMD), solute carrier family 7a member 11 (SLC7A11), and acyl-CoA synthetase long-chain
family member 4 (ACSL4) protein expression levels were measured through Western blot analysis.

Research results

AST and ALT levels were elevated in the serum of ALF patients. SIRT1, SLC7A11, and GPX4 expressions were decreased
and Ac-p53, p53, GSDMD, and ACSL4 levels were elevated in human ALF liver tissue. In p53 and ferroptosis
inhibitor-treated and GSDMD"- groups, serum interleukin (IL)-1f, tumour necrosis factor alpha, IL-6, IL-2, and C-C motif
ligand 2 levels were decreased and hepatic impairment was mitigated. In mice with GSDMD knockout, p53 was reduced,
GPX4 was increased, and ferroptotic events (depletion of SLC7A11, elevation of ACSL4, and iron accumulation) were
detected.

Research conclusions
SIRT1 activation attenuates lipopolysaccharide/D-galactosamine-induced ferroptosis and pyroptosis by inhibiting the
p53/GPX4/GSDMD signaling pathway in ALF.

Research perspectives

Our research is only limited to cellular and mouse models and has not been applied to clinical studies. Although we
found decreased SIRT1 expression in human ALF liver tissue, whether SIRT1 activator is effective for acute liver injury
and failure in patients is unknown, and further safety and efficacy studies are required.
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Abstract

BACKGROUND

Liver cancer is one of the deadliest malignant tumors worldwide. Immunotherapy
has provided hope to patients with advanced liver cancer, but only a small
fraction of patients benefit from this treatment due to individual differences.
Identifying immune-related gene signatures in liver cancer patients not only aids
physicians in cancer diagnosis but also offers personalized treatment strategies,
thereby improving patient survival rates. Although several methods have been
developed to predict the prognosis and immunotherapeutic efficacy in patients
with liver cancer, the impact of cell-cell interactions in the tumor microenvir-
onment has not been adequately considered.

AIM

To identify immune-related gene signals for predicting liver cancer prognosis and
immunotherapy efficacy.

METHODS

Cell grouping and cell-cell communication analysis were performed on single-cell
RNA-sequencing data to identify highly active cell groups in immune-related
pathways. Highly active immune cells were identified by intersecting the highly
active cell groups with B cells and T cells. The significantly differentially
expressed genes between highly active immune cells and other cells were
subsequently selected as features, and a least absolute shrinkage and selection
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operator (LASSO) regression model was constructed to screen for diagnostic-related features. Fourteen genes that
were selected more than 5 times in 10 LASSO regression experiments were included in a multivariable Cox
regression model. Finally, 3 genes (stathmin 1, cofilin 1, and C-C chemokine ligand 5) significantly associated with
survival were identified and used to construct an immune-related gene signature.

RESULTS

The immune-related gene signature composed of stathmin 1, cofilin 1, and C-C chemokine ligand 5 was identified
through cell-cell communication. The effectiveness of the identified gene signature was validated based on experi-
mental results of predictive immunotherapy response, tumor mutation burden analysis, immune cell infiltration
analysis, survival analysis, and expression analysis.

CONCLUSION

The findings suggest that the identified gene signature may contribute to a deeper understanding of the activity
patterns of immune cells in the liver tumor microenvironment, providing insights for personalized treatment
strategies.

Key Words: Liver cancer; Cell-cell communication; Gene signature; Prognosis; Immunotherapy; Single-cell RNA sequencing

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

Core Tip: In this study, CellChat was employed to infer cell-cell communication, thereby selecting highly active cell groups
in immune-related pathways on single-cell RNA-sequencing data. Highly active immune cells were identified by intersecting
these groups with B and T cells. Subsequently, significantly differentially expressed genes between highly active immune
cells and the remaining cells were incorporated into the Lasso regression model. Ultimately, incorporating genes selected
more than 5 times in 10 Lasso regression experiments into a multivariable Cox regression model, 3 genes (stathmin 1, cofilin
1, and C-C chemokine ligand 5) significantly associated with survival were identified to construct a gene signature.
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INTRODUCTION

Liver cancer, a malignant tumor with consistently high global incidence and mortality rates, has long been a focal point of
medical research and clinical intervention[1,2]. In particular, within the rapidly advancing field of immunotherapy,
immune checkpoint blockade (ICB) treatment has emerged as an innovative therapeutic approach, offering renewed hope
for patients with liver cancer[3]. This strategy has achieved significant clinical efficacy by preventing tumor cells from
suppressing the immune system and stimulating the body’s own immune response[3-5]. However, only a small fraction
of liver cancer patients benefit from this treatment, and the molecular basis underlying the control of immune responses
and evasion has not been determined[6,7]. To better guide treatment strategies and predict patient prognosis, it is
imperative to explore into the molecular mechanisms and immune characteristics of liver cancer.

The success of immunotherapy in liver cancer hinges on a comprehensive understanding of the tumor immune
microenvironment, necessitating the exploration of high-throughput technologies to unravel intricate molecular
interactions[8-10]. Using bulk RNA sequencing (RNA-seq) data, Tang et al[11] first screened gene modules partitioned by
weighted gene co-expression network analysis that were most relevant to tumor immune phenotype genes. Subse-
quently, a tumor immune phenotype-related gene signature in liver cancer was identified through least absolute
shrinkage and selection operator (LASSO) and univariate Cox regression analyses. Similarly, Wang et al[12] employed
differential expression analysis and univariate Cox regression to identify differentially expressed genes associated with
overall survival. These genes were further refined through LASSO regression to construct a novel immune-related
prognostic model in hepatocellular carcinoma. Although bulk RNA-seq provides a global view of gene expression
patterns, single-cell RNA-sequencing (scRNA-seq) offers the advantage of revealing heterogeneity within tumors at the
single-cell level[10,13]. Therefore, the integration of bulk RNA-seq and scRNA-seq data holds great promise. Yang et al
[14] utilized scRNA-seq data from liver cancer patients to identify tumor-associated endothelial cell (TEC) subpopu-
lations and established a prognostic model for liver cancer by integrating the marker genes of these cells with bulk RNA-
seq data. Li et al[15] accurately identified cell subpopulations related to liver cancer by integrating bulk and scRNA-seq
data, introducing the cell group structure into the model construction process.

However, cellular crosstalk in the tumor microenvironment should also be considered, as it plays a crucial role in
shaping the immune landscape of liver cancer[8,16,17]. The construction of a cell-cell communication network facilitates
the identification of key participants in tumor-immune crosstalk. In this context, CellChat, a computational framework for
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inferring cell-cell communication, provides a powerful means to identify the communication networks within the liver
cancer microenvironment[18,19]. In CellChat, the dynamic process of intercellular communication is simulated using the
law of mass action, and the inferred ligand-receptor pairs are systematically classified into functionally relevant signaling
pathways[19]. The activity level of a cell group in immune-related pathways can be quantified by counting the number of
times the cell group is used as a source and target.

In this study, we aimed to leverage the power of bulk RNA-seq and scRNA-seq data integration to identify a compre-
hensive immune-related gene signature in liver cancer. By focusing on the cell-cell communication network using the
CellChat framework, we sought to unravel the intricate interplay among diverse cell groups within the liver cancer
microenvironment. The identified gene signature holds promise for predicting liver cancer prognosis and understanding
potential immunotherapeutic responses, providing valuable insights for personalized treatment strategies.

MATERIALS AND METHODS

Data collection and preprocessing

The liver cancer bulk RNA-seq data, which included 50 normal and 369 tumor samples, 368 of which included total
survival time and status, were downloaded from The Cancer Genome Atlas (TCGA) database. The liver cancer scRNA-
seq data were downloaded from the Gene Expression Omnibus database with the accession number GSE125449 and
included 8853 cells and 7 cell types[20]: Cancer-associated fibroblast, tumor-associated macrophage, malignant cell, TEC,
cells with an unknown entity but that express hepatic progenitor cell markers, T cell, and B cell. For bulk RNA-seq data, a
logarithmic transformation with a base of 2 was first performed on the original count data. The expression values of
genes with the same name were subsequently averaged. The R package Seurat was used for preprocessing the scRNA-seq
data. Specifically, the NormalizeData and FindVariableFeatures functions were used to normalize the data and select 2000
highly variable genes, respectively. Standardization and principal component analysis were performed using the
ScaleData and RunPCA functions, respectively. The first ten principal components were used to construct a shared
nearest-graph through the FindNeighbors function. Two-dimensional cell visualization was achieved via the RunUMAP
function.

Cell-cell communication inference

The Louvain algorithm, employed for cell grouping, was implemented through the function FindClusters in the R
package Seurat, with the resolution parameter set to 0.5. Based on these cell grouping results, the cell-cell interaction
network was inferred through CellChat. Specifically, the entire human ligand-receptor interaction database CellChatDB
was chosen as the foundation for this article. CellChat utilizes the law of mass action to simulate ligand-receptor-
mediated signal interactions, which can not only infer intercellular communication but also further classify significant
ligand-receptor pairs into functionally related signaling pathways. Immune-related pathways were identified by
searching for pathway functions on the official Kyoto Encyclopedia of Genes and Genomes website (https://
www.kegg jp). The number of times each cell group served as a source and target in immune-related pathways was
counted, and the top 20% of cell groups were considered highly active. Highly active immune-related cells were
identified by the intersection of the obtained highly active cell groups with T and B cells.

LASSO regression and Cox regression

Differential expression analysis was performed through the R package limma[21]. The significantly differentially
expressed genes between highly active immune cells and other cells were selected using the criteria |log(fold change) |>
1 and P < 0.05. The genes shared between these genes and the bulk RNA-seq data were included in the following LASSO
regression model for selecting diagnostic-related features:

mlbn—Z(ln(1+e HZ’) y.wx +b)+ ]| wl,
w n M

Where n represents the number of samples, w = (w,w,,... w,)" is the coefficient vector corresponding to m shared genes,
X, = (XX, X;,,)" is the expression level of m genes in the i-th sample, b is the offset, A represents the regularization
parameter determined by 10-fold cross validation, and y, represents the label corresponding to the i-th sample. If a sample
was considered to be a tumor, this value was 1; otherwise, it was 0. Eighty percent of the samples were randomly selected
as the training set for LASSO regression, while the remaining 20% of the samples were used as the test set to evaluate the
effectiveness of the selected diagnostic-related features. The coefficient vector w and threshold b in Equation (1) were
solved through the R package glmnet[22]. To avoid randomness in the experimental results, the dataset was divided 10
times by setting random seeds from 1 to 10. Genes that were selected more than 5 times were considered diagnostic-
related features.

To comprehensively evaluate the impact of risk factors on patient survival, diagnostic-related features were included
in the following multivariable Cox regression model:

};Z((tt ())? =exp(Bx, + B,%, ++--+ B.X,)
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Table 1 Number of times cell groups served as a source and target in immune-related pathways

Number of times

Cell group 12 15 6 2 10 9 14 11 8 1 7 13 3 5 4
Frequency 195 195 100 84 76 72 65 50 48 44 41 35 26 22 9
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Figure 1 UMAP visualization of single-cell RNA sequencing data. A: UMAP visualization of 15 cell groups obtained through the Louvain algorithm; B:
UMAP visualization of 7 cell types. CAF: Cancer-associated fibroblast; HPC: Hepatic progenitor cell; TAM: Tumor-associated macrophage; TEC: Tumor-associated
endothelial cell.

Where h(t,x) represents the risk function at time f, h(t,0) denotes the baseline risk function, and (8,5,,...,6)" is the
regression coefficient vector corresponding to s diagnostic-related features, which is solved through the R package
survival.

Identification of a gene signature
After performing multivariable Cox regression analysis, genes significantly associated with survival were selected
according to a criterion of p < 0.05 to identify the following gene signature:

Risk score = z coef (gene; ) * EXP(gene;)

J=1 )

Where gene, represents the j-th gene among the t genes significantly associated with survival, coef(gene;) represents the
coefficient of gene; when only genes significantly related to survival were included in the multivariable Cox regression,
and EXP(gene) represents the preprocessed expression values of gene, When coef(gene,) is greater than 0, the expression
level of gene; increases, and the patient’s survival risk increases; when the coefficient is less than 0, the expression level of
this gene increases, and the survival risk decreases.

