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Abstract

Hericium erinaceus is an edible and medicinal mushroom commonly used in
traditional Chinese medicine for centuries. Several studies have highlighted its
therapeutic potential for gastrointestinal disorders such as gastritis and inflam-
matory bowel diseases. In addition, some components of this mushroom appear
to possess strong antineoplastic capabilities against gastric and colorectal cancer.
This review aims to analyse all available evidence on the digestive therapeutic
potential of this fungus as well as the possible underlying molecular mechanisms.

Key Words: Hericium erinaceus; Fungus; Gastritis; Inflammatory bowel diseases; Gastric
cancer; Colorectal cancer
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Core Tip: Various natural and non-pharmacological principles have been used to treat gastrointestinal
disorders. Hericium erinaceus is a Chinese mushroom with a centuries-old medicinal tradition. Several
preclinical studies have demonstrated their anti-inflammatory and antineoplastic potential. The therapeutic
activity of this mushroom also targets inflammatory bowel diseases, as demonstrated in several animal
experiments. However, evidence from in vivo studies is not generally available for patients with
gastrointestinal disorders. It is also unclear which component of this mushroom has the greatest potency
and the best safety profile.

Citation: Gravina AG, Pellegrino R, Auletta S, Palladino G, Brandimarte G, D’Onoftrio R, Arboretto G, Imperio G,
Ventura A, Cipullo M, Romano M, Federico A. Hericium erinaceus, a medicinal fungus with a centuries-old
history: Evidence in gastrointestinal diseases. World J Gastroenterol 2023; 29(20): 3048-3065

URL: https://www.wjgnet.com/1007-9327/full/v29/i20/3048.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i120.3048

INTRODUCTION

Gastrointestinal disorders are one of the most prevalent diseases in the general population. They are
associated with a significant epidemiological and economic burden, with an estimated annual cost of
over a hundred and thirty billion in the United States alone[1]. Many gastrointestinal disorders require a
pharmacological approach; however, the possibility of adopting naturally derived complementary
therapies whenever possible is emerging[2,3].

Among the abundant natural compounds studied, there is a Chinese mushroom, Hericium erinaceus (
H. erinaceus) that has shown the potential to prevent and treat digestive diseases, such as gastric ulcers
[4]. Furthermore, its therapeutic potential has been demonstrated in several conditions, including
diabetes, hyperlipidaemia, neurodegenerative disorders, and cancer[5-8]. In addition, mild cognitive
impairment is another disorder in which H. erinaceus has shown encouraging results in randomised
clinical trials[9,10].

Therefore, H. erinaceus has traditionally and historically been used as a natural remedy for epigastric
pain caused by chronic gastritis, gastric ulcers, or even atrophic gastritis[8].

Despite the strong need for clinical studies, several experiments, mainly preclinical and mouse
model-based, have been conducted on the beneficial effects of many H. erinaceus extracts and
components on gastrointestinal diseases. Therefore, this narrative review aimed to provide overall
evidence of the therapeutic potential of H. erinaceus in gastrointestinal tract diseases.

H. ERINACEUS: GENERAL CONSIDERATIONS

H. erinaceus, also known as Yamabushitake (in the Japanese language), Houtou (in the Chinese
language), or also as “lion’s mane” is a fungus that belongs to the class Basidiomycetes, subclass Holobasi-
diomycetidae, order Hericiales, and family Hericiaceae[4]. This fungus is mainly distributed in European,
Asian, and American regions[11]. It is a saprophytic fungus or weak parasite that typically grows on
hardwoods, such as beech, chestnut, and cherry[12].

Many active metabolites of H. erinaceus that are structurally different from each other and potentially
bioactive have been discovered[13].

The main constituents of H. erinaceus are erinacines (cyathane-type diterpenoid aromatic compounds
as erinacines A-I), steroids (such as ergosterol, erinarols A-F, and ergostane-type steroids), alkaloids
(such as hericirine, 12B-hydroxyverruculogenTR-2, fumitremorgin, methylthioglioto, pseurotin A, and
FD-838), and lactones such as vitamin B,,-c-lactone (Figure 1)[13].

In addition, each 100 g of dried H. erinaceus contains approximately 61.3-77.5 g of total sugars, of
which B-glucans, a-glucans, and glucan-protein complexes are the most abundant[14,15]. Among these,
the B-glucans in the fungal cell wall have known and marked anti-inflammatory and anti-cancer
potency and can positively modify the gut microbiota[16].

Much of the research devoted to the chemical characterisation of H. erinaceus has focused on its
polysaccharide components, which are generally obtained from its fruiting body, and various extraction
methods have been developed[17-19].
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Major constituents of Hericium erinaceus
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Figure 1 Several constituents can be obtained from Hericium erinaceus by different means of extraction (for example, by alcohol,
chloroform, or petroleum). However, fractions such as erinacines and polysaccharides are those most commonly used in studies conducted in the

gastrointestinal setting.
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H. ERINACEUS IN UPPER GASTROINTESTINAL TRACT DISEASES: THE EVIDENCE

The role of H. erinaceus in non-infectious gastric diseases: Gastroprotective effects and therapeutic

potential in repairing gastric mucosal damage

Gastric ulcers are a significant epidemiological burden[20]. Among the most common forms of gastric
ulcers, those caused by non-steroidal anti-inflammatory drugs are also included. This is due to the
pharmacological inhibition of cyclooxygenases 1 and 2, which are responsible for producing proinflam-
matory cytokines and prostaglandins, which help maintain the integrity of the gastric mucosal barrier
[21]. An adequate balance between proinflammatory and anti-inflammatory cytokines is necessary for
maintaining gastric mucosal integrity, such that polymorphisms in genes encoding proinflammatory
cytokines can increase the risk of peptic ulcer and gastric cancer[22].

As anticipated, H. erinaceus has shown various anti-inflammatory, antioxidative, and gastroprotective
properties. Boddy et al[23] showed, for example, that the action of several polysaccharides of H. erinaceus
inhibits the secretion of proinflammatory cytokines interleukin 6 (IL-6), IL-8, and IL-12 and promotes
the secretion of the anti-inflammatory cytokine IL-10 in a co-culture system of Cancer coli 2 (Caco-2)
cells and Caco-2/RAW264.7 cells under bacterial lipopolysaccharide stimulation. This emphasises how
this fungus can intervene in cytokine imbalance in an inflamed environment by shifting the balance
toward an anti-inflammatory cytokine pattern.

To evaluate the gastroprotective, antioxidant, and anti-inflammatory activities in vivo, Wang et al[24]
conducted experiments in a mouse model in which ethanol or ligation of the pylorus induced gastric
ulcers. The study involved two polysaccharides, namely the crude polysaccharide of H. erinaceus, [i.e.,
crude polysaccharide (HECP)] and the refined polysaccharide of H. erinaceus [i.e., refined polysaccharide
(HERP)], obtained from the fruiting body using water extraction and ethanol precipitation methods[25].
The mice were divided into several groups, including control groups and those receiving H. erinaceus
polysaccharides at different dosages (100 mg/kg, 200 mg/kg, and 400 mg/kg). In the ethanol-induced
gastric ulcer model, there was a reduction in the severity of the ulcers in a dose-dependent manner in
the HERP/HECP-treated groups, with a significant reduction when pre-treatment with 400 mg/kg of
HERP/HECP was performed. In contrast, in the pylorus-ligation-induced ulcer model, significant ulcer-
inhibiting power was achieved when mice were administered HERP or HECP in a 200 mg/kg dosage.
Nevertheless, the ulcers appeared to be more mitigated by HECP polysaccharide than HERP.

These results generally indicate a marked gastroprotective effect of HERP/HECP polysaccharides in
ethanol-induced and pylorus-ligated gastric ulcers. However, the authors also showed results related to
the control of gastric secretions. HERP/HECP administration provided a regulatory advantage over the
imbalance in acid secretion induced by pylorus ligation.

Once the gastric mucosa has been damaged, the inflammatory process is activated, thereby increasing
the mediators of inflammation, including tumor necrosis factor a (TNF-a), IL-1B, and IL-6[26]. TNF-a
stimulates neutrophil infiltration and apoptosis of epithelial cells, reduces gastric microcirculation
around the ulcer region, and delays its healing[27]. Leucocyte infarction in the gastric mucosa is
generally assessed using myeloperoxidase (MPO) activity[28]. IL-1p significantly promotes ulcer
formation[29]. Another defensive element that protects against gastric ulceration is the mucus-
bicarbonate barrier. The mucus is a gel that adheres to the mucosa, preventing gastric acid penetration
and injury. Mucus typically works in conjunction with nitric oxide (NO), prostaglandin E, (PGE,), and
epidermal growth factor (EGF) to maintain mucosal integrity[30]. NO protects the mucosal barrier and
integrity of the gastric epithelium by inducing the inactivation of gastric parietal cells that secrete
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hydrochloric acid, thereby reducing acidity[31]. PEG, increases mucus and bicarbonate production,
leading to a decrease in gastric epithelial permeability[32]. EGF induces the proliferation of epithelial
cells, thereby promoting tissue healing[30].

Wang et al[24] discovered that rats administered with HERP or HECP had lower serum TNF-o and
IL-1P levels and lower gastric tissue MPO activity than in the control group, indicating that these
polysaccharides reduced the inflammatory response. In addition, the mucus content in the stomach was
higher in the H. erinaceus polysaccharides-treated group than in the control group, suggesting that
polysaccharides may protect the integrity of the gastric mucosa. The latter was also promoted by the
increased release of NO, PGE, and EGF in the H. erinaceus polysaccharides-treated group. HERP/HECP
also showed scavenging effects for 2,2-diphenyl-1-picrylhydrazyl, chelating capacity for Fe** and OH in
vitro, antioxidant activity, and increased superoxide dismutase (SOD) and glutathione peroxidase (GPx)
activities. It is known that SOD can rapidly convert peroxyl radicals into biologically safe and inactive
substances[33].