RESULTS

Identification of highly active immune cells

The preprocessed scRNA-seq data were divided into 15 cell groups using the Louvain algorithm. The UMAP visual-
ization of 15 cell groups and 7 cell types was presented in Figure 1A and B, respectively. Subsequently, the
communication network between cell groups was inferred through the CellChat, and 16 immune-related pathways were
identified. The cell-cell communication within signal pathways inferred integrin beta2 and major histocompatibility class
I were demonstrated as examples in Figure 2A and B, respectively. In Figure 2A, cell group 12 serves as the source
targeting the other six cell groups, while in Figure 2B, it serves as the target for all cell groups. The number of times each
cell group served as a source and target in immune-related pathways was statistically displayed in Table 1. The top 20%
of the cell groups in descending order were identified as highly active cell groups, i.e., cell groups 12, 15, and 6. A total of
240 highly active immune cells were identified by intersecting 1009 cells from cell groups 6, 12, and 15 with 3785 T cells
and B cells, as shown in Figure 3. These cells are involved in multiple immune-related signaling pathways and play a
critical role in regulating immune responses.

Gene screening and gene signature identification
Differential expression analysis was also conducted between 240 highly active immune cells and the remaining 8613 cells.
Then, 50 significantly differentially expressed genes were identified, and 46 genes shared between them and bulk RNA-
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A ITGB2 signaling pathway network B MHC-I signaling pathway network

Figure 2 Circle plot of signaling pathway networks inferred by CellChat. A: Visualization of the inferred integrin beta2 signaling pathway network
details; B: Visualization of the inferred major histocompatibility class | signaling pathway network details. The different colors of the circles represent different cell
groups. The size of the circle is proportional to the number of cells in the cell group. The arrows point from the source to the target, and the colors of the edges are
consistent with those of the signal source. The width of the edges represents the communication probability. ITGB2: Integrin beta2; MHC-I: Major histocompatibility
class I.

Figure 3 Venn diagram of highly active cells with T cells and B cells. The red portion in the diagram represents cells from cell groups 6, 12, and 15,
while the blue portion represents T cells and B cells. The middle section indicates the intersection between the two, and the numbers in parentheses correspond to
the cell counts in these three sections.

seq data were included in the LASSO regression model. Of these, 14 genes were identified as diagnostic-related genes
because they were selected more than 5 times in 10 experiments. The average diagnostic accuracy on the test set over 10
experiments was 96.55%, indicating that the selected features were effective. Subsequently, multivariable Cox regression
analysis was conducted, and 3 genes [stathmin 1 (STMNT1), C-C chemokine ligand 5 (CCL5), and cofilin 1 (CFL1)] out of 14
were selected to construct a gene signature due to their significant correlation with patient survival. The coefficients and
P values of the 14 diagnostic-related genes were listed in Table 2. Ultimately, the following gene signature was generated
by incorporating only STMN1, CCL5, and CFL1 into the multivariable Cox regression analysis model:
Risk score = 0.2754 % EXP(STMN1)—0.2222 * EXP(CCL5) + 0.6458 * EXP(CFL1)

Patients with higher risk scores were considered to have worse prognoses. The samples were divided into high-risk
and low-risk groups based on the median of this risk score.

Survival analysis and expression analysis

To assess the difference in survival between the high-risk and low-risk groups, Kaplan-Meier survival analysis was
conducted, and the log-rank test was employed for statistical analysis. Figure 4 illustrated the significant difference
between the high-risk and low-risk groups (P < 0.0001), with the median survival time of patients in the low-risk group
being approximately three times longer than that in the high-risk group. These results indicated that the identified gene
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Figure 4 Kaplan-Meier survival curves of the high-risk and low-risk groups. The red and blue curves represent the high-risk and low-risk groups,
respectively, which were divided according to the median risk score. The significance of the difference between the two was evaluated through the log-rank test.
TCGA-LIHC: The Cancer Genome Atlas Liver Hepatocellular Carcinoma.

signature could significantly distinguish between patients with favorable and poor prognoses.

Furthermore, expression analysis of the individual genes constituting the gene signature was conducted in the high-
risk and low-risk groups, as well as in tumor and normal samples; the results were presented in Figure 5. A t test was
performed to assess whether there were significant differences between two groups of samples, and the obtained P values
were displayed in all boxplots. The STMN1 and CFL1 genes had significantly greater expression in the high-risk group
and tumor samples, while the CCL5 gene had greater expression in the low-risk group and normal samples. Meta-
analysis revealed that in liver cancer, STMN1 and CFL1 are considered oncogenes, and their upregulation is closely
associated with poor prognosis[23,24]. The CCL5-high subtype is significantly correlated with immune cells and
markedly improved overall survival[25]. This finding is consistent with the findings in Figure 5, providing additional
confirmation for the reliability of the identified gene signature.

Immunocyte infiltration analysis

The relative infiltration of immune cells in the high-risk and low-risk groups was investigated using the single-sample
gene set enrichment analysis algorithm[26]. This algorithm was implemented through the function GSVA in the R
package GSVA. A reference gene set comprising 28 reported immune cell types was utilized for the analysis[27]. Figure 6
showed that out of the 28 immune cell types, 20 exhibited significant correlations with the risk groups. The Kruskal-
Wallis test was used to evaluate significant differences between two groups. In particular, the infiltration levels in cell
types activated B cell, effector memory CD8 T cell, eosinophil, immature B cell, mast cell, and type 1 T helper cell were
significantly greater in the low-risk group than in the high-risk group. These results indicated that an immune-related
gene signature identified through cell-cell communication plays a crucial role in stratifying the risk of liver cancer.

Tumor mutation burden analysis

Tumor mutation burden (TMB) was approved by the United States Food and Drug Administration in 2020 as a biomarker
for predicting the response to immunotherapy[28]. To assess the relationship between the identified gene signature and
the immune response, the TMB of the samples was computed using mutation data obtained from liver cancer patients
downloaded from the TCGA database. Figure 7A illustrated the TMB distribution across all samples. Figure 7B and C
showed the mutation landscapes of the high-risk and the low-risk groups, respectively. Among the top 10 mutated genes,
6 were common between the high-risk group and the low-risk group, but each gene had a different mutation type.
Furthermore, the TMB in the high-risk and low-risk groups identified by the gene signature proposed in this article, as
well as the groups identified by the gene signatures proposed by Tang et al[11] and Wang et al[12], were separately
analyzed, as shown in Figure 7D-F. However, only the samples from the high-risk and low-risk groups defined by the
proposed gene signature showed a significant difference in TMB (P = 0.01106). These results strongly demonstrated that
the identified gene signature could predict the efficacy of immunotherapy.

Prediction of immunotherapy response

The TIDE algorithm, which simulates both the immune evasion mechanisms of immune function suppression and
immune cell exclusion, more accurately predicts patient prognosis than individual biomarkers alone[29]. Currently, this
algorithm has been widely applied for predicting patient responses to ICB therapy. In this article, the TIDE algorithm was
used to analyze the response of liver cancer patients to immunotherapy using an online tool (http://tide.dfci.harvard.
edu/). A higher TIDE score indicates that the patient is more prone to experiencing immune escape and is likely to
exhibit poor efficacy in response to immunotherapy. The Pearson correlation coefficient between TIDE scores and Risks
cores was calculated, and the significant correlation trends between the two were illustrated in Figure 8A.
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Figure 5 Box plots depicting the expression analysis of the genes employed in constructing the gene signature. A-C: Expression analysis of
C-C chemokine ligand 5 (CCL5), cofilin 1 (CFL1), and stathmin 1 (STMN1) in the high-risk and low-risk groups; D-F: Expression analysis of CCL5, CFL1, and STMN1
in the tumor and normal groups. The high-risk and normal groups are represented by red boxes, while the low-risk and tumor groups are represented by blue boxes.
The significant differences between groups were evaluated through t tests. CCL5: C-C chemokine ligand 5; CFL1: Cofilin 1; STMN1: Stathmin 1.
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Figure 6 Box plot of the degree of immune cell infiltration in the high-risk and low-risk groups. The infiltration degree of 28 immune cell types in
the high-risk and low-risk groups was analyzed, and the significant differences between the two groups were evaluated using the Kruskal-Wallis test. 2P < 0.05; °P <
0.01; °P < 0.001; “P < 0.0001.
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groups identified by the gene signature identified in this article and the groups identified by the gene signature proposed by Tang et af[11] and Wang et al[12].

Furthermore, the TIDE scores corresponding to the high-risk and low-risk groups identified by the gene signature in

this article, as well as the groups identified by the gene signatures reported by Tang et al[11] and Wang et al[12], are

depicted in Figure 8B-D. The TIDE scores exhibited significant differences across all high-risk and low-risk groups, with

the minimum P value observed among groups stratified by the proposed gene signature (P = 3.762e-10). Moreover,

compared to those of the other two methods, the gene signature identified in this article requires the fewest genes. A
significant correlation was observed between TIDE score and Risk scores, and a distinction was made between the high-
risk and low-risk groups, suggesting that the identified gene signature could serve as a valuable tool for predicting the

efficacy of immunotherapy.
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Table 2 Coefficients and P values corresponding to diagnostic-related genes in multivariable Cox regression

Gene Coefficient P value

NUSAP1 -0.108515073 0.219706452
STMNI1 0.367886836 0.006598885
UBE2C -0.038808062 0.692223045
CKS1B 0.019614361 0.885123337
HMGBI -0.036928764 0.841313659
CCL5 0351813314 0.000909645
DUT -0.200404711 0.201189097
PFN1 0.156824573 0.389822262
ITM2A -0.021567354 0.742760958
CCL4 0.146793282 0.182629575
CFL1 0.688652826 0.001683044
1L32 -0.054741614 0.491028415
MT2A 0.033545401 0.525093809
IFITM3 -0.053229362 0.706251853

NUSAPI: Nucleolar and spindle associated protein 1; STMN1: Stathmin 1; UBE2C: Ubiquitin conjugating enzyme E2 C; CKS1B: CDC28 protein kinase
regulatory subunit 1B; HMGB1: High mobility group box 1; CCL5: C-C chemokine ligand 5; DUT: Deoxyuridine triphosphatase; PEN1: Profilin 1; ITM2A:
Integral membrane protein 2A; CCL4: C-C chemokine ligand 4; CFL1: Cofilin 1; IL32: Interleukin 32; MT2A: Metallothionein 2A; IFITM3: Interferon

induced transmembrane protein 3.
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Figure 8 Analysis of predicted TIDE scores in the sample. A: Pearson correlation analysis between the sample risk score and TIDE score; B-D: A
comparative analysis of the TIDE score was conducted for the high-risk and low-risk groups identified by the gene signature in this article and the groups identified by
the gene signatures proposed by Tang et al[11] and Wang et al[12].

DISCUSSION

Our research demonstrated that utilizing cell-cell communication information to identify immune-related gene signature
outperformed two other methods in terms of predictive performance. However, it's worth noting that we focused on cell-
cell communication at the cell group level rather than at the level of individual cells. Investigating the interactions
between cells at single-cell resolution and their impact on predicting patient prognosis and immunotherapeutic efficacy is
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a direction for our future research.

CONCLUSION

In summary, our integrated analysis of bulk and scRNA-seq data, coupled with the exploration of the cell-cell
communication network, has identified a comprehensive immune-related gene signature with clinical and therapeutic
implications. The identified gene signature not only demonstrates potential as a prognostic tool for liver cancer but also
provides invaluable insights into the dynamics of immune responses within the tumor microenvironment.

ARTICLE HIGHLIGHTS

Research background

Immunotherapy has provided hope to patients with advanced liver cancer, but only a small fraction of patients benefit
from this treatment due to individual differences. Although several methods have been developed to predict the
prognosis and immunotherapeutic efficacy in patients with liver cancer, the impact of cell-cell interactions in the tumor
microenvironment has not been adequately considered.

Research motivation
Recent research has demonstrated the crucial role of cell-cell interactions in shaping the immune landscape of liver
cancer.

Research objectives
This study aims to identify immune-related gene signatures through cell-cell interactions to predict prognosis and
immunotherapeutic efficacy in liver cancer.

Research methods

In this study, CellChat was employed to infer cell-cell communication, thereby selecting highly active cell groups in
immune-related pathways on single-cell RNA-sequencing (scRNA-seq) data. Highly active immune cells were identified
by intersecting these groups with B and T cells. Subsequently, significantly differentially expressed genes between highly
active immune cells and the remaining cells were incorporated into the Lasso regression model. Ultimately, incorporating
genes selected more than 5 times in 10 Lasso regression experiments into a multivariable Cox regression model, 3 genes
(stathmin 1, cofilin 1, and C-C chemokine ligand 5) significantly associated with survival were identified to construct a
gene signature.

Research results

The immune-related gene signature composed of stathmin 1, cofilin 1, and C-C chemokine ligand 5 was identified
through cell-cell communication. The identified gene signature has been validated to be superior to the other two
methods through immunotherapy response prediction, tumor mutation burden analysis, and immune cell infiltration
analysis, enabling better prediction of prognosis and immune therapy efficacy in liver cancer.

Research conclusions
This study suggest that the identified gene signature may contribute to a deeper understanding of the activity patterns of
immune cells in the liver tumor microenvironment, providing insights for personalized treatment strategies.

Research perspectives

This article utilized cell-cell communication information and machine learning method, combined with Cox regression, to
comprehensively analyze bulk and scRNA-seq data, identifying clinically and therapeutically relevant immune-related
gene signature.
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Abstract

BACKGROUND

Neoadjuvant therapy is an essential modality for reducing the clinical stage of
esophageal cancer; however, the superiority of neoadjuvant chemotherapy (nCT)
or neoadjuvant chemoradiotherapy (nCRT) is unclear. Therefore, a discussion of
these two modalities is necessary.

AIM
To investigate the benefits and complications of neoadjuvant modalities.

METHODS
To address this concern, predefined criteria were established using the PICO
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protocol. Two independent authors performed comprehensive searches using predetermined keywords. Statistical
analyses were performed to identify significant differences between groups. Potential publication bias was
visualized using funnel plots. The quality of the data was evaluated using the Risk of Bias Tool 2 (RoB2) and the
GRADE approach.

RESULTS

Ten articles, including 1928 patients, were included for the analysis. Significant difference was detected in
pathological complete response (pCR) [P < 0.001; odds ratio (OR): 0.27; 95%ClI: 0.16-0.46], 30-d mortality (P = 0.015;
OR: 0.4; 95%ClI: 0.22-0.71) favoring the nCRT, and renal failure (P = 0.039; OR: 1.04; 95%ClI: 0.66-1.64) favoring the
nCT. No significant differences were observed in terms of survival, local or distal recurrence, or other clinical or
surgical complications. The result of RoB2 was moderate, and that of the GRADE approach was low or very low in
almost all cases.

CONCLUSION

Although nCRT may have a higher pCR rate, it does not translate to greater long-term survival. Moreover, nCRT is
associated with higher 30-d mortality, although the specific cause for postoperative complications could not be
identified. In the case of nCT, toxic side effects are suspected, which can reduce the quality of life. Given the quality
of available studies, further randomized trials are required.

Key Words: Neoadjuvant; Chemotherapy; Chemoradiotherapy; Esophageal cancer; Adenocarcinoma

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

Core Tip: Neoadjuvant chemoradiation increases pathological complete response and 30-d mortality in patients with
esophageal adenocarcinoma; however, it has no effect on long-term survival. It may be associated with side effects that can
reduce the quality of life.
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INTRODUCTION
Epidemiology

Esophageal cancer (EC) is the eighth most prevalent cancer, with more than 500000 cases worldwide, and it is the sixth
leading cause of tumor mortality. Squamous cell carcinoma (SCC) is still the leading subtype in the Asian EC Belt;
however, in Western countries, such as North America, Oceania, and Western and Northern Europe, including Hungary,
the incidence rate of adenocarcinoma (AC) has been increasing, surpassing that of SCC[1,2].

In the early stages, surgery can lead to full recovery; however, an advanced tumor stage at initial diagnosis can result
in high morbidity and mortality rates[3]. Esophagectomy with radical lymphadenectomy is one of the most invasive
gastrointestinal procedures. To improve treatment results, a multidisciplinary approach is important, including the
application of the enhanced recovery after surgery protocol[4,5], the minimally invasive approach of esophagectomy[6],

and neoadjuvant oncological therapy, which can decrease mortality by 25%-35% compared with that of surgery alone[7-
9].

Impact of the topic

The superiority of neoadjuvant therapy has been proven in several meta-analyses[7-9]. Neoadjuvant chemotherapy (nCT)
or preoperative neoadjuvant chemoradiotherapy (nCRT) can also improve oncologic endpoints[8-15], increase overall and
progression-free surveillance, and pathological complete response (pCR); however, it may also be associated with
numerous clinical or surgical side effects and impaired quality of life. Therefore, the cost-benefit balance of these
modalities is still unclear, especially in cases of AC of the esophagus and esophagogastric junction (GEJ).

Literature background
Previous meta-analyses have numerous limitations, including patients with SCC and AC as a homogenous population.
Therefore, the results cannot be clearly applied to either subtype.
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Impact of our analysis
We performed a comprehensive, up-to-date investigation to determine whether nCT or nCRT yields more favorable
results in the surgical treatment of AC of the esophagus and esophageal junction.

MATERIALS AND METHODS

Protocol registration
The objectives and methodologies of this meta-analysis were predefined in a protocol registered with PROSPERO[16].
The registration was accepted on November 01, 2023, under the number CRD42023478615.

Question of the review

To define the scope of this meta-analysis, we used the PICO protocol, focusing on patients with esophageal or cardiac AC,
who received neoadjuvant therapy before surgery. Intervention assessed was preoperative nCT, which was compared to
nCRT. We investigated the following outcomes: Survival, remission rate, mortality, short- and long-term clinical and
surgical complications, and quality of life. First, we planned to investigate only randomized controlled trials (RCTs) to
minimize the risk of bias; however, to achieve an adequate sample size and robust conclusions, propensity score matched
and high-quality cohort studies were also included. Studies that did not strictly involve patients with AC were excluded.

Search strategy and search terms

We conducted a comprehensive search on September 15, 2023, using PubMed, Embase, Cochrane, Web of Science, and
Scopus databases. We used previously defined search terms, including “neoadjuvant,” “chemotherapy,” “chemoradio-
therapy,” “esophageal cancer,” “esophagectomy,” and other random keywords, and their variants. The retrieved datasets
were imported into the EndNote (ver. x9.3.3; Alfasoft AB, Goteborg, Sweden) library.

s

”ou

Selection process
Two independent authors conducted the selection process using EndNote software. The Cohen’s kappa coefficients were
calculated from these results. Discrepancies were resolved through consensus.

Data extraction

Data were extracted from text, figures, and tables of the included articles by two independent authors, with any discrep-
ancies resolved through mutual agreement. Plot digitizer applications were used to collect data not provided in a
numerical format[17]. Excel (Office 365, Microsoft, Redmond, WA, United States) datasheets were used to collect and
organize the datasets. Descriptive data collected included study characteristics (author, year, type, and number of
elements), patients demographics (age, sex, and performance), tumors (stage, location), and therapy (neoadjuvant
regimen, surgical procedure). A meta-analysis was performed on outcomes with at least four homogeneous datasets.
Outcomes, ineligible for statistical analysis, were qualitatively described. The outcomes assessed included pCR,
surveillance (overall, progression-free, disease-free), mortality (30 or 90 d), tumor remission (local or distant), clinical
complications (thromboembolism, respiratory and cardiac complications, renal failure, neutropenia) and surgical
complication (anastomotic and chyle leakage, wound infection, bleeding, vocal cord paresis).

Statistical analysis

A random-effects meta-analysis was performed. Odds ratios (OR) with 95%CI were calculated to measure the effect size.
To calculate the OR and pooled odds ratio, data for the total number of patients and those experiencing the event of
interest in each group separately (referred as “raw data”) was extracted or calculated from the studies, where it was
available. The results are presented as the odds of an event of interest in the experimental group vs the control group. The
results were considered statistically significant if the pooled CI did not contain a null value. We also performed a supple-
mentary analysis. Using the WebPlotDigitizer online tool, we digitalized the Kaplan-Meier (KM) curves published in the
involved studies. Then, by applying the methodology of Guyot et al[18,19], we estimated the individual patient time-to-
event data. Finally, we plotted all the available KM curves in the same figure. Using the estimated raw data, we
calculated the hazard ratio (HR) within the studies and the pooled HR. A less than one HR suggests a smaller risk in the
experimental group. The HR result was considered significant if it was not included in the confidence interval.

We visualized the findings in forest plots. Where applicable-the study number was large enough and not too hetero-
geneous-we also reported the prediction intervals (i.e., the expected range of effects of future studies) of the results.
Additionally, between-study heterogeneity was described using Higgins and Thompson’s (I?) statistics (Higgins and
Thompson[20], in 2002).

Publication bias was assessed by visual inspection of the funnel plots and calculation of the Harbord (modified
Egger’s) test P value[21] for the OR effect size. We assumed the presence of a possible small study bias if the P value was
<10%. However, we kept in mind that the test has limited diagnostic assessment (below 10 studies). Potential outlier
publications were explored using different influence measures and plots following the recommendations of Harrer et al
[22]. All statistical analyses were performed with R (R Core Team 2023, v4.3.0)[23] using the meta (Schwarzer 2023, v6.2.1)
[24] package for basic meta-analysis calculations and plots, IPDfromKM for raw data simulations, and the dmetar
(v0.0.9000)[25] package for additional influential analysis calculations and plots. To pool the effect size, the pooled OR
based on raw data was calculated using the Mantel-Haenszel method[26,27]. The Exact Mantel-Haenszel method
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(without continuity correction) was used to handle zero-cell counts[28,29]. We used the Hartung-Knapp adjustment[30,
31] for the CIs. To estimate the heterogeneity variance measure for the raw data OR calculation, the Paule-Mandel
method[32] (recommended by Veroniki et al[33]) was used with the Q profile method for the confidence interval.
Prediction interval calculations were based on the t-distribution. In the case of 0 cell counts, individual study OR with
95%CI was calculated by adding 0.5, as continuity correction (it was used only for visualization on forest plot). The
pooled HR was calculated using classical inverse-variance meta-analysis of log-transformed HR ratios using the REML
heterogeneity variance estimator.

Descriptive analyses were performed by calculating the means, standard deviations, and percentages. The mean
estimates from the median and range were calculated as follows[34]:

Risk of bias and certain of evidence
The Risk of Bias Tool 2 (RoB2) and GRADE approaches were used to assess the quality of the articles and our research.

RESULTS

Search process

A total of 1285 articles were identified from the five databases. After removing duplicates, 1141 articles were screened,
after which 485 and 153 articles were selected based on title and abstract screening, respectively. Subsequently, 125 full-
text reports were examined, and eight studies were included in the quantitative synthesis. Cohen’s kappa indicated
99.74% substantial agreement (Cohen'’s k: 0.77). Some reports could not be retrieved as they were conference abstracts
[28]. Articles were excluded based on predefined criteria (83 articles), including those covering only SCCs (9 articles) or
mixed group of ACs and SCCs (23 articles), mentioning no pathological subtype (1 article), and being a preliminary trial
(1 article). Two additional articles were included during the screening of previous reviews. Overall, the analysis included
ten articles. More information is provided in Figure 1.

Characteristics of the studies

Ten articles, published between 2011 and 2018, were included in this meta-analysis. Seven studies were conducted in
Europe, two in Australia, and one in the United States[35-44]. Of the 10 studies, two were RCTs[43,44], four were
propensity score-matched cohort study[39-42], and four were cohort study based on prospective institutional databases
(clinical cancer registry)[35-38]. Six studies were single-center trials[36,39,40,42-44]. The articles collectively included data
from 1928 patients, with 956 and 972 patients the nCT and nCRT groups, respectively. All included patients had
esophageal ACs. Additional details are provided in Table 1.

Characteristics of the patients

The estimated mean age of the patients in both the groups was 60 years. The age range was 12-84 and 19-83 years. The
nCT and nCRT groups included 829 (91%) and 857 (94%) male patients, respectively. Based on the available data, 84%,
16% and < 0.1% of the patients had American Society of Anesthesiologists scores of I-II, III, and 1V, respectively. The
patients had coronary morbidity (18%), diabetes mellitus (16%), pulmonary morbidity, chronic obstructive pulmonary
disease (9%), history of malignancy (6%), and history of smoking (42%). More detailed information is summarized in
Supplementary Table 1.

Characteristics of the tumor and pathological approach

Based on the available data, 99% of the tumors were diagnosed in the lower third of the esophagus or the GEJ. Clinical T-
stages 1-4 accounted for 1%, 16%, 80%, and 3% of the cases, respectively. Nodal involvement was observed in 367 (61%)
and 350 patients (59%) in the nCT and nCRT groups, respectively. Tumor differentiation was good in 2% and 1%,
moderate in 36% and 31%, and poor in 57% and 64% of patients in the nCT and nCRT groups, respectively. Margin
negative resection (R0) was performed in 696 (81%) and 800 (92%) patients in the nCT and nCRT groups. Pathological T-
stage 1-4 accounted for 13%, 15%, 22%, and 47% of the cases, respectively, whereas N-stages 0-3 accounted for 45%, 31%,
14%, and 9% of the cases, respectively. Tumor regression grade (TRG, Mandard) stages 1-4/5 (in the nCT and nCRT
groups) accounted for 14% (6%-22%), 17% (7%-26%), 24% (18%-29%), and 42% (62%-22%) of the cases, respectively
additional details are provided in Supplementary Table 2.

Characteristics of the neoadjuvant therapy

Neoadjuvant regimens were administered to patients in both groups. The most frequently used neoadjuvant drugs were
cisplatin, 5-fluorouracil, and docetaxel. The CROSS protocol was the most commonly used protocol in the chemoradiation
group. Additional details are provided in Table 2[7,8,10,45-48].