Furthermore, GPx protects the gastric mucosa from reactive oxygen species (ROS)-induced injury and
reduces lipid peroxidation[34]. Phenolic compounds appear to be the main contributors to the
antioxidant capacity of H. erinaceus[35]. The antioxidant and scavenger properties of H. erinaceus exerted
through its polysaccharide component have also been confirmed by other studies, in which it was
shown to prevent H,O,-induced apoptotic cell death in gastric epithelial cell lines (i.e., GES-1 cells)[25].

In general, there are several studies on the use of H. erinaceus in ethanol-induced ulcers[36-38], with
some focusing on acetic acid-induced ulcers[39]. Mao et al[36] also highlighted a possible therapeutic
mechanism for ethanol-induced ulceration in mice via epidermal differentiation by studying the
differences in the expression of several keratins, including 16, 6b, and transglutaminase E, in mucosa
treated with H. erinaceus and untreated mucosa.

In addition to its multidimensional gastroprotective properties, H. erinaceus can regulate chaperonins,
including HSP70. For example, in a model of ethanol-induced ulcers in Sprague Dawley mice, immuno-
histochemical studies have demonstrated an increased presence of HSP70 and downregulation of pro-
apoptotic Bcl-2-associated X proteins[40]. Heat shock proteins (as, for example, HSP70) have a well-
defined role in the pathogenesis of gastric ulcers. They are among the key players in the intracellular
defence mechanisms of gastric cells. Some maintain protein integrity under homeostatic and non-
stressful conditions, while others are activated after noxious stimuli[41].

However, the literature on this fungus has focused on both the erosive and atrophic patterns of
gastric mucosal damage. Wang et al[42] examined the EP-1 fraction obtained from H. erinaceus mycelium
in chronic atrophic gastritis. They found the potential to reduce the proliferation of MC cells (a model of
atrophic gastritis) by arresting them in the G,/ G, phase of the cell cycle. However, there is a clinical,
double-blinded, preliminary Chinese report for atrophic gastritis, although it was conducted in 1985 on
25 patients with atrophic gastritis who were administered H. erinaceus orally for three months. Clinical
and histological improvements were observed in 63% and 52% of treated patients[43].

Although there is a considerable amount of preclinical experience, there is a substantial lack of
clinical trials that have evaluated this mushroom as a pharmacological intervention in erosive gastritis,
gastric ulcers, and atrophic gastritis.

H. erinaceus properties against Helicobacter pylori infection
Helicobacter pylori (H. pylori) is a gram-negative spiral-shaped bacillus that contributes to several
gastrointestinal disorders, including chronic gastritis, peptic ulcer, gastric adenocarcinoma, and gastric
mucosa-associated lymphoid tissue lymphoma[44]. In addition, it is associated (to varying degrees) with
several extra-gastric disorders, including vitamin B,, deficiency anemia, primary immune thrombocyt-
openia, as well as ophthalmic conditions (such as glaucoma and central serous chorioretinopathy),
dermatological disorders (such as rosacea and psoriasis), inflammatory bowel diseases (IBD), metabolic
and neurological disorders[45]. The International Agency for Research on Cancer has designated H.
pylori as a Group I carcinogen for gastric cancer[46]. Therefore, eradication is imperative when an
infection is diagnosed[47]. However, we frequently encounter this bacterium’s substantial antibiotic
resistance; therefore, the guidelines suggest an algorithm based on several successive lines of treatment
until eradication is achieved[48,49]. In addition to standard drug therapy, probiotics have been
proposed to reduce adverse events associated with drug therapy[48]. H. erinaceus components (obtained
by various extraction techniques) have shown marked antimicrobial properties against H. pylori[50-54];
however, the significant available evidence is preclinical. The minimum inhibitory concentrations (MIC)
of the various components of H. erinaceus against H. pylori are shown in Table 1. MIC values fluctuate by
varying the extractive, qualitative, and quantitative characteristics of the extracted components while
reaching interesting values in some cases, as in the experience of Liu et al[52].

Therefore, it would be desirable to determine through clinical trials whether supplementation with H.
erinaceus can have an additive effect on the anti-H. pylori efficacy of available antibiotic therapies, and
whether such supplementation can reduce the adverse events associated with these antibiotic therapies.

H. erinaceus antineoplastic properties concerning gastric cancer
Gastric cancer is now the fourth leading cause of cancer-related deaths, based on its incidence and
prevalence[55]. Surgical and medical therapy take the lead in managing this neoplasm[56]; however,
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Table 1 Preclinical studies evaluating the antimicrobial activity of several Hericium erinaceus fraction toward Helicobacter pylori

Anti-H. pylori MIC

Ref. H. erinaceus fraction employed Extraction method
(ng/mL)
Shang et al[50], 2013 Ethyl acetate fractions 62.5-250.0"
Zhu et al[51], 2014 HEP25 (197 kDa) Ethanol precipitation (ethanol concen-  320°
tration 25%)
HEP75 (20 kDa) Ethanol precipitation (ethanol concen- 160
tration 75%)
Bi®* plus HEP25 Complexation of peptides with 20”
bismuth[54]
Bi®* plus HEP75 20”
Liu et al[52], 2016 PE2s (4 g) Petroleum ether extract 250-500°
11-14-18 (311.000 mg) Methyl alcohol elution from PE2s 12.5-50°
11-19-30 (355.100 mg) 12.5-25°
11-10-13 (306.100 mg) 25-100°
11-54-58 (96.000 mg) 100-400 +*
11-31-45 (363.900 mg) 25-50°
11-46-53 (184.500 mg) 25-100°
11-59-63 (78.100 mg) 50-100°
11-64-78 (425.400 mg) 100-400 +°
1I-1-6 (215.700 mg) 50-200°
11-7-9 (319.900 mg) 25-200°
1-(5-chloro-2-hydroxyphenyl)-3-methyl-1-butanone) ~ Recrystallized from II-10-13 and 1I-54-  12.5-50°
58
2,5-bis(methoxycarbonyl)terephthalic acid Recrystallized from I1-10-13 and 11-54-  6.25-25°
58
Thi My Ngan et al[53], fEtOAc (11.040 g) Culture filtrate-derived ethyl acetate 1.25*
2021 fraction
mEtOAc (0.091 g) Mycelium-derived Ethyl acetate 15*
fraction
mHexane (0.162 g) Mycelium-derived hexane fraction 75"
PS (26.400 g) Culture filtrate-derived polysaccharide ~ 7.5*
fHexane (0.120 g) Culture filtrate-derived hexane fraction 10"
mWater (0.509 g) Mycelium-derived water fraction 10 +*
fWater (72.480 g) Culture filtrate-derived water fraction 10 +*

INine clinical isolates are the employed strain of Helicobacter pylori (H. pylori).

2Colloidal bismuth subcitrate with a minimum inhibitory concentration (MIC) of 20 pg/mL was used as the comparison reference. NTCC11637 is the

employed strain of H. pylori.

3The comparison references were metronidazole (MIC range 0.7800-1.5625 pg/mL) and tetracycline (MIC range 0.780-3.125 ug/mL). In addition, different
isolates of H. pylori were used (i.e., ATCC 43504, SS1, H. pylori W,504, H. pylori 9, H. pylori 64, H. pylori 78, and H. pylori 83). Therefore, the results are

presented as MIC ranges.
#The reference comparison was amoxicillin, with a MIC of 0.032 pug/mL.

ATCC43504 is the employed strain of H. pylori. Bi°*: Bismuth; H. pylori: Helicobacter pylori; MIC: Minimum inhibitory concentration.

while not changing this premise, several natural substances have been studied as complementary
treatments[57-59].

Potential applications of H. erinaceus also extend in this context with a specific component of this

fungus named in connection with these properties (i.e., erinacines). They are diterpenoids with known
neuroprotective properties, of which erinacine A is obtained from the ethanol extract of H. erinaceus
mycelium[13]. With its exact origin, it is possible to obtain another extract, a sesterterpene, erinacine S

[60].
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Tung et al[61] demonstrated a unique mechanism by which erinacine S could intervene in gastric
carcinogenesis through epigenetic regulation. This molecule can induce selective apoptosis in gastric
cancer cell lines (i.e., AGS) mediated by ROS toxicity while sparing normal cells. A mouse model of
AGS-xenografts in which erinacine S suppressed tumour growth also confirmed this phenomenon[61].
In general, erinacine S may promote apoptosis in gastric carcinoma cells by inducing a specific pathway
involving several molecules, such as TNF-related apoptosis-inducing ligand T (TRAIL), Fas ligand (Fas-
L), and caspases 3,8,9 which are known to be involved in apoptotic death. At the same time, erinacine S
suppressed the expression of anti-apoptotic molecules (i.e., Bcl-2 and Bcl-XL). In addition, cell arrest is
promoted in the G, phase of the cell cycle by the inactivation of specific cyclins and cyclin-dependent
kinases[61]. Furthermore, erinacine S promotes the expression of Fas-L and TRAIL in gastric cancer cells
undergoing apoptosis by trimethylation of histone H3 in the promoter regions of the Fas-L and TRAIL
genes[61].

Erinacine A exhibits characteristics similar to erinacine S with respect to apoptosis induction. Several
studies have shown that erinacine S can inhibit the growth of colorectal cancer both in vitro and in vivo,
which could be attributed to the inhibition of proliferation and induction of the apoptosis signalling
pathway, such as the generation of ROS via the phosphatidylinositol 3-kinase (PI3K)/mechanistic target
of rapamycin (mTOR)/ribosomal protein S6 kinase beta-1 (p7056K) pathway[62,63].