Characteristics of the surgical procedure

Based on the available data, Ivor-Lewis (transthoracic), Orringer (transhiatal), McKeown (thoraco-abdomino-cervical)
esophagectomies, and total gastrectomy were performed in 67%, 23%, 5%, and 4% of the patients, respectively. Minimally
invasive or hybrid surgery techniques were performed in 27% and 51% of the patients, respectively, and open surgery
was performed in only 23% of the patients. Two-field lymphadenectomy was the standard procedure in 74% of the
patients, whereas three-field lymphadenectomy was performed in only 5% of the patients. Additional details are
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Table 1 Characteristic of the studies

Ref. Design Center Country Year NuI:nber of nCT nCRT AC, %
patients

Stahl et al[44], 2017 RCT, Phase III 1 Germany N/A 119 59 60 100
Burmeister et al[43], ~ RCT, Phase I 1 Australia N/A 75 36 39 100
2011

Visser et al[42],2018  PSM 1 Australia 2000-2017 262 131 131 100
Markar et al[41],2017 PSM 10 United Kingdom 2001-2012 442 221 221 100
Goense et al[40],2017 PSM 1 Netherlands 2006-2015 172 86 86 100
Favi et al[39], 2017 PSM 1 Germany 2011-2015 80 40 40 100
Anderegg et al[35], Cohort, PID 3 Netherlands 2005-2011 313 137 176 100
2017

Spicer et al[38],2016 ~ Cohort, PID 3 United States 2002-2012 214 114 100 100
Luc et al[36], 2015 Cohort, PID 1 France 2000-2012 116 61 55 100
Miinch et al[37], 2018  Cohort, PCCR 70 Germany 1998-2014 135 71 64 100

RCT: Randomized controlled trial; PSM: Propensity score matched cohort; PID: Prospective institutional databases; PCCR: Population-based clinical cancer
registry; N/A: Not applicable; nCT: Neoadjuvant chemotherapy; nCRT: Neoadjuvant chemoradiotherapy; AC: Adenocarcinoma.

Identification of new studies via databases and registers Identification of new studies via other methods

c
2
bl
.§ Records identified from: Records removed before screening: Records identified from: Citation searching (n = 2)
= Databases (n = 5) Duplicate records (n = 144)
£
°
-
Records screened Records excluded (n = 988) |
(n=1141)
Reports sought for retrieval | __| Reports not retrieved (n = 28) | Reports sought for retrieval (n = 15) ’_, Reports not retrieved
(n=153) (n=0)
Reports excluded:
Reports assessed for Predefined criteria (n = 83)
= | scc(n=9)
eligibility (n = 125) AC + SCC (n = 23) | Report assessed for eligibility (n = 15) I_, Reports excluded
No pathological subtype (n = 1) Identified (n = 13)
Preliminary trial (n = 1)
New studies included in review (n = 8)
Reports of new included studies (n = 2)

Figure 1 The preferred reporting items for systematic reviews and meta-analyses flow diagram flowchart shows the number of articles (n
) in the different selection stages of the selection process. AC: Adenocarcinoma; SCC: Squamous cell carcinoma.

provided in Supplementary Table 3.

Pathological complete response

Data from eight studies, covering a total of 1547 patients, were analyzed[35,36,39-44]. The OR (pooled effect size) was 0.27
(95%CI: 0.16-0.46). A significant difference was observed, favoring nCRT over nCT (P < 0.001). Between-study hetero-
geneity, expressed as the I* value, was 0.29 (95%CI: 0-0.68; Figure 2).

Thirty-day mortality

Data from four studies, including 899 patients, were analyzed[38,40,41,43]. The OR was 0.4 (95%CI: 0.22-0.71). A
significant difference was observed, favoring nCRT over nCT (P = 0.015), with no between-study heterogeneity (I* value:
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Table 2 Characteristic of the neoadjuvant regimen, n (%)

nCT nCRT
Ref. -
Chemotherapy Chemotherapy Irradiation
Stahl et al[44], 2017 15 x weekly CFFa 15 x weekly CFFa followed by 3 wk 30 Gy in 15 fractions of 2 Gy in 3 wk
course of CRT + 1 cycle CE
Burmeister et al[43], 2011 C (80 mg/m?) + iv 5-FU (1000 mg/m?  CF + RT, 5-FU reduced to 800 mg/m?/d 35 Gy in 15 fractions in 3 wk (on day
/d) on days 1 and 21 (on day 21) 21)
Visser et al[42], 2018 OEO2 OEO2 + RT 35 Gy in 15 fractions or 45 Gy in 25
fractions
MAGIC DCF (2 cycles pre-operatively) + RT 45 Gy in 25 fractions
DCEF (2 cycles pre-operatively) CROSS (since 2015) 41.4 Gy in 23 fractions of 1.8 Gy in 5
wk
Cisplatin + 5-FU: 92 (70) Cisplatin + 5-FU: 94 (72) 35 Gy: 69 (53)
Epirubicin, cisplatin, 5-FU: 30 (23) Epirubicin, cisplatin, 5-FU: 2 (2) 41 Gy: 14 (11)
Carboplatin + paclitaxel: 0 (0) Carboplatin + paclitaxel: 20 (15) 45 Gy: 40 (31)
Other: 9 (7) Other: 15 (11) Other: 8 (6)
Markar et al[41], 2017 mainly MAGIC, OEO2 or OEO5 CROSS regimen([7,46] 41.4 Gy in 23 fractions of 1.8 Gy in 5
regimens[8,10,45] wk
Goense et al[40], 2017 ECX CROSS regimen([7,46] 41.4 Gy in 23 fractions of 1.8 Gy in 5
wk
Favi et al[39] , 2017 FLOT[47] CROSS regimen[7,46] 41.4 Gy in 23 fractions of 1.8 Gy in 5
wk
Anderegg et al[35], 2017 ECX CROSS regimen[7,46] 41.4 Gy in 23 fractions of 1.8 Gy in 5
wk
Spicer et al[38], 2016 Cornell: Platinum or taxane-based concurrent ChT + RT 50.4 Gy
doublet, or both
McGill: DCF (3 cycles)[48]
Luc et al[36], 2015 DCF (3 cycles pre- and postoperatively) continuous iv 5-FU 750 mg/m?/d on 45 Gy for 5 d per week at 1.8 Gy/d
days 1-5 by, C 20 mg/m? on day 1 (started on day 28 along with the
second CT cycle)
Miinch et al[37], 2018 N/A N/A N/A

OEO2: Two cycles of cisplatin and 5-fluoruracil (5-FU). OEOS5: Five cycles of cisplatin and 5-FU. CFFa: 15 x weekly 5-FU (2000 mg/m? 24 h infusion)/Fa
(500 mg/m? 2 h infusion) and biweekly cisplatin (50 mg/m? 1 h infusion), in 14 wk. MAGIC: Protocol epirubicin, cisplatin, and 5-FU for three cycles
before andthree cycles after esophagectomy (EGJ Siewert Il EAC and good vital status). DCF: Docetaxel 75 mg/m? (on day 1), cisplatin 75 mg/m? (on day
1), and 5-FU 750 mg/m?/d by continuous infusion on days 2-5, (day 1 = day 22 = day 43). CROSS: With concurrent weekly administration of carboplatin
(targeted at an area under the curve of 2 mg/mL per min) and paclitaxel (50 mg/m? of body-surface area). Forty-one four Gy in 23 fractions of 1.8 Gy in 5
wk. FLOT: 5-FU/leucovorin, oxaliplatin, and docetaxel 50 mg/m? every 2 wk. ECX: Pre- and postoperative 3-wk cycles epirubicin (50 mg/m?) and
cisplatin (60 mg/m?), followed by 1000 mg/m? of capecitabine twice daily for 14 d or 625 mg/m? of capecitabine twice daily for 21 d. Adaptations to the
regimen such as dose reduction or change of regimen to oxaliplatin or 5-FU were applied when necessary. C: Cisplatin; F: Fluorouracil; P: Paclitaxel; Fa:
Folinic acid; E: Etoposide; N/ A: Not applicable; nCT: Neoadjuvant chemotherapy; nCRT: Neoadjuvant chemoradiotherapy; AC: Adenocarcinoma; CRT:
Chemoradiotherapy; CT: Chemotherapy; RT: Radiotherapy; 5-FU: 5-fluoruracil.

0; 95%CTI: 0-0.85; Figure 3).

Ninety-day mortality

Data from four studies, encompassing 108 patients, were analyzed[38,40-42]. The OR was 0.71 (95%CI: 0.28-1.84). No
significant difference was observed between nCRT and nCT (P = 0.34), with no between-study heterogeneity (I* value: 0;
95%Cl: 0-0.85; Supplementary Figure 1).

Overall survival
The KM curves and logHR analysis conducted for eight studies encompassing 1540 patients did not reveal significant
differences between the two groups in terms of overall survival (P = 0.82)[36-42,44]. The OR was 0.98 (95%ClI: 0.77-1.23)
and between-study heterogeneity was 0.35 (95%CI: 0-0.71; Figures 4 and 5).

Considering the 12-month overall survival (OS), nine studies including 1588 patients were selected for analysis[36-44].
The OR was 1.08 (95%CI: 0.8-1.46). No significant difference was observed between the two groups (P = 0.551). The
between-study heterogeneity was 0.05 (95%ClI, 0-0.67; Supplementary Figure 2). The log HR analysis revealed no
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Ref. Events Total Events Total OR OR 950%CI  Weight

Burmeister et al®¥, 2011 0 36 5 39
Stahl et al®#4 2017 1 52 7 49 0.12 [0.01; 0.99] 3.87%
Luc et al®¢ 2015. 61 11 55 0.14 [0.03;0.64] 6.88%

——— 0.09 [0.00;1.61]  2.12%
e

— =

Markar et al " 2017 11 221 59 221 . 0.14 [0.07;0.28]  24.18%
——

-

—-

i

|

<

N

Visser et al ¥4 2018 131 20 131 0.27 [0.10;0.69]  15.46%
Anderegg et al®, 2017 131 26 172 0.41 [0.19;0.92]  19.74%
Favi et al® 2017 40 9 40 - 0.49 [0.15;1.63] 10.78%
Goense et al®?, 2017 84 15 84 - 0.55 [0.23;1.34] 16.96%

o U O o

Random effects model 43 756 152 791
Prediction interval
Heterogeneity: /% = 29% [0%; 68%), T> = 0.08, P = 0.199

0.27 [0.16;0.46] 100.00%
[0.11; 0.67]

[ | I |

Test for overall effect: t; =-5.85 (P < 0.001) 001 01 1 10 100
Figure 2 Analysis of pathological complete response. OR: Odds ratio.
Ref. Events Total Events Total OR OR 9509 CI Weight
nCT nCT nCRT nCRT
Markar et al®" 2017 3 221 9 221 +— 0.32 [0.09; 1.21]  58.54%
Spicer et al®® 2016 1 114 2 100 —.._— 0.43 [0.04; 4.86] 17.48%
Goense et al.#*® 2017 1 84 2 84 —:l—— 0.49 [0.04; 5.55] 17.43%
Burmeister et al®® 2011 0 36 0 39 . 1.08 [0.02;55.96] 6.55%
Random effects model 5 455 13 444 - 0.40 [0.22; 0.71] 100.00%
Prediction interval [0.04; 3.65]
Heterogeneity: /% = 0% [0%; 85%), T = 0, P = 0.945
Test for overall effect: t3 =-5.07 (P = 0.015) 01 051 2 10

Figure 3 Analysis of the 30-d mortality. nCT: Neoadjuvant chemotherapy; nCRT: Neoadjuvant chemoradiotherapy; OR: Odds ratio.

significant differences between the groups (Supplementary Figure 3).

For the 24-month OS, the OR was 1.03 (95%CI: 0.73-1.45)[36-44]. No significant difference was observed between the
two groups (P = 0.858). The between-study heterogeneity was 0.42 (95%ClI: 0-0.73; Supplementary Figure 4). The log HR
analysis revealed no significant differences between the groups (Supplementary Figure 5).

Considering the 36-month OS, the OR was 0.93 (95%CI: 0.54-1.6)[36-44]. No significant difference was observed
between the two groups (P = 0.754). The between-study heterogeneity was 0.73 (95%Cl: 0.47-0.86; Supplementary Figure
6). The logHR analysis revealed no significant differences between the groups (Supplementary Figure 7).

Considering the 48-month OS, seven studies including 1066 patients were selected for analysis[36-38,40,42-44]. The OR
was 0.67 (95%ClI: 0.27-0.85). No significant difference was observed between the two groups (P = 0.616). The between-
study heterogeneity was 0.67 (95%CI: 0.27-0.85; Supplementary Figure 8). The log HR analysis revealed no significant
differences between the groups (Supplementary Figure 9).