Proteomic analyses have confirmed that erinacine A reduces the growth and invasiveness of
TSGH9201 gastric cancer cells via ROS-mediated phosphorylation of focal adhesion kinase (FAK)/
protein kinase B (also known as AKT)/p70S6K and p21-activated kinase 1 (PAK1)[64]. Previous studies
have shown that erinacine A-mediated apoptosis involves the actin depolymerisation pathway[65].
Furthermore, several PAK partners can phosphorylate or activate mitogen-activated protein kinases.
The kinases PI3-kinase/ AKT and LIM are involved in the regulation of the cytoskeleton[66,67]. In
addition, erinacine A is believed to induce upregulation of the onco-suppressive proteins microtubule-
associated scaffold protein 2 (MTUS2) and 14-3-3 protein sigma (1433S), associated with antitumour
activity in gastric cancer cells[63]. Recent studies have shown that the 1433S protein appears to
intervene in gastric cancer by exerting G,/M checkpoint regulation in the cell cycle[68,69].

Furthermore, the MTUS2 gene plays a central role in controlling microtubule plus-end-tracking
proteins (also known as + TIPs) by regulating cell division and migration through its mitotic kinesin-
associated centromere, a microtubule depolymerase[70,71]. Moreover, the cytoskeleton depolymer-
isation pathway has been recognised as a critical cellular response that controls apoptosis and inhibits
Rho GTPase-activated cell migration through its effector kinases, Rho-associated coiled-coil containing
protein kinases 1 and 2[72]. These findings are significant and imply that phosphorylation of the FAK/
AKT/p70S6K and PAK1 pathways determines the downstream expression of the MTUS2 and 1433S
genes, the execution of cancer cell apoptosis, and the role of erinacine A as an anti-invasive agent. This
effect most likely reflects cytoskeleton rearrangement, reducing erinacine A-dependent cell motility[63,
73,74]. Figure 2 summarises the primary antineoplastic mechanisms of erinacines.

An additional polysaccharide protein extracted from the fermented mycelia of H. erinaceus (HEG-5)
was studied in SGC-7901 gastric cancer lines. Again, positive regulation of apoptosis and the cell cycle
appears to be the mechanisms underlying this antineoplastic action. Indeed, it seems that HEG-5 blocks
the development of SGC-7901 cells in the S phase of the cell cycle by promoting the opposite regulation
of anti- and pro-apoptotic genes. That is, predictably, the downregulation of anti-apoptotic molecules
(such as Bcl-2, PI3K, and AKT) and, conversely, by upregulating caspases 3,8, p53, the bcl-2-associated
X-protein, and the bcl-2-associated death promoter. Thus, caspase 3,8-dependent, p53-dependent, and
PI3K/ AKT-mediated apoptotic pathways are activated[75].

A synergy between doxorubicin and H. erinaceus was also observed in their pro-apoptotic action
toward SGC-7901 cells via ROS-induced stress and caspase activation[76].

Moreover, two extracts of H. erinaceus (i.e., HTH5 and HTJ5A) have been shown in an experiment
conducted in NCI-87 gastric carcinoma cells to possess both in vitro and in vivo (in xenograft models
including severe combined immunodeficient bearing mice) concentration-dependent cytotoxicity
toward such cells, lower toxicity, and more efficacy than 5-fluorouracil[77].

Finally, H. erinaceus (via the EP-1 polysaccharide) targets not only cancer cells but also precancerous
cell lines by promoting their arrest in the G,/ G, phase of the cell cycle[78].

H. ERINACEUS IN LOWER GASTROINTESTINAL TRACT DISEASES: THE EVIDENCE

H. erinaceus and IBD
IBD is a chronic digestive disease that results in sustained gastrointestinal inflammation and consists
mainly of ulcerative colitis (UC) and Crohn'’s disease[79].

Available evidence related to H. erinaceus primarily focuses on UC. Wang et al[80] evaluated three
polysaccharides (i.e., wHEP-1, wHEP-2, and wHEP-3) and proposed the third as the one showing the
greatest anti-inflammatory action in a UC-like model in Caco-2 cells inflamed by bacterial lipopolysac-
charide.
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Figure 2 Main antineoplastic molecular mechanisms of erinacines S and A from Hericium erinaceus in gastric cancer cell models.
Erinacine S (in AGS gastric cancer cells) can activate a pathway (red arrows) with reactive oxygen species (ROS) mediated phosphorylation of focal adhesion kinase
(FAK)/protein kinase B (also known as AKT)/p21-activated kinase 1 (PAK1). Subsequently, by trimethylation of histone H3, the latter pathway can induce the
increased expression of TNF-related apoptosis-inducing ligand T and Fas ligand receptors by the cancer cell with the subsequent activation of apoptosis by initiating
caspases 3, 8, and 9. Erinacine A (in TSGH9201 gastric cancer cells), once activated (blue arrows), the FAK/AKT/PAK1 pathway, in a similar manner as previously
described, upregulates microtubule-associated scaffold protein 2/14-3-3 protein sigma proteins with subsequent activation of caspases-mediated apoptosis. In
addition, erinacines can also modulate cell cycle regulation by preventing cell cycle continuation through the blockade at checkpoints, i.e., blocking cyclin-dependent
kinases. ROS: Reactive oxygen species; FAK: Focal adhesion kinase; PAK: Activated kinase 1; MTUS2: Microtubule-associated scaffold protein 2; TRAIL: TNF-
related apoptosis-inducing ligand T; Fas-L: Fas ligand; CDKs: Cyclin-dependent kinases; 1433S: 14-3-3 protein sigma.

A more complete in vivo model has been reported by Diling et al[81]. The authors experimentally
induced UC-like colitis in mice using trinitrobenzene-sulfonic acid enemas. They were then treated with
mixed extracts of H. erinaceus (polysaccharide, alcoholic, and cumulative fractions) for 14 d. Significant
clinical improvements were observed in the treated mice compared with the untreated control mice.
Also, histologically, the treated group had significantly less severe lesions. They recorded reduced MPO
levels in the treated mice to verify tissue infiltration of neutrophils. This was accompanied by a
modulation of cytokines in the treated group with the restoration of proinflammatory and anti-inflam-
matory cytokines to pre-treatment levels with trinitro-benzene-sulfonic acid.

Further study has confirmed the anti-UC properties of ethanolic extracts of H. erinaceus in C57BL/6
mice exposed to dextran sulphate sodium orally to induce experimental UC-like colitis. The dosage used
by the authors was 250/500 mg/kg/d[82]. This study showed as much clinical improvement as
histologic (including neutrophil infiltration by MPO dosing) and cytokine improvement. However,
these authors also stigmatised antioxidant potential by upregulating NO, malondialdehyde, and SOD.
Wang et al[83] also focused on the antioxidant potential of H. erinaceus polysaccharides as a therapeutic
mechanism in UC experimental colitis and discovered the positive regulation of SOD and reduced ROS
production. It is no coincidence that combating oxidative stress is part of the therapeutic proposals for
IBD[84].

UC pathogenesis remains largely unclear, but bowel inflammation and oxidative stress are
considered fundamental mechanisms underlying its pathophysiology. During the active phase of UC,
activated leukocytes generate many proinflammatory cytokines and pro-oxidative stress reactions. The
joint deterioration caused by inflammation and oxidative stress significantly alters the redox balance
within the intestinal mucosa, which accelerates the apoptosis of intestinal epithelial cells[85,86].
Excessive ROS production directly leads to tissue damage and induces an inflammatory cascade[87].
When mitochondria are damaged by oxidative stress, they enter a vicious cycle in which the loss of
respiration disrupts redox homeostasis and, in turn, increases intracellular oxygen availability, resulting
in increased ROS formation and subsequent oxidative damage to DNA[88]. Several studies have shown
that UC onset and course are related to changes in mitochondrial structure and function[89,90].
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Finally, in the context of H. erinaceus polysaccharides, Ren et al[91] confirmed this finding in C57BL/6
mice with experimental UC-like colitis induced by dextran sulphate sodium. Furthermore, the authors
recorded (as also done by Diling et al[81]) an anti-inflammatory downregulation of nuclear factor kappa
B (NF-xB).

NF-xB is part of several pathways (i.e., the canonical and noncanonical pathways) that have been
extensively studied in IBD, upon which the mainstay of biological therapy for IBD, namely anti-TNF-a
agents, has been built[92].

However, another mechanism by which the anti-IBD effect of H. erinaceus has been studied is the
modulation of the gut microbiota, as described in the last section of this review.

Colonic diverticulosis and H. erinaceus

Diverticular disease has acquired several modifications of its nomenclature over time, including the
concept of symptomatic uncomplicated diverticular disease (SUDD) in its gnoseological entity. SUDD is
characterised by colonic diverticulosis associated with chronic abdominal pain without signs,
symptoms, or evidence of underlying diverticulitis or colitis[93]. Several pathogenetic mechanisms have
been implicated, including visceral hypersensitivity and a reduction in the interstitial Cajal cells,
resulting in slowed colonic motility[94]. SUDD therapy includes poorly absorbable antibiotics (such as
rifaximin[95]), mesalamine[96], or probiotics[97], as well as modification of habits with increased
physical activity[94]. However, definitive medical therapy for SUDD has not yet been defined.

Paradoxically, in the case of diverticular disease, the H. erinaceus research trend was reversed with the
availability of clinical studies and the absence of preclinical studies.

Brandimarte et al[98], in a single study, evaluated a combination nutraceutical compound mainly
consisting of polysaccharide extracts of H. erinaceus in 305 patients with SUDD. The authors recorded
clinical remission rates (defined by them as the disappearance of all symptoms) of 9.34% and 17.64% at
three and six months of treatment, respectively. Beyond clinical remission, it is interesting to note that
the clinical response rate (defined as symptom reduction) was > 90% at three months and approximately
85% at six months. Furthermore, at three and six months, the authors recorded a significant decrease in
faecal calprotectin values from baseline. However, these data should be interpreted within the
limitations of a single study and the lack of clarification regarding the actual mechanism underlying this
clinical improvement.