Considering the 60-month OS, the OR was 1.15 (95%CI: 0.56-2.35)[36-38,40,42-44]. No significant difference was
observed between the two groups (P = 0.658). The between-study heterogeneity was 0.67 (95%CI: 0.27-0.85; Supple-
mentary Figure 10).

Disease-free survival

The KM curves and logHR analysis conducted for two studies including 578 patients did not reveal significant differences
in overall survival between the two groups (P = 0.85)[36,38,42]. The OR was 1.04 (95%CI: 0.5-2.16). The between-study
heterogeneity was 0.49 (95%CI: 0-0.85; Supplementary Figures 11 and 12).

Considering the 12-month Disease-free survival (DFS), the OR was 0.93 (95%CI: 0.44-1.97)[36,38,42]. No significant
difference was observed between the two groups (P = 0.702). The between-study heterogeneity was 0.07 (95%CI: 0-0.9;
Supplementary Figure 13). The logHR analysis revealed no significant differences between the groups (Supplementary
Figure 14).

Considering the 24-month DFS, the OR was 0.95 (95%CI: 0.49-1.86)[36,38,42]. No significant difference was observed
between the two groups (P = 0.789). The between-study heterogeneity was 0 (95%CI: 0-0.9; Supplementary Figure 15).
The logHR analysis revealed no significant differences between the groups (Supplementary Figure 16).

3%9@) WJG | https://www.wjgnet.com 1627 March 21,2024 | Volume30 | Issuell |


https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/aba63b19-f0dd-4c73-950a-3e956451586e/WJG-30-1621-supplementary-material.pdf

Csontos A et al. Impact of neoadjuvant therapy of esophageal adenocarcinoma

- Favi et al® 2017 - nCRT - Goense et al*! 2017 - nCT Markar et al#? 2017 - nCRT Spicer et al®® 2016 - nCT - Visser et al¥? 2018 - nCRT
— Favietal® 2017 - nCT — Lucetal® 2015- nCRT Markar et al#Z 2017 - nCT — Stahl et al¥* 2017 - nCRT — Visser etal¥ 2018 - nCT
= Goense et al’“?, 2017 - nCRT — Lucetal® 2015. ncT Spicer et al®® 2016 - nCRT - Stahl etal®*4 2017 - nCT
1.00
0.75
i
& 0.50
0.25
0.00
0 40 80 120 160
Months

Figure 4 The Kaplan-Meier curves for the overall survival. The x-axis shows the time in month, the y-axis shows the number of patients in percentage.
nCT: Neoadjuvant chemotherapy; nCRT: Neoadjuvant chemoradiotherapy; PFS: Progression-free survival.

Ref. logHR  SE(logHR) HR HR 9506CI Weight
Favi et al®, 2017 -0.0285 0.3246 : 0.97 [0.51;1.84] 6.9%
Goense et al“9, 2017 -0.0550 0.2203 0.95 [0.61;1.46] 12.4%
Luc et al®8 2015 -0.5061 0.3125 — 0.60 [0.33;1.11] 7.4%
Markar et alt, 2017 0.1175 0.1435 —i— 1.12 [0.85;1.49] 20.5%
Spicer et al® 2016 0.1115 0.2025 —il— 1.12 [0.75;1.66] 13.9%
Stahl et al®4, 2017 0.4319 0.2243 B 1.54 [0.99;2.39] 12.1%
Visser et al¥2 2018 -0.1753 0.1737 —B— 0.84 [0.60;1.18] 16.8%
Miinch et al®% 2018 -0.4035 0.2578 —a 0.67 [0.40;1.11] 9.9%
1
Random effects model (HK) 0.98 [0.77; 1.23] 100.0%
Prediction interval [0.63; 1.51]
0.5 1 2

Heterogeneity: 12 = 35% [0%; 71%], T2 = 0.0225, P = 0.15

Figure 5 Pooled hazard ratio analysis of the overall mortality. HR: Hazard ratio; HK: Hoffman-Kringle random effect model.

Considering the 36-month DFS, the OR was 0.96 (95%CI: 0.4-2.28)[36,38,42]. No significant difference was observed
between the two groups (P = 0.846). The between-study heterogeneity was 0.05 (95%CI: 0-0.9) was calculated
(Supplementary Figure 17). The log HR analysis revealed no significant differences between the groups (Supplementary
Figure 18).

Considering the 48-month DFS, the OR was 1.04 (95%CI: 0.31-3.51)[36,38,42]. No significant difference was observed
between the two groups (P = 0.904). The between-study heterogeneity was 0.32 (95%CI: 0-0.93; Supplementary Figure 19).
The log HR analysis revealed no significant differences between the groups (Supplementary Figure 20).

Considering the 60-month DFS, the OR was 1.04 (95%CI: 0.3-3.64)[36,38,42]. No significant difference was observed
between the two groups (P = 0.913). The between-study heterogeneity was 0.32 (95%CI: 0-0.93) between the groups
(Supplementary Figure 21).

Progression-free survival

For the 12-month progression-free survival (PFS), three studies including 340 patients were selected for analysis[40,43,
44]. The OR was 0.73 (95%CI: 0.47-1.16). No statistically significant was observed difference between the two groups (P =
0.101). The between-study heterogeneity was 0 (95%CI: 0-0.9; Supplementary Figure 22).
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Considering the 24-month PFS, the OR was 0.78 (95%CI: 0.1-6.18)[40,43,44]. No significant difference was observed
between the two groups (P = 0.652). The between-study heterogeneity was 0.72 (95%Cl: 0.04-0.92; Supplementary Figure
23).

Considering the 36-month PFS, the OR was 1.04 (95%CI: 0.1-11.05)[40,43,44]. No significant difference was observed
between the two groups (P = 0.946). The between-study heterogeneity was 0.81 (95%CI: 0.39-0.94; Supplementary Figure
24).

Locoregional recurrence

Data from six studies including 1037 patients were analyzed, revealing locoregional recurrence in 12% of the patients[36,
37,41-44]. The OR was 0.98 (95%CI: 0.35-2.77). No significant difference was observed between the two groups (P = 0.966).
The between-study heterogeneity was 0.76 (95%CI: 0.47-0.89; Supplementary Figure 25).

Distant metastasis recurrence

Data from five studies including 910 patients were analyzed, revealing distal metastasis recurrence in 39% of the patients
[37,41-44]. The OR was 1.12 (95%CI: 0.76-1.64). No significant difference was observed between the two groups (P =
0.462). The between-study heterogeneity was 0 (95%CI: 0-0.79; Supplementary Figure 26).

Thromboembolism events

Data from four studies including 818 patients were analyzed for the occurrence of thromboembolism events[35,40,42,43].
The OR was 1.93 (95%ClI: 0.1-38.65). No significant difference was observed between the two groups (P = 0.535). The
between-study heterogeneity was 0.72 (95%CI: 0.22-0.90; Supplementary Figure 27).

Cardiac complications

Data from seven studies including 1580 patients were analyzed for the occurrence of cardiac complications[35,36,38,40-
43]. The OR was 0.8 (95%ClI: 0.42-1.52). No significant difference between the two groups (P = 0.425). The between-study
heterogeneity was 0.46 (95%CI: 0-0.77; Supplementary Figure 28).

Respiratory complications

Data from seven studies including 1580 patients were analyzed for the occurrence of respiratory complications[35,36,38,
40-43]. The OR was 1.04 (95%CI: 0.66-1.64). No significant difference was observed between the two groups (P = 0.835).
The between-study heterogeneity was 0.59 (95%CI: 0.04-0.82; Supplementary Figure 29).

Renal failure

Data from three studies including 650 patients were analyzed for the occurrence of renal failure[35,42,43]. The OR was
2.43 (95%CI: 1.12-5.28). A statistically significant difference was observed, favoring nCT over nCRT (P = 0.039). The
between-study heterogeneity was 0 (95%CI: 0-0.9; Supplementary Figure 30).

Neutropenia

Data from three studies including 560 patients were analyzed for the occurrence of neutropenia[35,40,43]. The OR was
0.97 (95%CI: 0.09-10.29). No significant difference was observed between the two groups (P = 0.964). The between-study
heterogeneity was 0.47 (95%CI: 0-0.84; Supplementary Figure 31).

Anastomotic leakage

Data from seven studies including 1580 patients were analyzed for the occurrence of anastomotic leakage[35,36,38,40-43].
The OR was 0.83 (95%ClI: 0.41-1.68). No significant difference was observed between the two groups (P = 0.539). The
between-study heterogeneity was 0.75 (95%CI: 0.48-0.88; Supplementary Figure 32).

Chyle leakage

Data from six studies including 1366 patients were analyzed for the occurrence of chyle leakage[35,36,40-43]. The OR was
0.99 (95%ClI: 0.61-1.61). No significant difference was observed between the two groups (P = 0.961). The between-study
heterogeneity was 0 (95%ClI: 0.48-0.75; Supplementary Figure 33).

Wound infection

Data from five studies including 1022 patients were analyzed for the occurrence of wound infection[35,38,40,42,43]. The
OR was 1.04 (95%CI: 0.36-3.02). No significant difference was observed between the two groups (P = 0.930). The between-
study heterogeneity was 0.37 (95%Cl: 0-0.76; Supplementary Figure 34).

Bleeding

Data from four studies including 849 patients were analyzed for the occurrence of bleeding[35,36,40,42]. The OR was 1.4
(95%ClI: 0.425-7.79). No statistically significant difference was observed between the two groups (P = 0.581). The between-
study heterogeneity was 0 (95%ClI: 0-0.85; Supplementary Figure 35).
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Vocal cord paresis

Data from three studies including 733 patients were analyzed for the occurrence of vocal cord paresis[35,40,42]. The OR
was 1.21 (95%CI: 0.04-41.98). No significant difference was observed between the two groups (P = 0.537). The between-
study heterogeneity was 0.5 (95%ClI: 0-0.85; Supplementary Figure 36).

Leukopenia
Two studies including 485 patients were selected for descriptive analyses[35,40]. Leukopenia occurred in 8% and 12% of
the patients in the nCT and nCRT groups, respectively.

Anemia
Two studies including 485 patients were selected for descriptive analyses[35,40]. Anemia occurred in 1% and 0.4% of the
patients in the nCT and nCRT groups, respectively.

Nausea or vomiting
Three studies including 560 patients were selected for descriptive analyses[35,40,43]. Nausea or vomiting occurred in 9%
and 3% of the patients in the nCT and nCRT groups, respectively.

Diarrhea
Two studies including 485 patients were selected for descriptive analyses[35,40]. Diarrhea occurred in 7% in the nCT
group, whereas no cases were noted in the nCRT group.

Hospital stay
Two studies including 430 patients were selected for descriptive analyses[40,42]. The estimated mean hospital stay was 20
(range: 7-97) d in the nCT group and 18 (range: 7-75) d in the nCRT group.

Risk of bias

As we expected, the two RCTs demonstrated a low risk of bias. However, for other included trials, ROB2 indicated some
concerns, mainly due to the randomization process (D1). In one trial, concerns were noted regarding the measurement
process due to the utilization of a plot digitizer[17]. No instance of high risk of bias was identified across the included
studies. Additional information is presented in Table 3.

GRADE approach

Employing the GRADE approach, our findings were determined to have low certainty for most outcomes; moderate
certainty for 30-d mortality; very low certainty for 12-month OS, 36-month PFS, and the occurrence of thromboembolism
events. The use of RoB2 indicated a moderate risk for all outcomes. High heterogeneity was reported for 36-month PFS
and the occurrence of thromboembolic events. Imprecision was observed for pCR and 12-month OS. Additionally, a high
variation in oncological treatments decreased the evidence quality, whereas a large effect size increased the quality of
PCR and 30-d mortality[49] (Supplementary Table 4).

DISCUSSION

The benefits of neoadjuvant therapy have been previously reported[7-9]. Previous meta-analyses have examined the
amplification of nCT and chemoradiotherapy in patients with AC or SCC. In the nCRT group, advantages were observed
in terms of 3-year survival with RO resection; however, the pCR rate had no effect on long-term survival. Perioperative
mortality and cardiovascular complications are more common in patients with AC in the nCRT group[50]. A previous
network meta-analysis showed that triplet-based chemotherapy increases overall survival and DFS in cases of AC of the
stomach or GEJ[51].

PCR is defined as the lack of tumor in the resected specimen or lymph nodes (pTO pNO cMO0)[15,36]. The 5-year
survival rate is presumably 88% in patients with pCR compared to 39% in those without pCR[15,52]. According to a
recent investigation comparing the long-term survival of the total population and patients with TRG grade 1-2 who
underwent nCT or chemoradiotherapy before surgery revealed that tumor regression after neoadjuvant treatment is
significantly associated with long-term survival, regardless of the treatment regimen[53]. Another retrospective cohort
study revealed improved OS and DFS in patients who achieved pCR following nCT compared to those who achieved a
lower rate of pCR following nCRT. The authors found a significant association between TRG and survival in both the
groups. Additionally, patients who achieved pCR in the nCRT group did not have as good a survival rate as those in the
nCT group, although their proportion was higher in the nCRT group. This finding suggests that esophageal AC should be
considered a systemic disease and treated accordingly[53,54]. However, other trials have reported that a larger number of
patients who achieved pCR do not have improved overall survival[55]. In this meta-analysis, we found a significantly
higher pCR in the nCRT group; however, no differences were found in OS, DFS, or PFS, consistent with the findings of
previous meta-analyses[50,55]. Based on this finding, we inferred that there is no association between pCR and OS;
therefore, the use of pCR as a prognostic factor should be considered in cases of AC. These findings aligned with those of
Gebauer et al’s study[56] reporting that high pCR after CROSS regimen is not clearly associated with longer overall
survival[56]. Another study concluded that only clinically complete response without nodal metastasis is associated with
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Table 3 Results using the risk of bias tool 2

Ref. D1 D2 D3 D4 D5 Overall
Stahl et al[44], 2017 + + + + + +
Burmeister et al[43], 2011 + + + + + +
Visser et al[42], 2018 ! + + + + !
Markar et al[41], 2017 ! + + + + !
Goense et al[40], 2017 ! + + + + !
Favi et al[39], 2017 ! + + + + !
Anderegg et al[35], 2017 ! + + + + !
Spicer et al[38], 2016 ! + + + + !
Luc et al[36], 2015 ! + + + + !
Miinch et al[37], 2018 ! + + ! + !

+: Low risk; !: Some concerns; -: High risk. D1: Randomization process; D2: Deviation from the intended interventions; D3: Missing outcome data; D4:

Measurement of the outcome; D5: Selection of the reported result.

long-term survival; therefore, the “watch-and-wait,” strategies should be considered carefully and applied only to
patients who have achieved pCR[57]. The utility of pCR as a prognostic indicator of neoadjuvant therapy remains
questionable, indicating the need for large number of randomized studies in the future.

Our analysis revealed that none of the investigated groups were superior considering local recurrence, which aligns
with the findings of a previous meta-analysis[50]. This indicates that the higher local control provided by radiotherapy
does not reduce the incidence of local recurrence. Additionally, we did not detect a significant difference in terms of
metastases, which occurred in 39% of the cases compared to 12% of local recurrence cases, suggesting that AC should be
treated as a systematic disease, and therefore, the “watch-and-wait” strategies should be considered critically.

Our findings revealed a significantly higher 30-d mortality risk in the chemoradiotherapy group. This can be attributed
to complications arising in the postoperative period. However, differences in the outcomes of surgical complications were
not noted, consistent with the findings of a previous meta-analysis, in which no difference was reported in anastomotic
leakage[50]. Additionally, a previous meta-analysis reported a higher risk of mortality in the postoperative period among
patients with AC. Therefore, further investigation into the effects of nCRT on postoperative complications is warranted
[50]. We only performed descriptive analysis, which revealed a comparable duration of postoperative hospitalization in
both the groups[40,42].

We observed no difference in any of the clinical complications in both the groups; however, a previous meta-analysis
reported a higher risk of cardiovascular complications in the nRCT group than in the nCT group, which could be a toxic
side effect of this modality.

nCT and radiotherapy are also associated with adverse events, including thromboembolic events, neutropenia,
leukopenia, anemia, nausea or vomiting, and diarrhea[35]. Renal failure occurred more often in the nCT group than in the
nCRT group, indicating a toxic side effect of nCT. However, no difference was reported in terms of cardiac failure, in
contrast to a former meta-analysis[50]. According to previous investigations, neutropenia is not associated with either
neoadjuvant treatment modality. In the descriptive analysis, leukopenia occurred 4% more frequently in the nCRT group
than in the nCT group, making them more vulnerable to developing infections. Additionally, a low number of anemia
cases was observed in both the groups. The quality of life can be assessed using the EORTC QLQ-C30 questionnaire[58],
which includes encompasses side effects including nausea, vomiting, and diarrhea. Notably, these side effects occurred
approximately 7% more frequently in the nCT group than in the nCRT group.

Our meta-analysis provides the most comprehensive and recent summary of the data, particularly focusing on patients
with esophageal AC. In addition, various outcomes were analyzed in a sufficient number of patients. The data from this
study accurately reflect the esophageal AC population. No significant differences in demographic characteristics were
reported between patients of the two groups.

Nevertheless, our study has some limitations. Deviating from the protocol, we included propensity score-matched
studies and cohort trials, which are less reliable than RCTs and have potentially significant biases. Additionally, all trials
were conducted in Western countries, reflecting a characteristic of AC, thus limiting the generalizability of the results to
the Asian population or other countries. The use of various neoadjuvant regimens and some the lack of separation
between preoperative and perioperative therapies in some included studies also pose some limitations. Furthermore, the
evidence for most outcomes was deemed low; therefore, the true effect may differ substantially from the estimate.

In summary, one might question the lack of impact of radiotherapy on overall survival, despite improvements in
measures of pathological regression, known to correlate with survival. This discrepancy can be attributed to modification
of these crucial measures by local therapy. In the context of modern surgical techniques, the systemic component of the
disease is the primary determinant of survival in esophageal and gastroesophageal junction ACs. Hence, the
incorporation of systemic chemotherapy, new immunotherapies, and targeted treatments capable of addressing distant
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diseases holds greater potential to enhance patient survival in the future.

CONCLUSION

In patients with esophageal AC, neoadjuvant chemoradiation increases pCR and 30-d mortality; however, it has no effect
on long-term survival. nCT may be associated with side effects that can decrease the quality of life. Further randomized
trials are required to address the limitations in the quality of the available studies.

ARTICLE HIGHLIGHTS

Research background

The incidence of adenocarcinoma (AC) in the esophagus is increasing, especially in the Western countries, in contrast to
the incidence of squamous cell carcinomas (SCC). Neoadjuvant therapy before surgery can improve patient survival in
advanced stages. The superiority of neoadjuvant modalities, especially for ACs, remains unclear. Previous meta-analyses
have numerous limitations, including the pooled populations of AC and SCC, which makes the application of their
results specifically to either subtype difficult.

Research motivation

The superiority of neoadjuvant therapy has been proven previously; however, determining which modality has a greater
benefit, especially for esophageal AC, remains uncertain. In this study, we performed a comprehensive, up-to-date invest-
igation to compare the efficacy of neoadjuvant chemotherapy (nCT) and neoadjuvant chemoradiotherapy (nCRT) in the
surgical treatment of AC of the esophagus and esophageal junction.

Research objectives

To address the questions of this meta-analysis, we used the PICO protocol to evaluate data from patients with esophageal
or cardiac AC, who underwent neoadjuvant therapy before surgery. Intervention was preoperative nCT, which was
compared with nCRT. We investigated the following outcomes: Survival, remission rate, mortality, short- and long-term
clinical and surgical complications, and quality of life.

Research methods

Following the PICO protocol, two authors independently performed a comprehensive search of multiple databases using
the predefined criteria. Statistical analyses were performed by biostatisticians to calculate odds ratio and hazard ratio
with the 95%CI. Results were visualized using forest plots and Kaplan-Meier curves. The Risk of Bias Tool 2 and GRADE
approach were used to assess the quality of the results.

Research results

Ten articles were included after selection. After statistical analysis, we observed that 30-d mortality (P = 0.015) and
pathological complete response (P < 0.001) were higher in the nCRT group than in the nCT group; however, no
significant difference was observed for long-term survival. The risk of renal failure (P = 0.039) was higher in the nCT
group, and the incidence of nausea or vomiting was 9% in the nCT group compared to 3% in the nCRT group. No
significant difference was reported in other clinical or surgical complications.

Research conclusions

Although the superiority of neoadjuvant therapy has been previously demonstrated, nCRT may increase pathological
complete response and 30-d mortality, without improving long-term survival. Furthermore, nCT may lead to some
adverse effects, which can decrease the quality of life.

Research perspectives
The present study predominantly analyzed retrospective data, potentially introducing research bias; therefore, future
randomized studies with more detailed data collection are warranted.
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Abstract

BACKGROUND

Metastatic cardiac tumors are known to occur more frequently than primary
cardiac tumors, however, they often remain asymptomatic and are commonly dis-
covered on autopsy. Malignant tumors with a relatively high frequency of cardiac
metastasis include mesothelioma, melanoma, lung cancer, and breast cancer,
whereas reports of esophageal cancer with cardiac metastasis are rare.

CASE SUMMARY

The case of a 60-year-old man who complained of dysphagia is presented. Upper
gastrointestinal endoscopy showed a submucosal tumor-like elevated lesion in the
esophagus causing stenosis. Contrast-enhanced computed tomography showed
left atrial compression due to the esophageal tumor, multiple liver and lung
metastases, and a left pleural effusion. Pathological examination of a biopsy speci-
men from the esophageal tumor showed spindle-shaped cells, raising suspicion of
esophageal sarcoma. The disease progressed rapidly, and systemic chemotherapy
was deemed necessary, however, due to his poor general condition, adminis-
tration of cytotoxic agents was considered difficult. Given his high Combined
Positive Score, nivolumab was administered, however, the patient soon died from
the disease. The autopsy confirmed spindle cell carcinoma (SCC) of the esophagus
and cardiac metastasis with similar histological features. Cancer stem cell
markers, ZEB1 and TWIST, were positive in both the primary tumor and the
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cardiac metastasis.

CONCLUSION

To the best of our knowledge, there have been no prior reports of cardiac metastasis of esophageal SCC. This case
highlights our experience with a patient with esophageal SCC who progressed rapidly and died from the disease,
with the autopsy examination showing cardiac metastasis.

Key Words: Spindle cell carcinoma; Esophagus; Myocardial metastasis; Epithelial-mesenchymal transition; Case report
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Core Tip: Spindle cell carcinoma (SCC) is rare, accounting for about 0.1%-1.5% of esophageal cancers. Tumor cells show
sarcomatoid differentiation with spindle cells and are accompanied by components of conventional carcinoma including
squamous cell carcinoma in some cases. Many of cardiac metastatic tumors are asymptomatic and are typically discovered
through pathological autopsy, with metastatic cardiac tumors being identified in 2% to 18% of cancer patients undergoing
autopsy. There has been no report of cardiac metastasis in esophageal SCC.

Citation: Shibata Y, Ohmura H, Komatsu K, Sagara K, Matsuyama A, Nakano R, Baba E. Myocardial metastasis from ZEB1- and
TWIST-positive spindle cell carcinoma of the esophagus: A case report. World J Gastroenterol 2024; 30(11): 1636-1643
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INTRODUCTION

Cardiac tumors are classified into primary tumors, originating within the heart, and metastatic tumors from other organs.
Primary cardiac tumors include benign tumors, represented by myxoma, and malignant tumors, including sarcomas and
lymphomas. Primary cardiac tumors are extremely rare, with prevalence rates ranging from 0.001% to 0.3% in autopsy
studies. Furthermore, the proportion of malignant tumors among primary cardiac tumors is approximately 10%. On the
other hand, metastatic cardiac tumors are much more frequent than primary cardiac tumors, with an estimated
occurrence rate that is approximately 20 to 40 times higher. Many of these cases remain asymptomatic and are typically
discovered on autopsy, with metastatic cardiac tumors being identified in 2% to 18% of cancer patients undergoing
autopsy examination[1-3]. Excluding direct infiltration from adjacent organs, the mechanisms of cardiac metastasis are
considered to include lymphatic or hematogenous metastasis, as well as composite types. In cases with cardiac
metastasis, 69.4% had pericardial metastasis, 34.2% had epicardial metastasis, 31.8% had myocardial metastasis, and
endocardial metastasis was uncommon, at 5%. Malignant tumors reported to have a relatively high frequency of cardiac
metastasis include malignant pleural mesothelioma, melanoma, lung cancer, and breast cancer, however, reports of
cardiac metastasis in esophageal cancer are rare[2]. Spindle cell carcinoma (SCC) is rare, accounting for about 0.1%-1.5%
of esophageal cancers. Tumor cells show sarcomatoid differentiation with spindle cells and are accompanied by
components of conventional carcinoma, including squamous cell carcinoma in some cases. There are reports of a high
frequency of lymphatic metastasis and of a higher frequency of hematogenous metastasis[4].