Nevertheless, it is clear how the inflammatory process plays a role in the pathogenesis of diverticular
disease[99]. In addition, TNF-a levels appear to increase progressively with the severity of diverticular
disease in both diverticulitis and SUDDJ[100]. Therefore, as in the other gastrointestinal disorders
already discussed in this review, H. erinaceus might potentially intervene in diverticular disease through
the regulation of the local inflammatory load; however, as already mentioned, there is currently no
evidence.

H. erinaceus and irritable bowel syndrome: A potential ally in this brain-gut interaction disorder?
Unlike IBD, where H. erinaceus has been extensively studied in preclinical models, no evidence is
available regarding its role in irritable bowel syndrome (IBS). However, it is becoming increasingly clear
that IBS is coded within functional gastrointestinal disorders and how ROME IV has now defined these
disorders as “disorders of brain-gut interaction”, stigmatising the decisive role that the gut-brain axis
has acquired in the pathogenesis and clinical features of IBS and other similar functional disorders[101].
Indeed, it is also clear how many brain-derived factors (from neurotransmitters to psychological
disorders) are directly involved in IBS pathogenesis[101]. Patients with IBS experience a notably higher
prevalence of anxiety-depressive disorders than the healthy population[102]. H. erinaceus has been
widely studied in clinical settings in patients with anxiety and depression. One randomised controlled
trial provided results in favour of positive regulation of psychiatric disorders[103]. Moreover, several
pathogenic mechanisms have been suggested in studies on mood disorders. In mice, H. erinaceus
appears to exert anti-inflammatory effects (negative regulation of proinflammatory cytokines and
positive regulation of anti-inflammatory cytokines), stimulate hippocampal neurogenesis, and increase
neurotransmitters such as 5-hydroxytryptamine, dopamine, and noradrenaline. However, in humans, it
appears to increase salivary levels of free 3-methoxy-4-hydroxyphenethyleneglycol and circulating
levels of pro-brain-derived neurotrophic factor. These molecular changes are associated with an
improved anxiety-depressive effect[104-107].

Beyond that, the potential of H. erinaceus to intervene in the gut-brain axis could also be explored in
patients with IBD, where the prevalence and impact on the disease course of anxiety-depressive
disorders are not negligible[108,109]. In addition, factors leading to anxiety-depressive disorders can
impact therapeutic adherence, as observed during the COVID-19 pandemic[110,111].

IBS therapy is challenging, and much more needs to be added to the research field[112]. In addition,
naturally derived substances have repeatedly been considered possible therapies for IBS[113-115].
Ultimately, despite the interesting prospect of the impact of H. erinaceus on the dysregulation of the gut-
brain axis in IBS, studies evaluating the effects of this fungus on both the gastrointestinal clinical
features and the impact of modulation of anxiety and depression on the latter are still awaited.
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H. erinaceus and the colorectal cancer

As observed for gastric cancer, even in the case of colorectal cancer, studies have been conducted
regarding the antineoplastic potential of H. erinaceus. Table 2 summarises the main pathophysiological
mechanisms identified.

Liu et al[116] focused on two polysaccharides from the fruiting body of H. erinaceus extracted by hot
water and ferrocyanide-zinc acetate (HEFP-1 and HEFP-2). These polysaccharides showed the ability in
their assay to selectively inhibit the growth of colonic cancer cells (i.e., HCT-116) while sparing normal
colonic cells. Furthermore, the HEFP polysaccharide 2b fraction (HEFP-2b) was determined to be
responsible for this action. In other words, HEFP-2b induced S-phase cell cycle arrest of such cells
through the downregulation of CDK1,2 and cyclin A2 and concomitant inhibition of mini-chromosomal
maintenance protein 5 (MCMS5), a protein essential for the transition from the S-phase to the M-phase
[117].

Using the exact extraction mechanism, Hou ef al[118] obtained and characterised another polysac-
charide fraction of the mushroom fruiting body with antineoplastic properties in colonic cancer. The
model was similar to the cellular model employing both the same cells as the previous authors (i.e.,
HCT-116) but with the addition of the DLD1 cell group. They showed an upregulation of cleaved
caspase-9 and cleaved caspase-3 without a change in the cleavage of caspase-8, confirming that the
apoptotic mechanism was mitochondrial and not extrinsic with relative inhibition of the Bcl-2 protein
and stimulation of the pro-apoptotic Bax protein. Confirming this evidence, the authors identified that
ROS production might be one of the triggers of this apoptotic phenomenon.

Another study examined fungal extracts obtained by boiling water, microwave extraction in ethanol,
and acid or alkaline extracts with hydrochloric acid or sodium hydroxide, respectively[119]. These
extracts specifically demonstrated inhibitory effects on implanted tumours in mice (using CT-26 murine
cancer cells). Furthermore, intraperitoneal administration of the extracts obtained by boiling water and
microwaving in ethanol reduced tumour growth by 38% and 41%, respectively. These extracts increased
the cytolytic activity of natural killer cells and phagocytic activity of macrophages and blocked tumour
angiogenesis.

In addition, as in gastric cancer, HTJ5 and HTJ5A extracts were shown to block the growth of HT-29
colon cancer cell implants in mice with severe combined immunodeficiency[77]. Another study also
confirmed the antineoplastic action of H. erinaceus in HT-29 cells by evaluating its anti-tyrosinase and o
-glucosidase activities[120].

As previously described, erinacines are the principal antineoplastic components of H. erinaceus in
gastric cancer. However, erinacine A showed marked antineoplastic effects against colon cancer. In
detail, Lee et al[65] highlighted this in HCT-116 and DLD-1 cells by demonstrating how erinacine A was
able to exert its cytotoxic action similar to that observed in gastric cancer by increasing ROS production
and decreasing cancer cell proliferation through upregulation of the PI3K/mTOR/p70S6K pathway.

H. ERINACEUS AND GUT MICROBIOTA MODULATION

H. erinaceus may promote a shift in the gut microbiota phenotype toward the increased selection of

short-chain fatty acids-producing bacteria

The gut microbiota, although not fully detailed and understood, plays a crucial role in the development,
progression, and treatment of several gastrointestinal pathological conditions, including IBS and IBD
[121].

H. erinaceus is closely related to the modulation of the gut microbiota. In general, it seems to be able to
change the gut microbiota’s quantitative and qualitative phenotypes in a health-promoting manner.
Therefore, it has often been defined as a prebiotic or probiotic[81,122-124]. It appears that H. erinaceus
selects certain beneficial bacterial strains from the gut microbiota at the expense of pathogenic strains.
For example, Xie et al[124] studied the fourteen days administration of 1 g of H. erinaceus dry powder in
submerged cultures in 13 healthy young volunteers and recorded an increase in the alpha diversity of
the gut microbiota. They recorded an increase in Bifidobacterium and Bacteroides and an increase in short-
chain fatty acid (SCFAs) production (i.e., Roseburia faecis, Faecalibacterium prausnitzii, Eubacterium rectale,
Fusicatenibacter saccharivorans, Kineothrix alysoides, Gemmiger formicilis, and Dorea longicatena). Confirming
the modulation of the microbiota, in addition to this whole series of beneficial bacterial species, H.
erinaceus resulted in a reduction in the relative abundance of pathogenic bacteria (Streptococcus thermo-
philus, Roseburia intestinalis, Bacteroides caccae, and Anaerostipes hadrus).

SCFA-producing bacteria may intervene in immune homeostasis through the regulation of
lymphocyte chemotaxis and phagocytosis and possess anti-inflammatory and anti-tumourigenic
properties[125]. In addition, SCFAs produced mainly in the colon from indigestible polysaccharides are
associated with a reduced risk of IBD and IBD-associated dysbiosis[126]. Not surprisingly, they regulate
the immune response by suppressing TNF-a production in neutrophils, contributing to intestinal barrier
integrity by inducing secretion of IL-18, mucin, and antimicrobial peptides by intestinal epithelial cells
and impacting the ability of dendritic cells to bind to T lymphocytes[126].
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Ref.

Kim et al[119], 2011

Li et al[77], 2014
Lee et al[65], 2017

Sharif et al[120], 2018

Liu et al[116], 2020

Hou et al[118], 2020

H. erinaceus fraction employed Colonic cancer model Identified mechanism

Hot water/ microwave ethanol extraction ~ CT-26 cancer cells graft in mice NK cells activity 1; macrophages activity 1;

extracts angiogenesis |

Polysaccharides HT-29 cancer cells graft in mice -

Erinacine A Cancer cells (HCT-116, DLD1)  PI3K/AKT/mTOR/; p70S6K pathway; ROS 1

Ethanolic and methanolic extracts Cancer cells (HT-29) a-glucosidase activity 1; anti-tyrosinase activity
!

Polysaccharides Cancer cells (HCT-116) CDK1 |; CDK2 |; Cyclin A2 |; MCMS5 |

Polysaccharides Cancer cells (HCT-116, DLD1)  Clived caspases 3,9 1; ROS 1; Bax 1; Bcl-2 |

NK: Natural killer; PI3K: Phosphatidylinositol 3-Kinase; AKT: Protein kinase B; mTOR: Mechanistic target of rapamycin; p70S6K: Ribosomal protein S6
kinase beta-1; CDK: Cyclin-dependent kinase; MCM5: Mini-chromosomal maintenance protein 5; ROS: Reactive oxygen species; Bax: Bcl-2-like protein 4;

Bcl-2: B-cell lymphoma 2.
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Moreover, the authors posited the impact of such changes in the gut microbiota with a shift in several
hematochemical parameters by observing a beneficial correlation with several analytes (i.e., alkaline
phosphatase, low-density lipoprotein, creatinine, and uric acid). These data suggest a possible clinical
impact of H. erinaceus-driven modulation of the gut microbiota.

A further study recreated some experimental conditions of digestion to evaluate whether some
polysaccharides of H. erinaceus could overcome the digestive barrier of the upper digestive tract and
influence gut microbiota composition.