The efficacy of 5-fluorouracil + cisplatin + anti-programmed cell death 1 antibody (nivolumab or pembrolizumab) and
anti-programmed cell death 1 antibody + anti- cytotoxic T lymphocyte-associated antigen-4 antibody (nivolumab +
ipilimumab) as first-line treatment has been demonstrated for metastatic/recurrent esophageal squamous cell carcinoma
and adenocarcinoma, and they are standard treatments[5,6]. However, a standard treatment for advanced SCC has not
been established. There have been no previous reports of myocardial metastasis from esophageal SCC. A case of
esophageal SCC with rapid disease progression leading to death that showed myocardial metastasis on autopsy is
presented.

CASE PRESENTATION

Chief complaints
A 60-year-old man was admitted to our hospital with complaints of difficulty in swallowing and left chest pain.

History of present illness
The patient had a 6-month history of persistent, worsening difficulty in swallowing since December 2023.
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History of past illness
The patient had no significant history.

Personal and family history
Mother of the patient had the history of uterine cancer.

Physical examination
The patient showed a poor general condition, with Eastern Comprehensive Oncology Group Performance Status (ECOG
PS 3).

Laboratory examinations
Blood tests showed preserved bone marrow, liver, and kidney functions, without coagulation abnormalities. Serum levels
of tumor markers (carcinoembryonic antigen, SCC) were not increased.

Imaging examinations

Upper gastrointestinal endoscopy showed a submucosal tumor-like protruding lesion, occupying nearly the entire lumen
from the mid to lower thoracic esophagus, causing stenosis (Figure 1). Contrast-enhanced computed tomography (CT)
showed esophageal tumor invasion into the left atrium, multiple liver and lung metastases, and a left pleural effusion
(Figure 2). The biopsy specimen of the esophageal tumor showed spindle cells, positive for the mesenchymal marker
vimentin and negative for epithelial markers including AE1/AE3, CAMS5.2, p40, and cytokeratin 7, leading to a suspicion
of esophageal sarcoma, and the patient was referred to our hospital for treatment. Cardiac ultrasonography showed a
tumorous lesion on the posterior side of the left atrium, however, no invasion into the heart or intramyocardial tumor
was observed. Chest X-ray and ultrasonography showed a pleural effusion, and thoracentesis was performed to alleviate
symptoms and make a diagnosis, draining 1000 mL of slightly turbid, bloody pleural fluid. However, chest X-ray the next
day showed re-accumulation of pleural fluid to the same degree as before drainage. Upper gastrointestinal endoscopy
allowed passage of a slim scope, and biopsy of the primary lesion was performed. Histopathologically, atypical spindle
cells and polymorphic cells, however, no epithelial components, were observed and immunohistological staining was
negative for AE1/AE3, CAM5.2, cytokeratin 5/6, and p63, similar to the previous pathological report; thus, an epithelial
malignant tumor could not be confirmed. The programmed death-ligand 1 Combined Positive Score (CPS) was > 10.
Pleural fluid cytology showed malignant cells, and cell block immunostaining showed similar findings to those of the
primary lesion. Cancer stem cell markers including ZEB1 and TWIST were positive in both the primary and metastatic
cardiac lesions (Figure 3).

FINAL DIAGNOSIS

Histopathologically, advanced esophageal squamous cell carcinoma or non-small round cell sarcoma was considered.

TREATMENT

Disease progression was aggressive; thus, systemic chemotherapy for advanced esophageal squamous cell carcinoma or
non-small round cell sarcoma was considered, however, it was deemed infeasible due to the patient’s poor general
condition (ECOG PS 3). Expecting efficacy of nivolumab monotherapy given the high CPS, administration of nivolumab
was started in January 2023.

OUTCOME AND FOLLOW-UP

However, on the day of administration of nivolumab, the patient lost consciousness, developed lower jaw breathing, and
then developed respiratory and cardiac arrest resulting in death. Pathological autopsy examination was performed with
the prior written, informed consent from the patient and family to investigate the cause of death. In the pathological
autopsy examination, A whitish, protruding lesion was observed from the mid to lower esophagus, mainly on the lateral
to posterior walls, bulging into the lumen with severe stenosis of the esophageal lumen. Histologically, atypical
epithelioid cells were densely proliferating with poor cohesion admixed with spindle cells and pleomorphic cells.
Numerous mitotic figures were observed. The presence of an area considered to be carcinoma in situ at the border
between tumor and non-tumor areas in the anterior and lateral esophageal walls, and partial positivity of the atypical
cells for AE1/AE3 and cytokeratin 5/6 on immunohistochemistry, along with negative smooth muscle actin, desmin, c-
kit, and no other distinct differentiation, led to a diagnosis of spindle cell squamous cell carcinoma arising from
esophageal squamous cell carcinoma. The mediastinal lymph nodes were fused into a single mass by tumor metastases,
with indistinct original nodal structures. Widespread tumor metastasis was observed in both lungs and the liver,
accompanied by marked vascular invasion. In addition to a 15 mm x 12 mm nodular lesion in the left ventricular lateral
wall, microscopic metastases were also observed in the left ventricular lateral and posterior walls and interventricular
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Figure 1 Imaging of primary lesion by upper gastrointestinal endoscopy. Upper gastrointestinal endoscopy shows a submucosal tumor-like protruding
lesion occupying nearly the entire lumen from the mid to lower thoracic esophagus, causing stenosis.

Figure 2 Imaging of primary and metastatic lesions by computed tomography. A: Contrast-enhanced computed tomography shows left atrial
compression due to the esophageal tumor; B: Multiple liver metastases; C: Multiple lung metastases and left pleural effusion.

septum. Histologically, pleomorphic to spindle-shaped atypical cells with hyperchromatic nuclei, distinct nucleoli, and
eosinophilic cytoplasm showed poorly cohesive proliferation, often admixed with polymorphic cells. There was no major
histological difference between the primary and metastatic lesions. Numerous disseminated nodules were also observed
in the left pleural cavity, with accumulation of a bloody pleural effusion. Death was ascribed to multi-organ tumor
metastases, with respiratory failure due to pleural effusion also potentially contributing as a cause of death (Figure 4).
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Figure 3 ZEB1 and TWIST in primary and metastatic cardiac lesions. Cancer stem cell markers ZEB1 and TWIST are immunohistologically positive in
both the primary and metastatic cardiac lesions. A: ZEB1 staining of the primary lesion; B: ZEB1 staining of the cardiac lesion; C: TWIST staining of primary lesion; D:
TWIST staining of the cardiac lesion.

DISCUSSION

Cardiac metastasis occurs more often than primary cardiac tumors. In an autopsy study of 18751 cases, malignant tumors
were identified in 7289 cases, of which 622 (9.1%) had cardiac metastases[2]. The most common metastases to the
pericardium are from mesothelioma, lung cancer, uterine cancer, gastric cancer, and prostate cancer. Metastases to the
epicardium are most common from melanoma, squamous cell carcinoma, and adenocarcinoma of the lung. Myocardial
metastases occur most often from melanoma and hematological malignancies, whereas endocardial metastases are most
common from melanoma, renal cell carcinoma, and hepatocellular carcinoma. In a study of 111 autopsies of esophageal
cancer patients, epicardial metastases were found in 13%, and no myocardial metastases or endocardial metastases were
identified[”]. Besides direct invasion, the mechanisms of cardiac metastasis are thought to include lymphatic spread,
hematogenous spread, and their combination. Pericardial metastases, excluding direct invasion from intrathoracic or
mediastinal tumors, are considered to arise from retrograde lymphatic spread from the trachea and mediastinal lymph
nodes. Myocardial metastases and epicardial metastases may result from lymphatic spread and seeding from pericardial
metastases. Hematogenous spread via the coronary arteries also contributes to myocardial metastases. In the present case,
direct invasion and pericardial metastases were absent, and myocardial metastasis due to hematogenous spread was
presumed.

SCC often shows positivity for vimentin and p53 on immunohistochemistry, whereas the epithelial component is
frequently positive for pan cytokeratin (AE1/AE3). Li et al[8] reported that, in 23.2% of cases of primary esophageal SCC,
both the spindle cells and the epithelial cells were positive for AE1/AE3, and in 8.5% of cases, both components were also
positive for vimentin. In the present case, AE1/AE3 expression was limited to only a small portion, with loss of epithelial
characteristics in the majority, suggesting difficulty in making a definitive diagnosis on biopsy. ZEB1 and TWIST
positivity in primary esophageal SCC has been reported, implicating the epithelial-mesenchymal transition in its
pathogenesis. Both the primary and metastatic cardiac tumors in the present case were positive for ZEB1 and TWIST[9].
To the best of our knowledge, this is the first analysis of these molecules in the rare occurrence of cardiac metastasis from
primary esophageal SCC.

A previous report showed that primary esophageal SCC had a better prognosis than squamous cell carcinoma[10]. SCC
often forms intraluminal protruding lesions, leading to early symptoms of dysphagia, which may account for its detection
at an early stage. It is usually diagnosed as early cancer, with a lower frequency of lymph node metastasis. Iyomasa et al
[11] compared 20 cases of carcinosarcoma to 773 cases of squamous cell carcinoma, reporting 3-year survival rates of
62.8% vs 28.1%, however, similar 5-year survival rates of 26.7% vs 22.4%, respectively[11]. Most cases are diagnosed and
surgically resected before developing distant metastases, and surgery remains the only curative treatment of SCC. Other
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Figure 4 Autopsy examination findings. A: Numerous disseminated nodules are observed in the left pleural cavity; B: Multiple metastases in the liver; C:
Multiple metastases in the lung; D: Multiple metastases in the heart.

therapies including radiation and chemotherapy have been reported, however, the roles of radiation therapy and
chemotherapy are unclear because of insufficient evidence. Schizas et al[12] reported that perioperative chemotherapy did
not improve survival. Iwaya ef al[13] described failure to control tumor progression with radiation therapy. In contrast,
Sanada et al[14] reported tumor shrinkage with chemoradiation. Yamauchi et al[15] observed tumor reduction with
chemoradiotherapy followed by rapid regrowth, speculating that the squamous component responded to the therapy,
however, the sarcomatous component did not[12-15]. In the present case, biopsy pathology and the cell block of pleural
fluid showed no epithelial component, suggesting sarcoma, and carcinosarcoma could not be ruled out. Standard therapy
for sarcoma with doxorubicin alone or doxorubicin + ifosfamide could not be administered due to the patient’s poor
general condition. A high CPS has been associated with response to immune checkpoint inhibitors (ICIs) in several
cancers[16-18], and the CPS was greater than 10 in the present case, and a response to ICI therapy was expected.
However, the disease progressed rapidly, and the patient died before a response to ICI therapy could be obtained.
Although death on the day of ICI administration raises the possibility of a drug-related event, the patient’s vital signs
were normal at the time of administration, without signs of allergy or anaphylaxis. Autopsy findings of rapid tumor
progression and widespread dissemination support cancer death as the cause. Cardiac metastases are often asymptomatic
and found incidentally on postmortem examination. Fluorodeoxyglucose positron emission tomography/CT has also
shown asymptomatic myocardial metastases prior to death[19]. When symptomatic, widespread metastases to other sites
are usually present, and death more commonly results from metastases elsewhere rather than the cardiac metastasis.
However, pericardial metastases can cause cardiac tamponade requiring emergency drainage[20]. Myocardial metastases
may cause symptoms mimicking myocardial infarction[21]. Endocardial metastasis causing an intracavitary cardiac mass
from esophageal cancer has been resected to prevent sudden death and potentially prolong survival[22,23]. In the present
case, the patient died before response assessment, and myocardial metastasis was found at autopsy, however, it did not
appear to cause symptoms or affect prognosis.

CONCLUSION

Myocardial metastasis from esophageal cancer is rare, and among esophageal cancers, SCC is uncommon, so its
metastatic patterns are unclear with no prior reports of myocardial metastasis. This report presents the first case of
myocardial metastasis from ZEB1- and TWIST-positive esophageal SCC and characterizes its immunohistochemical
profile.

_Bﬁﬂ WJG | https://www.wjgnet.com 1641 March 21,2024 | Volume30 | Issuell |



Shibata Y et al. Myocardial metastasis from esophageal SCC

ACKNOWLEDGEMENTS

The authors are grateful to the patient for granting us permission for this case report.

FOOTNOTES

Author contributions: Shibata Y, Ohmura H, and Baba E contributed to the design of the report and drafted the manuscript; Komatsu K,
Sagara K, Matsuyama A, and Nakano R critically revised the manuscript.

Informed consent statement: Written, informed consent was obtained from the patient’s next of kin for publication of the details of the
patient’s medical case and any accompanying images.

Conflict-of-interest statement: Hirofumi Ohmura has received speakers’ bureau from Ono Pharmaceutical; Eishi Baba has received

honoraria from Ono Pharmaceutical and Bristol-Myers Squibb; All other authors have no conflicts of interest to report.