Following this experimental model, several H. erinaceus polysaccharides obtained by alcohol precip-
itation (i.e., HEP30, HEP50, and HEP70) increased the relative abundance of SCFA-producing bacteria
and reduced pathobiont concentrations (i.e., Escherichia-Shigella, Klebsiella, and Enterobacter in this
experience), stigmatised the role of such polysaccharides as possible functional foods[127]. Therefore,
they set up an experimental in vitro digestion model, as previously described. First, they suggested the
likely passage of polysaccharides through the gastrointestinal tract without being digested by the saliva
of healthy donors or gastric and small intestinal juices (simulated in the laboratory). Therefore, they
may reach the distal tract of the intestine. Second, at that level, the authors demonstrated how the gut
microbiota utilised HEP50 for fermentation by increasing the levels of SCFAs and decreasing the pH of
the faecal fermentation broth.

Furthermore, Yang et al[127] examined the impact of a polysaccharide from the mycelium of H.
erinaceus on the quality of murine gut microbiota. The authors observed a change in the relative
abundance of different bacteria depending on the age of the mice used for the microbiota analysis. In
both the control and experimental groups of adult and middle-aged mice, there was an increase in the
relative abundance of Lachnospiraceae, Ruminococcaceae, and Akkermansiaceae and a decrease in the
relative abundance of Muribaculaceae, Rikenellaceae, Lactobacillaceae, and Bacteroidaceae. On the other hand,
only the treated adult mice showed an increase in Erysipelotrichaceae, Enterobacteriaceae, Christensenel-
laceae, and Coriobacteriaceae and a decrease in Bifidobacteriaceae and Peptostreptococcaceae. Finally, in the
group of middle-aged and old mice, the increased bacterial species were Rhizobiaceae, Desulfovibrionaceae,
and Lachnospiraceae, while the decreased species were Corynebbacteraceae and Rikenellaceae. Among the
many modified families of bacteria, the relevant ones are the butyrate-producing bacteria (i.e., Lachnos-
piraceae and Ruminococcaceae). Butyrate is an SCFA used as an energy source by the intestinal mucosa to
promote gut health and protect against colorectal cancer[128-130]. These two species of bacteria are
among the leading producers of butyrate[131]. Further in vitro studies have shown the beneficial effects
of H. erinaceus in modulating SCFA-producing bacteria[132]. Positive H. erinaceus-driven modulation of
the gut microbiota has also been confirmed in elderly dogs, with ameliorative effects on immunity and
obesity[133].

H. erinaceus in restoring the gut microbiota after dysbiosis induced by antineoplastic drug therapy:

The evidence

Cancer therapy is associated with significant adverse events, including gastrointestinal complications.
The latter includes dysbiosis induced by antineoplastic treatments[134]. However, while the microbiota
may be impacted by antineoplastic therapy, it is also true that several reports suggest an opposite
mechanism whereby the gut microbiota may modulate the response to treatment, specifically immuno-
therapy[135]. In this context, H. erinaceus showed some preclinical results, demonstrating its potential in
cancer therapy-induced toxicity. For this purpose, an investigation based on polysaccharides was
conducted in mice treated with cyclophosphamide[136]. This brought the composition of the gut
microbiota of chemotherapy-treated mice closer to that of control and healthy mice through increased
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Figure 3 The potential of Hericium erinaceus in upper and lower gastrointestinal tract diseases. Hericium erinaceus is a promising candidate as a
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alpha and beta diversity. Similar results were reported in another study[123]. Moreover, these data are
also available for 5-fluorouracil toxicity. Wang et al[137] examined the proteins of H. erinaceus in a
xenograft cancer model in mice successfully treated with 5-fluorouracil and revealed an anti-dysbiosis
action.

H. erinaceus may intervene in IBD through the gut microbiota

Although a therapy based on the direct modification of the gut microbiota is not yet recommended in
the current guidelines for managing IBD, it is clear that the potential of this option has been extensively
studied and is currently under investigation[138-141].

Ren et al[142] studied whether the administration of H. erinaceus to Cynomolgus monkeys affected the
clinical features of spontaneous UC by exerting an anti-inflammatory effect through modulation of the
gut microbiota. They recorded an increase in the abundance of bacteria, such as Lactobacillus reuteri
(already implicated in improving the clinical features of IBS, acute gastrointestinal infections, and IBD in
children and adults). In contrast, Streptococcus lutetiensis is negatively modulated and is known to cause
sepsis in newborns[143].

In addition, Diling et al[81], in the above cited model of murine colitis induced by trinitro-benzene-
sulfonic acid, demonstrated how the administration of extracts (i.e., polysaccharide, alcoholic extracts,
and whole extracts) of H. erinaceus improved both the clinical and histological picture but, more
importantly, the gut microbiota by promoting a switch to a microbial composition similar to that of the
controls. In other words, a reduction in proinflammatory strains (Corynebacterium, Staphylococcus,
Ruminococcus, Roseburia, Dorea, and Sutterella) and an increase in anti-inflammatory strains (Bacteroides,
Bifidobacterium, Prevotella, Parabacteroides, Coprococcus, Desulfovibrio, and Lactobacillus) were observed.

In a similar study, in an acetic acid-induced murine colitis model, the mycelium polysaccharide EP-1
drastically improved the gut microbiota of mice by increasing SCFA-producing populations while
suppressing the expression of G protein-coupled receptor 41 (GPR41) and GPR43[144]. SCFAs can bind
to GPR41 and GPR43 and increase the production of inflammatory cytokines and chemokines in the
intestine[145].

Finally, positive microbiota modulation was observed in mice with dextran sulphate sodium-induced
colitis[91].

Despite the possibility that H. erinaceus may have intervened in the pathogenesis of IBD through the
gut microbiota, studies conducted in humans as well as those exploring the clinical impact of such
microbiota modification, are still awaited, especially with clinical tools and scores that are widely
validated and used in clinical and IBD research practise[146,147].

CONCLUSION

H. erinaceus is a mushroom with a long tradition of use as a medicinal product. Numerous preclinical
studies have probed its gastrointestinal anti-inflammatory and antineoplastic properties and its impact
on the composition of the intestinal microbiota (Figure 3). In the face of a large body of evidence, there is
a strong need for clinical studies conducted on humans, especially considering the promising results of
previous studies. Furthermore, it is necessary to determine whether this fungus can represent an
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excellent nutritional supplement in gastrointestinal pathologies, the patients who may benefit from it,
and whether there is a possible therapeutic role for the compounds extracted from H. erinaceus. Finally,
various technical processes for such fungi yield many extracts and fractions. Therefore, it is essential to
understand which of these presents the best safety and efficacy profiles.
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Abstract

The widespread uptake of different machine perfusion (MP) strategies for liver
transplant has been driven by an effort to minimize graft injury. Damage to the
cholangiocytes during the liver donation, preservation, or early posttransplant
period may result in stricturing of the biliary tree and inadequate biliary drainage.
This problem continues to trouble clinicians, and may have catastrophic conse-
quences for the graft and patient. Ischemic injury, as a result of compromised
hepatic artery flow, is a well-known cause of biliary strictures, sepsis, and graft
failure. However, very similar lesions can appear with a patent hepatic artery and
these are known as ischemic type biliary lesions (ITBL) that are attributed to
microcirculatory dysfunction rather than main hepatic arterial compromise. Both
the warm and cold ischemic period duration appear to influence the onset of
ITBL. All of the commonly used MP techniques deliver oxygen to the graft cells,
and therefore may minimize the cholangiocyte injury and subsequently reduce
the incidence of ITBL. As clinical experience and published evidence grows for
these modalities, the impact they have on ITBL rates is important to consider. In
this review, the evidence for the three commonly used MP strategies (abdominal
normothermic regional perfusion [A-NRP], hypothermic oxygenated perfusion
[HOPE], and normothermic machine perfusion [NMP] for ITBL prevention has
been critically reviewed. Inconsistencies with ITBL definitions used in trials,
coupled with variations in techniques of MP, make interpretation challenging.
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Overall, the evidence suggests that both HOPE and A-NRP prevent ITBL in donated after
circulatory death grafts compared to cold storage. The evidence for ITBL prevention in donor after
brain death grafts with any MP technique is weak.

Key Words: Liver transplant; Ischemic type biliary lesions; Hypothermic oxygenated machine perfusion;
Normothermic machine perfusion; Abdominal normothermic regional perfusion; Donation after circulatory
death

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In recent years, the development of different machine perfusion (MP) strategies has generated
interest in their use for both the assessment of grafts and optimization during the preservation period. The
different mechanisms behind the diverse array of MP strategies may reduce the extent of cholangiocyte
and may have the subsequent clinical effect of preventing the development of ischemic type biliary lesions
(ITBL). This review summarizes the strength and limitations of clinical studies that have been undertaken,
their results, and provides a summary of the available literature on MP and the prevention of ITBL.
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INTRODUCTION

In recent decades, liver transplantation has made several forward strides. These have been in the area of
surgical technique, immunosuppressive drug strategies, treatment and prevention of recurrent viral
infections, and the increasing use of alternative preservation techniques. Consequently, recipient and
graft survival are greater than 90% at 1 year and long-term survival is considered the norm[1]. A
longstanding problem that liver transplantation has faced is the mismatch between the number of
donors and the higher number of patients listed for transplant. This has led to long waiting lists for a
graft, and up to 20% of patients do not survive until transplantation[2,3]. Furthermore, the recent
expansion of transplant indications to include certain oncological scenarios may further aggravate this
issue[4]. As a response to this shortage in supply, living donor liver transplantation and using more
marginal organs, including those donated after circulatory death (DCD) are strategies that have been
used to increase the donor pool[5]. Improving long-term graft survival is vital, as the need for retrans-
plantation creates additional demand on a scarce resource.

Adequate biliary drainage is paramount for the success of a liver transplant, and was previously
labeled the “Achilles heel’ of this procedure[6]. Although vascular complications have the largest impact
on short-term graft outcomes, biliary complications are the main source of long-term morbidity. These
conditions often require costly interventions, cause suffering, and adversely affect patients’ quality of
life[7]. The incidence of these complications is increasing as a result of the growing utilization of
extended criteria donor organs, mainly from DCD donors[8].