CARE Checklist (2016) statement: The authors have read CARE Checklist (2016), and the manuscript was prepared and revised
according to CARE Checklist (2016).

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

Country/Territory of origin: Japan
ORCID number: Hirofumi Ohmura 0000-0003-4650-9120; Eishi Baba 0000-0001-9428-6772.

S-Editor: Li L
L-Editor: A
P-Editor: Cai YX

REFERENCES

1 Glancy DL, Roberts WC. The heart in malignant melanoma. A study of 70 autopsy cases. Am J Cardiol 1968; 21: 555-571 [PMID: 5650736
DOI: 10.1016/0002-9149(68)90289-0]

2 Centofanti P, Di Rosa E, Deorsola L, Dato GM, Patan¢ F, La Torre M, Barbato L, Verzini A, Fortunato G, di Summa M. Primary cardiac
tumors: early and late results of surgical treatment in 91 patients. Ann Thorac Surg 1999; 68: 1236-1241 [PMID: 10543485 DOL:
10.1016/S0003-4975(99)00700-6]

Silverman NA. Primary cardiac tumors. Ann Surg 1980; 191: 127-138 [PMID: 7362282 DOI: 10.1097/00000658-198002000-00001]

4 Raza MA, Mazzara PF. Sarcomatoid carcinoma of esophagus. Arch Pathol Lab Med 2011; 135: 945-948 [PMID: 21732788 DOI:
10.5858/2010-0074-RSR.1]

5 Sun JM, Shen L, Shah MA, Enzinger P, Adenis A, Doi T, Kojima T, Metges JP, Li Z, Kim SB, Cho BC, Mansoor W, Li SH, Sunpaweravong
P, Maqueda MA, Goekkurt E, Hara H, Antunes L, Fountzilas C, Tsuji A, Oliden VC, Liu Q, Shah S, Bhagia P, Kato K; KEYNOTE-590
Investigators. Pembrolizumab plus chemotherapy versus chemotherapy alone for first-line treatment of advanced oesophageal cancer
(KEYNOTE-590): a randomised, placebo-controlled, phase 3 study. Lancet 2021; 398: 759-771 [PMID: 34454674 DOI:
10.1016/S0140-6736(21)01234-4]

6 Doki Y, Ajani JA, Kato K, Xu J, Wyrwicz L, Motoyama S, Ogata T, Kawakami H, Hsu CH, Adenis A, El Hajbi F, Di Bartolomeo M,
Braghiroli MI, Holtved E, Ostoich SA, Kim HR, Ueno M, Mansoor W, Yang WC, Liu T, Bridgewater J, Makino T, Xynos I, Liu X, Lei M,
Kondo K, Patel A, Gricar J, Chau I, Kitagawa Y; CheckMate 648 Trial Investigators. Nivolumab Combination Therapy in Advanced
Esophageal Squamous-Cell Carcinoma. N Engl J Med 2022; 386: 449-462 [PMID: 35108470 DOI: 10.1056/NEJMoa2111380]

7 Mandard AM, Chasle J, Marnay J, Villedieu B, Bianco C, Roussel A, Elie H, Vernhes JC. Autopsy findings in 111 cases of esophageal
cancer. Cancer 1981; 48: 329-335 [PMID: 6453643 DOI: 10.1002/1097-0142(19810715)48:2<329:: AID-CNCR2820480219>3.0.CO;2-V]

8 Li XM, Song X, Zhao XK, Hu SJ, Cheng R, Lv S, Du DF, Zhang XY, Lu JL, Ku JW, Zhang DY, Zhang Y, Fan ZM, Wang LD. The
alterations of cytokeratin and vimentin protein expressions in primary esophageal spindle cell carcinoma. BMC Cancer 2018; 18: 356 [PMID:
29609569 DOI: 10.1186/s12885-018-4301-1]

9 Nakazawa T, Nobusawa S, Ikota H, Kuwano H, Takeyoshi I, Yokoo H. Wide expression of ZEBI in sarcomatous component of spindle cell
carcinoma of the esophagus. Pathol Int 2015; 65: 635-643 [PMID: 26515382 DOIL: 10.1111/pin.12354]

10 McCort JJ. Esophageal carcinosarcoma and pesudosarcoma. Radiology 1972; 102: 519-524 [PMID: 5060153 DOI: 10.1148/102.3.519]

11 Iyomasa S, Kato H, Tachimori Y, Watanabe H, Yamaguchi H, Itabashi M. Carcinosarcoma of the esophagus: a twenty-case study. Jpn J Clin
Oncol 1990; 20: 99-106 [PMID: 2319703]

12 Schizas D, Mastoraki A, Bagias G, loannidi M, Kanavidis P, Moris D, Tsilimigras DI, Spartalis E, Arkadopoulos N, Liakakos T.
Carcinosarcomas of the esophagus: systematic review of a rare nosologic entity. J BUON 2018; 23: 1432-1438 [PMID: 30570870]

13 Iwaya T, Maesawa C, Uesugi N, Kimura T, Ogasawara S, Ikeda K, Kimura Y, Mitomo S, Ishida K, Sato N, Saito K, Masuda T. True
carcinosarcoma of the esophagus. Dis Esophagus 2006; 19: 48-52 [PMID: 16364045 DOI: 10.1111/§.1442-2050.2006.00538.x]

3%9@) WJG | https://www.wjgnet.com 1642 March 21,2024 | Volume30 | Issuell |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0003-4650-9120
http://orcid.org/0000-0003-4650-9120
http://orcid.org/0000-0001-9428-6772
http://orcid.org/0000-0001-9428-6772
http://www.ncbi.nlm.nih.gov/pubmed/5650736
https://dx.doi.org/10.1016/0002-9149(68)90289-0
http://www.ncbi.nlm.nih.gov/pubmed/10543485
https://dx.doi.org/10.1016/S0003-4975(99)00700-6
http://www.ncbi.nlm.nih.gov/pubmed/7362282
https://dx.doi.org/10.1097/00000658-198002000-00001
http://www.ncbi.nlm.nih.gov/pubmed/21732788
https://dx.doi.org/10.5858/2010-0074-RSR.1
http://www.ncbi.nlm.nih.gov/pubmed/34454674
https://dx.doi.org/10.1016/S0140-6736(21)01234-4
http://www.ncbi.nlm.nih.gov/pubmed/35108470
https://dx.doi.org/10.1056/NEJMoa2111380
http://www.ncbi.nlm.nih.gov/pubmed/6453643
https://dx.doi.org/10.1002/1097-0142(19810715)48:2<329::AID-CNCR2820480219>3.0.CO;2-V
http://www.ncbi.nlm.nih.gov/pubmed/29609569
https://dx.doi.org/10.1186/s12885-018-4301-1
http://www.ncbi.nlm.nih.gov/pubmed/26515382
https://dx.doi.org/10.1111/pin.12354
http://www.ncbi.nlm.nih.gov/pubmed/5060153
https://dx.doi.org/10.1148/102.3.519
http://www.ncbi.nlm.nih.gov/pubmed/2319703
http://www.ncbi.nlm.nih.gov/pubmed/30570870
http://www.ncbi.nlm.nih.gov/pubmed/16364045
https://dx.doi.org/10.1111/j.1442-2050.2006.00538.x

16

20

21

N
()

N9
98]

Shibata Y et al. Myocardial metastasis from esophageal SCC

Sanada Y, Hihara J, Yoshida K, Yamaguchi Y. Esophageal carcinosarcoma with intramural metastasis. Dis Esophagus 2006; 19: 119-131
[PMID: 16643182 DOI: 10.1111/§.1442-2050.2006.00551.x]

Yamauchi T, Taniyama Y, Fujishima F, Sasano H, Unno M, Kamei T. Rapidly growing carcinosarcoma of the esophagus following definitive
chemoradiotherapy: A case report and the literature review. Int J Surg Case Rep 2022; 94: 107116 [PMID: 35468385 DOI:
10.1016/j.ijscr.2022.107116]

Ulas EB, Hashemi SMS, Houda I, Kaynak A, Veltman JD, Fransen MF, Radonic T, Bahce 1. Predictive Value of Combined Positive Score and
Tumor Proportion Score for Immunotherapy Response in Advanced NSCLC. JTO Clin Res Rep 2023; 4: 100532 [PMID: 37681219 DOI:
10.1016/j.jtocrr.2023.100532]

Shin M, Ahn S, Jung J, Hyung S, Kim KM, Kim ST, Kang WK, Lee J. Impact of programmed death-ligand 1 (PD-L1) positivity on clinical
and molecular features of patients with metastatic gastric cancer. Cancer Med 2023; 12: 18633-18642 [PMID: 37654198 DOI:
10.1002/cam4.6472]

Burtness B, Harrington KJ, Greil R, Souli¢res D, Tahara M, de Castro G Jr, Psyrri A, Basté N, Neupane P, Bratland A, Fuereder T, Hughes
BGM, Mesia R, Ngamphaiboon N, Rordorf T, Wan Ishak WZ, Hong RL, Gonzalez Mendoza R, Roy A, Zhang Y, Gumuscu B, Cheng JD, Jin
F, Rischin D; KEYNOTE-048 Investigators. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or
metastatic squamous cell carcinoma of the head and neck (KEYNOTE-048): a randomised, open-label, phase 3 study. Lancet 2019; 394: 1915-
1928 [PMID: 31679945 DOI: 10.1016/S0140-6736(19)32591-7]

Puranik AD, Purandare NC, Sawant S, Agrawal A, Shah S, Jatale P, Rangarajan V. Asymptomatic myocardial metastasis from cancers of
upper aero-digestive tract detected on FDG PET/CT: a series of 4 cases. Cancer Imaging 2014; 14: 16 [PMID: 25608865 DOI:
10.1186/1470-7330-14-16]

Kishino T, Kumamoto K, Matsukawa H, Kondo A, Ando Y, Uemura J, Suto H, Asano E, Oshima M, Chiba Y, Ueno M, Nakagawa S,
Kitamoto S, Yamashita Y, Horii T, Okano K. Constrictive pericarditis caused by pericardial metastasis from esophageal squamous cell
carcinoma: a case report. Int Cancer Conf'J 2022; 11: 172-177 [PMID: 35669905 DOI: 10.1007/s13691-022-00543-0]

Oliveira SM, Gongalves A, Cruz C, Almeida J, Madureira AJ, Amendoeira I, Maciel MJ. Cardiac metastasis from epidermoid esophageal
cancer mimicking anterior myocardial infarction. Rev Port Cardiol 2012; 31: 163-166 [PMID: 22222060 DOI: 10.1016/j.repc.2011.12.011]
Yamazaki I, Yanagi H, Goda M, Suzuki S, Masuda M. Isolated intracavitary metastatic esophageal cancer of the right atrium and right
ventricle. Jpn J Cardiovasc Surg 2011; 40: 310-313 [DOI: 10.4326/jjcvs.40.310]

Kiryu K, Kadohama T, Yamaura G, Chida Y, Tanaka F, Takagi D, Itagaki Y, Yamamoto H. Tumorectomy to avoid sudden death by
pulmonary embolism in a patient with a cardiac tumor originating from the esophagus. Jpn J Cardiovasc Surg 2019; 48: 170-172 [DOI:
10.4326/jjcvs.48.170]

3%9@) WIG | https://www.wjgnet.com 1643 March 21,2024 | Volume30 | Issuell


http://www.ncbi.nlm.nih.gov/pubmed/16643182
https://dx.doi.org/10.1111/j.1442-2050.2006.00551.x
http://www.ncbi.nlm.nih.gov/pubmed/35468385
https://dx.doi.org/10.1016/j.ijscr.2022.107116
http://www.ncbi.nlm.nih.gov/pubmed/37681219
https://dx.doi.org/10.1016/j.jtocrr.2023.100532
http://www.ncbi.nlm.nih.gov/pubmed/37654198
https://dx.doi.org/10.1002/cam4.6472
http://www.ncbi.nlm.nih.gov/pubmed/31679945
https://dx.doi.org/10.1016/S0140-6736(19)32591-7
http://www.ncbi.nlm.nih.gov/pubmed/25608865
https://dx.doi.org/10.1186/1470-7330-14-16
http://www.ncbi.nlm.nih.gov/pubmed/35669905
https://dx.doi.org/10.1007/s13691-022-00543-0
http://www.ncbi.nlm.nih.gov/pubmed/22222060
https://dx.doi.org/10.1016/j.repc.2011.12.011
https://dx.doi.org/10.4326/jjcvs.40.310
https://dx.doi.org/10.4326/jjcvs.48.170

JRnishideng®

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: office(@baishideng.com
Help Desk: https://www.t6publishing.com/helpdesk

https:/ /www.wjgnet.com

© 2024 Baishideng Publishing Group Inc. All rights reserved.


mailto:office@baishideng.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