In recent years, the development of numerous machine perfusion (MP) strategies has generated
interest in their use for both the assessment of grafts and optimization during the preservation period
[9]. Different techniques of MP have been described and vary in their application, with in situ MP
occurring during organ procurement while the graft is within the donor and ex situ MP which occurs
after the donor hepatectomy is completed. Both hepatocytes and cholangiocytes are vulnerable to
ischemia-reperfusion injury (IRI), and injury to the latter during organ procurement and preservation
lies behind the pathogenesis for biliary dysfunction[10]. Consequently, a current trend of research in the
MP field is focused on how these different MP perfusion regimens influence post-transplant biliary
complications and more specifically, ischemic type biliary lesions (ITBL).

This narrative literature review describes the strength and limitations of clinical studies that have
been undertaken, their results, and provides a summary of the available literature on MP and the
prevention of ITBL.

Nonanastomotic biliary strictures and ischemic type biliary lesions
Postliver transplantation biliary complications can comprise one (or both) of the following entities;
strictures (anastomotic and non-anastomotic), and biliary leaks[11]. Anastomotic biliary strictures occur
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at the site of biliary reconstruction and the surgical technique, and/or local tissue ischemia likely play a
role. These strictures are usually managed with endoscopic or radiological procedures, however
surgical revision may be required depending on the timing and type of anastomosis[12].
Nonanastomotic strictures (NAS), as the name implies, occur at a site away from the anastomosis and
are most common within the initial 12 mo posttransplant. NAS are one of most feared late complications
due to it being associated with high rates of graft loss and mortality, and minimal treatment options
except re-transplantation[8,13].

NAS is characterized by diffuse fibrotic strictures and dilatation of the biliary tree at any location
from the liver periphery to the main extrahepatic ducts (Figure 1). In addition, with the disease
evolution, the formation of biliary casts and intrahepatic bilomas may occur in its severest form[14]. The
radiological manifestations of NAS are highly variable and range from a peripheral abscess, individual
or multiple strictures around the hilum and first order biliary branches, to vanishing ducts seen along
the entire biliary tree[15]. NAS can occur as a direct result of ischemia from an identifiable hepatic artery
stenosis or thrombosis (HAT). However, very similar lesions can develop in the setting of an entirely
patent hepatic artery and this specific situation is termed ITBL, given its similarity to an actual ischemic
cholangiopathy (Figure 1).

In a seminal paper by authors from Groningen which excluded patients with HAT, ITBL was
classified according to the affected area of the biliary tree[16]. In this study, they demonstrated that the
anatomical location of ITBL varied between those that presented early (< 1 year) as opposed to late (> 1
year). In those presenting late, the peripheral liver (zone D) was involved more frequently and there
was an association with immunological risk factors. By contrast, patients with an early presentation had
lesions around the bifurcation and the common bile duct (zone A). This early group had a longer period
of both cold and warm ischemia; therefore, hypoxia is thought to be one of the underlying mechanisms.
More recently, a United States group from the Mayo Clinic proposed a radiologic classification of ITBL
into four distinct patterns that correlate with a distinct natural evolution and prognosis[17]. In this case,
those patients with diffuse necrosis and multifocal progressive patterns experienced more episodes of
cholangitis and almost all required stents and eventual retransplant.

Multiple factors have been associated with ITBL development and are generally divided into three
categories: ischemia-related injury; bile salt mediated injury; and immune-mediated injury[18,19]. The
cold ischemia time (CIT) and donor warm ischemia time (dWIT), and inadequate microvasculature
preservation predispose cholangiocytes to a subsequent IRI[10,18]. The increased incidence of ITBL in
DCD grafts, which are characterized by a period of dWIT is well established, with ITBL rates of up to
39% following controlled DCD liver transplantation[13,20,21]. The toxic effect of bile salts on cholan-
giocytes at low temperatures during preservation is well known. Certain bile acids have been shown to
promote the secretion of inflammatory mediators, and others are directly cytotoxic to cholangiocytes
[22]. In addition, new bile after implantation and its altered bile salt/phospholipid ratio have
detrimental effects on biliary epithelium and induce NAS[23-25]. An immune-mediated component to
the cholangiocyte injury has also been proposed due to several clinical associations, but the mechanism
remains under investigation. ITBL has been demonstrated in association with ABO incompatibility,
recurrence of immune-mediated liver diseases, cytomegalovirus infection, presence of C-C chemokine
receptor type 5, polymorphism, and acute or chronic rejection[18].

The pathogenesis of ITBL is multifactorial. Both the cold and warm ischemic periods induce the
formation of reactive oxygen species (ROS). These ROS are generated as a result of Kupffer and
polymorphonuclear cells activation, mitochondrial permeability transition production, oxidative
changes in the structure of the biliary canaliculus and adenosine triphosphate adenosine triphosphate
(ATP) depletion. These all lead to the apoptosis and/or necrosis of the cholangiocytes. This mechanism
is interrelated with the cytotoxic effect of bile salts, the cholestasis status induced by ischemia-
reperfusion and different immune-mediated mechanisms, which all further propagate the biliary injury.
Appropriate donor selection, the use of preservation fluids and MP are just some of the strategies which
are thought to prevent this condition[26].

The different mechanisms behind the diverse array of MP strategies may reduce the extent of cholan-
giocyte injury during the transplantation process, in comparison with static cold storage (SCS). This may
have the subsequent clinical effect of preventing the development of ITBL. The number of clinical
studies on MP strategies continues to increase. With only a few exceptions, the primary outcomes focus
mainly on graft and patient survival. In this review, we focus on the available clinical evidence for
abdominal normothermic regional perfusion (A-NRP), and ex sifu hypothermic oxygenated perfusion
(HOPE), and normothermic MP (NMP) in relation to the outcome of ITBL.

PREVENTION OF ITBL VIA MP

The incidence of ITBL posttransplant varies considerably between institution and nations. These
differences likely relate to the type of organ donation permitted, ranging from donor after brain death
(DBD) donors only in some parts of the world, to uncontrolled DCD donors in others. Different national
laws regarding the donor age and the ‘no-touch’ period following asystole in DCD donors likely
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Figure 1 Magnetic resonance cholangiopancreatography reconstruction images of ischemic type biliary lesions in donated after
circulatory death graft recipients. A: Significant structuring and confluence of right and left ducts, in addition to the right posterior duct (yellow arrows).
Upstream dilation on left indicated by blue arrow; B: Structuring at a second order duct on the right (yellow arrow) with upstream dilation; C: Strictures in periphery of
left biliary system. Figure created with biorender.com, accessed on January 2023. LHD: Left ducts; RHD: Right ducts; CHD: Common hepatic duct.

influences outcome, and these matters also complicate the results and interpretation of clinical trials on
MP. In addition, it should be noted that the lack of clear and consistent definitions of ITBL in the
currently available literature makes the assessment of the true impact challenging. Many studies either
do not differentiate between anastomotic, ischemic NAS and ITBL; furthermore they may include both
symptomatic and nonsymptomatic cases[27]. With these limitations in mind, a literature search was
performed in October 2022 using PUBMED®, Embase®, and Medline®. Publications were restricted to
those in English, however no further search filters were applied. The following search terms were used
(in different combinations with Boolean operators): Liver, transplant, biliary stricture, ITBL, MP,
machine preservation, normothermic, hypothermic, and NRP. Both prospective and retrospective
studies were included if they included outcome data pertaining to biliary strictures. Studies without a
control (or comparator) group were excluded. A pooled analysis was not performed due to a significant
variation in study methodology, MP application technique, and outcome definitions. Institutional
ethical approval was not required.

A-NRP and ITBL

A-NRP is an in situ preservation technique using an extracorporeal oxygenated membrane, restoring the
perfusion of abdominal organs after the donor is declared deceased. This technique may lead to a
reduction in the dWIT depending on the timing of cannulation; however, it provides a period of
resuscitation immediately after the cellular injury incurred from the dWIT. The provision of near
physiological conditions during A-NRP provides a period in which cells can recover their energy stores,
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therefore they tolerate the CIT with minimal additional injury. It can also provide information about
graft viability and reduce the effects of the IRI process[28].

In recent years, countries such as Spain, France, United Kingdom, and Italy have developed different
A-NRP protocols as a strategy to improve the outcomes of DCD grafts[29-33]. These protocols differ in
the liver viability criteria utilized “no-touch” periods required, pre-mortem substance administration,
and vessel cannulation. All countries aforementioned have a mandatory no-touch period of 5 min
except Italy, which requires 20 min. This inevitably lengthens the dWIT. Sedative analgesia adminis-
tration is not allowed in the United Kingdom, in contrast to other countries. In Spain, premortem
cannulation is allowed while in Italy and France only the identification of femoral vessels to ease
cannulation is permitted. The obvious benefit of premortem cannulation is that it minimizes the dWIT
and could achieve better outcomes as a result[34]. During A-NRP, certain viability parameters are
measured, the most common among the different protocols are transaminase levels. Despite transa-
minase levels being widely accepted, it only reflects hepatocyte injury and not cholangiocytes. Other
viability criteria employed include A-NRP duration[31], lactate clearance[30], and/or the presence of
macrosteatosis[30,31]. However, some of these parameters are considered controversial[28].

To date, there has been no randomized controlled trial (RCT) comparing A-NRP to the standard
retrieval method, known as the super rapid retrieval (SRR) technique. The clinical studies investigating
A-NRP that include a comparator group, and provide data on biliary strictures are summarized in
Table 1. The definition of ITBL used in these studies is relatively homogeneous as most authors have
considered ITBL to have occurred when NAS developed in the context of a patent hepatic artery.
However, two studies did not include an ITBL definition[35,36] and two authors[31,37] considered NAS
regardless of the presence of concomitant HAT. Other limitations of these studies include variation in
the A-NRP protocols, small sample size, and variability in follow-up periods. These trials can be put
into three categories, according to the comparator groups: DCD-A-NRP vs DBD-SCS; DCD-A-NRP vs
DCD-SRR; and DCD-A-NRP vs DCD with other MP.

In the first group of studies[31,35,38-40] that compared DCD-NRP-A grafts vs DBD-SCS grafts, these
authors aimed to demonstrate that DCD grafts after NRP could have similar results of DBD grafts and
therefore should not be considered marginal. These studies showed a similar incidence of ITBL between
both groups, and the results in regard to early allograft dysfunction were promising. However, they had
small sample sizes[35,38,39], differences in follow-up periods[31,35,38,39], and a high proportion of
uncontrolled DCD donors[38]. Other authors have assessed the outcomes of DCD NRP grafts vs DCDs
grafts recovered by via the SRR technique and subsequent SCS[33,34,36,41]. Watson et al[33] compared
two groups, DCD-A-NRP (n = 43) vs DCD-SRR (n = 187), and reported both early allograft dysfunction
and biliary complication rates. A significantly lower rate of early allograft dysfunction (12% vs 32%) and
ischemic cholangiopathy (IC) (0% vs 27%) occurred in the DCD-A-NRP group. Similar comparisons
have been performed by Spanish transplant groups. Muifioz et al[36] did not demonstrate significant
differences in their cohort, probably due to the short follow-up period in the A-NRP group and the low
number of patients. However, Hessheimer et al[41] subsequently found an ITBL incidence of 2% in the
NRP group (n = 95) vs 13% in the SRR group (n = 117). These findings were repeated in a second study
[34] with a larger sample size (545 NRP vs 258 SRR). In this second study the ITBL incidence was 1% vs
9% in favor of A-NRP, and this is at present the largest cohort of patients with A-NRP with premortem
cannulation in the literature. Recently, Schurink ef al[42] have reported the safety of NRP to rescue DCD
grafts that were declined by the Eurotransplant region for transplantation, with no differences in
primary nonfunction or IC compared to DBD and standard, non-NRP DCD grafts[42].

Finally, other authors[37,43-45] have compared A-NRP with ex situ preservation techniques such as
NMP or HOPE. However, in many of these trials, accurate data on ITBL are lacking. The only study
comparing HOPE vs NRP was conducted by Muller et al[37]. These authors reported the incidence of
NAS regardless of hepatic artery status, rather than ITBL specifically. The rate of NAS was reported to
be 6.3% in the NRP group and 12.5% in the HOPE group, but was not significantly different. DCD grafts
that underwent A-NRP have been compared to DCD grafts undergoing ex situ NMP in a study by
Gaurav et al[44] This study showed significantly lower rates of ITBL in the NRP group (6.3% vs 12.5%)
after propensity score matching (PSM)[44]. However, in another study that used PSM analysis[45] (34
NMP vs 68 NRP), there were no significant differences in the ITBL rate of both groups (2.9% NRP vs
8.8% NMP). In this latter study, NMP was applied at source as opposed to the study by Gaurav ef al
[44], which applied it at the recipient hospital in the majority of cases[44].

A-NRP is a widely used in situ perfusion technique that has improved outcomes and graft utilization
in DCD grafts. Protocol aspects such as the “no-touch” period or premortem cannulation may impact in
these results, due to its association with WIT. Despite the differences between the protocols adopted in
different countries, NRP has still achieved superior outcomes in comparison to SRR in regards to ITBL.

HOPE and ITBL

Hypothermic MP (HMP) was first introduced in clinical practice in 2010 by Guarrera et al[46], who
demonstrate in their pilot case-controlled series that it was a feasible and safe preservation method[46].
Subsequently, in preclinical studies that investigated the active oxygenation of the hypothermic
perfusate over a short period, it demonstrated restored mitochondrial integrity. This indicated a
reduction of oxygen free radicals and damage-associated molecular patterns after transplantation[47-
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Table 1 Clinical studies assessing the impact of abdominal normothermic regional perfusion on ischemic type biliary lesions after liver transplantation

NRP . . :
Stud Control rotocol ITBL in ITBL in ITBL in
Ref. " yn Groups (n) . :n .. Definition of ITBL Follow up intervention  control  control
g LRy b e (DCDNRP)  (DCD)  (DED)
criteria
Schurink etal ~ Cohort ~ NRP' (20) vs DCD/DBD Dutch Symptomatic radiologically NAS without the presence of a HAT Median-NRP 23 mo,  1/15 (7%);1/5 8/30 (26%)  6/78 (7%)
[42], 2022 DCD (49) vs protocol” DCD25 mo and DBD ~ (20%)’
DBD (81) 26 mo
Mohkametal ~ Cohort  NRP (157) vs DCD France NAS that were unrelated to any hepatic artery complications Median-NRP 22 mo; ~ 2/68 (2.9%)° 3/34 (8.8%)° NA
[45], 2022 NMP (34) protocol* NMP 24 mo
Gaurav et al Cohort  NRP (69) vs DCD United Presence of any biliary stricture, dilatation, or irregularity of the intra- or Median-54 mo (SCS), 0/69 (0%)” 7/67 (11%)” NA
[44], 2022 NMP (67) vs SCS Kingdom extrahepatic bile ducts and/or cast on MRCP away from the biliary 28 mo (NRP) and 24 NMP and
97) protocol” anastomosis in the presence of patent arterial vasculature mo (NMP) 12/97 (14%)’
SCS
Hessheimer et Cohort ~ NRP (545) vs DCD Spain Patient with patent hepatic artery, signs or symptoms of cholestasis, and direct Median-31 mo 6/545 (1%) 24/258 (9%) NA
al[34], 2022 SRR (258) protocol® or indirect cholangiographic imaging reflecting strictures of the intra- and/or
extrahepatic biliary tree proximal to the transplant anastomosis
Ruiz et al[40], ~ Cohort  NRP (100) vs DBD Spain Non-anastomotic biliary stricture in the presence of a patent hepatic artery and Mean-36 mo 0/100 (0%) NA 0/200 (0%)
2021 DBD (200) protocol® confirmed based on cholangiographic evidence (T-tube cholangiogram or
magnetic resonance)
Muiioz et al Cohort  NRP (23) vs SRR DCD Spain NR Mean-33.9 mo (SRR)  0/23 (0%) 3/22(13.6%) NA
[36], 2020 (22) protocol® and 14.2 mo (NRP)
Savier et al Cohort  NRP (50) vs DBD DBD France Presence of any disseminated biliary stricture on magnetic resonance and Mean-34.8 mo (cDCD  1/50 (2%) NA 1/100 (1%)
[31], 2020 (100) protocol* endoscopic retrograde cholangiopancreatography, regardless of the presence NRP) and 51.7 mo
or absence of arterial thrombosis or stenosis (DBD)
Mifiambres et Cohort  NRP (16) vs DBD DBD Spain NR Median-6 mo (cDCD) 0/16 (0%) NA 0/29 (0%)
al[35], 2020 (29) protocol® and 16 mo (DBD)
Decarlisetal ~ Cohort DCDNRP+D- DCD Italy protocol” Cholangiographic evidence of diffuse intrahepatic, hilar, or extrahepatic biliary Median-17 mo (NRP  1/37 (3%) 3/37 (8%) NA
[43], 2021 HOPE (37) vs strictures in the presence of a patent hepatic artery. Isolated anastomotic + D-HOPE) and all
DCD SRR SCS strictures were excluded from IC transplants were
37) followed at least 1 yr
Muller et al Cohort  NRP (132) vs DCD France NAS was defined as either multifocal, unifocal intrahepatic, or hilar strictures ~ Median-20 mo (NRP)  2/32 (6.3%)’ 4/32 (12.5%) NA
[37], 2020 HOPE (93) protocol* with or without the presence of concomitant HAT or arterial complications. and 28 mo (HOPE) °
NAS was detected clinically and confirmed by magnetic resonance cholan-
giography
Hessheimer et Cohort ~ NRP (95) vs SRR DCD Spain Cholestasis and confirmed based on cholangiographic evidence (typically Median-20 mo 2/95 (2%) 15/117 (13%) NA
al[41], 2019 (117) protocol” coming from magnetic resonance cholangiopancreatography) of diffuse non-
anastomotic biliary strictures, with or without prestenotic dilatations, in the
presence of a patent hepatic artery
Rodriguez- Cohort  NRP (11) vs DBD DBD Spain Diffuse stenosis of the intrahepatic biliary tree-suspected by jaundice, Ranges between 7-27  2/11 (13.3%) NA 13/51 (27.7%)
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Sanjuén et al (51) protocol” cholangitis, abnormal biochemical liver test, or abnormal findings on mo. Minimum
[39], 2019 ultrasound or T-tube cholangiography- provided there is no hepatic artery follow-up of 3 mo
thrombosis
Watson et al Cohort  NRP (43) vs SRR DCD United Presence of any non-anastomotic biliary stricture on ERCP or MRCP in the Up to 5 yr of follow-  0/42 (0%) 47/171 (27%) NA
[33], 2019 (187) Kingdom absence of arterial thrombosis or stenosis up
protocol”
De Carlisetal ~ Cohort ~NRP (20) vs DBD DBD-ECMO Italy protocol’ Strictures, irregularities, or dilatations of the intrahepatic bile duct. Isolated Median-14 mo 2/20 (10%) NA DBD-ECMO
38], 2018 ECMOSCS (17) DBD-non- anastomotic biliary strictures were not included in the definition of IC. The (cDCD), 20 mo (DBD- 0/17 0%;
vs DBD non- ECMO diagnosis of IC was confirmed with at least 1 adequate imaging study of the ECMO) and 17 mo DBD-non-
ECMO SCS (52) biliary tree, and concomitant hepatic artery thrombosis was excluded by (DBD-non-ECMO) ECMO 2/52
Doppler ultrasound or computed tomography (4%)

IFor logistic reasons, 5 patients received additional consecutive dual hypothermic machine perfusion (DHOPE) anticipating a longer cold ischemia time (CIT) due to difficulties in recipient hepatectomy.

Viability criteria used: Assessment 60 min of perfusion, with stable alanine transaminase (ALT) levels < 200 U/L, a plasma glucose peak > 10 mmol/L, and decreasing lactate level, around < 5 mmol/L. Adequate bile quality was
defined as a pH > 7.45 and glucose < 3.0 mmol/L. Macroscopy of the liver did not influence. Postmortem cannulation. 5 No touch period. No antemortem interventions are allowed in Netherlands.

3Normothermic Regional Perfusion (NRP) + DHOPE patients.

*Viability criteria used: (1) serum ALT < 1000 IU/L at the end of NRP; (2) macroscopic appearance; (3) decrease in lactate levels; and (4) presence of macrosteatosis < 30% or fibrosis Ishak score < 2; Ante mortem cannulation not allowed
but identification of femoral vessels to facilitate cannulation is permitted; No touch period: 5 min; Ante mortem substances administration allowed.

®After propensity score matching.

®Viability criteria used: (1) ALT levels stabilized between the first and second hour; and (2) macroscopic appearance. Ante mortem cannulation not allowed; No touch period: 5 min; Ante mortem substances administration not allowed.
“Clinically significant nonanastamotic biliary strictures defined as strictures requiring endoscopic or/and surgical intervention.

8Viability criteria used: (1) Baseline aspartate aminotransferase (AST) and ALT < 3-4 times normal value and/or AST and ALT < 4-5 times normal value at the end of NRP; and (2) macroscopic appearance; Ante mortem cannulation
allowed; No touch period: 5 min; Ante mortem substances administration allowed.

“Viability criteria used: (1) AST and ALT > 200 IU/L; (2) macrosteatosis < 20%; and (3) More than 60 min of NRP; Ante mortem cannulation not allowed but identification of femoral vessels to facilitate cannulation is permitted; No touch
period: 20 min; Ante mortem substances administration allowed.

BS: Biliary strictures; DBD: Donor after Brain Death; DCD: Donated after circulatory death; ERCP: Endoscopic retrograde cholangiopancreatography; HA: Hepatic artery; HAT: Hepatic artery thrombosis; ITBL: Ischemic type biliary
lesions; MRCP: Magnetic resonance cholangiopancreatography; NAS: Nonanastamotic biliary strictures; NR: Not reported; NRP: Normothermic Regional Perfusion; SRR: Super rapid retrieval technique.

49]. Clinical studies have also reported promising results in preventing biliary complication and graft
function compared to standard SCS[50,51].

HOPE is employed as an end-ischemic treatment after SRR or standard procurement in the case of
DCD and DBD livers respectively, followed by a variable period of SCS. The devices available are not
portable and HOPE needs to be applied at the recipient hospital. Its use limits the CIT and extends graft
preservation time, avoiding the damage associated with extended periods of preservation. Two main
perfusion strategies are currently employed which combine hypothermia with a highly oxygenated
perfusate: (1) Single HOPE or "HOPE’, which consists of single perfusion through the portal vein; and
(2) dual or ‘D-HOPE’ consisting of dual perfusion through the portal vein and the hepatic artery[15,52].
Currently, there are no clinical studies comparing the two strategies, although preclinical studies
performed on pigs did not find differences regarding the preservation of hepatobiliary or endothelial
function when comparing both strategies[53]. Advocates of D-HOPE emphasize that dominant
vasculature of the bile ducts comes from arterial supply and single portal perfusion may not provide
optimal preservation of the biliary tree. On the other hand, many argue the potential risk of mechanical
damage to the hepatic artery intima that may occur during cannulation could cause a higher incidence
of acute HAT following liver transplant[51]. Researchers from Zurich have proposed methods for liver
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graft assessment during HOPE using real-time quantification of flavin mononucleotide (FMN) in the
perfusate[54]. FMN is a molecule part of complex I of the mitochondrial respiratory chain[37]. Its
concentration is determined by fluorescence spectroscopy and levels in perfusate correlate with graft
function, complications, and graft survival in DCD livers[54].

The available studies on the use of HOPE as a preservation method, with a control group and
reporting data on biliary strictures are summarized in Table 2. At present, these include four RCTs and
five retrospective cohort studies with an appropriate control group of SCS grafts, and a single study
comparing HOPE against NRP. The influence of HOPE on ITBL prevention has been studied only to a
limited extent because in the majority, the primary endpoint was not related to biliary complications.

The relationship between ITBL and DCD livers is well established[20]. However, only 4/10 published
cohort studies and 1 RCT have studied the influence of HOPE on DCD graft outcomes[51,52,55]. Thus,
most published studies included only DBD livers so there is little or no ITBL incidence, and are not
powered for this endpoint[56-60]. The most relevant study on ITBL prevention by ex situ MP was the
multicenter clinical trial led by the Groningen group[52]. This European trial had symptomatic NAS
within 6 mo after transplantation as the primary outcome. The study included a clear definition of NAS,
which included the presence of a patent hepatic artery and therefore the NAS in this study were all
ITBL. The authors demonstrated that two hours of end-ischemic D-HOPE led to a lower risk of
symptomatic NAS after liver transplantation of grafts from DCD donors. NAS occurred in 5/78 (6%) of
the patients in the HOPE group compared to 14/78 (18%) of SCS grafts with 2 patients from the SCS
group requiring a retransplant because of severe NAS. Furthermore, the D-HOPE group showed a
reduction by a factor of almost four in treatment interventions required for NAS.

Trials published by Italian and German groups have reported the efficacy of HOPE for the prevention
of complications and a shorter intensive care unit stay[56,57]. There was no mention of ITBL in both
trials, and grafts studied were from DBD donors so one could assume that most of the biliary complic-
ations were from an anastomotic origin. While the primary endpoint in the German[57] study was the
peak alanine transaminase within 1 wk after transplantation and demonstrated a 47% reduction in the
serum peak of this enzyme in the HOPE group, the authors did not find any difference in biliary
complication. rate (4/23, 17% vs 26% 6/23). A trial[56] demonstrated benefits of HOPE, with a reduction
in EAD and better graft survival rates. This study did provide a clear definition of biliary complications,
although reported a rate of biliary complication different from bile leak of 5/55 (9%) in the HOPE group
compared to 6/55 (11%). Two patients in each group (4%) had biliary strictures, but it was unclear if
these were ITBL. A recent multicenter trial on DBD livers from the Zurich group[61] reported the effects
of HOPE on preventing postoperative complications. Although the primary endpoint was not reached,
and the proportion of patients with at least one Clavien® III complication did not differ, findings
suggested that HOPE may decrease the risk of severe liver graft related events. The study did not
include a clear definition of NAS and state if hepatic artery patency was required. In this study the NAS
incidence was 1/85 (1.2%) in the HOPE group compared to 3/85 (3.5%) in the SCS group.

The only study comparing A-NRP and HOPE for liver grafts from DCD donors included an A-NRP
cohort from six high-volume French centers and the HOPE cohort from the Zurich group[37]. In the A-
NRP cohort, femoral artery cannulas were introduced post-mortem after a “‘no-touch” period of 5 min.
NAS was defined as strictures with or without the presence of concomitant HAT or arterial complic-
ations and both groups showed similar rates of HAT, PNF and NAS (6/132 in the A-NRP group vs 8/93
in the HOPE group). D-HOPE has an encouraging role in preventing symptomatic ITBL in liver
transplants from DCD grafts, due to mitochondrial injury prevention and ATP recovery under the
hypothermic aerobic conditions.

NMP and ITBL

NMP provides oxygenated blood at a physiological temperature via both the hepatic artery and portal
vein, whilst the liver graft is ex situ[62]. Several different NMP devices are commercially available, and
the majority are transportable even with graft connected. The only major differences between the
devices are the nature of the arterial flow (pulsatile or non-pulsatile) and the caval outflow (open or
closed). Since the phase 1 first-in-man study that demonstrated safety and feasibility of NMP, there has
been a significant uptake in this preservation modality around the world and two large RCTs[63-65]. In
contrast to ex situ HMP, the more physiological nature of NMP allows cellular function to continue and
this can be assessed via surrogate parameters[66,67]. Numerous biochemical parameters within the
NMP perfusate or bile have been used to predict hepatocellular and cholangiocyte function respectively,
in an effort to identify the grafts destined to demonstrate severe EAD or biliary complications[68].
Therefore, an accurate discussion of the impact NMP on ITBL posttransplant needs to consist of two
components: (1) The incidence of ITBL in NMP preserved grafts in comparison to other modalities; and
(2) the accuracy of NMP parameters to identify livers destined to develop clinically significant ITBL.
Published outcomes for NMP are confounded by the fact that this preservation modality is more
frequently applied to organs of marginal quality to facilitate transplantation[69], and it may be applied
for the entirety of the preservation period from the donor hospital (“at source”) or following a period of
cold storage during transport to the recipient center (“back to base”). The early clinical trials of NMP
included both DBD and DCD grafts, with a focus on its feasibility, safety, and impact on the IRI as
indicated by markers of early graft function[63,64]. These multicenter trials included standard risk
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Table 2 Clinical studies assessing the impact of hypothermic machine perfusion on ischemic type biliary lesions after liver

transplantation

ITBL-
Study 2l - : _ BL-control
Ref. design Group () DBD/DCD duration  Definition of ITBL Follow up intervention
(median) DCD DBD DCD  DBD
Schlegel ~ RCT HOPE (85) DBD 95.5 min NR 12 mo NA 1/85 NA 3/85
etal[61], vs SCS (85) (1.2%) (3.5%)
2023
Ravaioli ~ RCT HOPE (66) DBD 145 min Nonspecifically provided: Biliary 12 mo NA 5/55 NA 6/55
et al[56], vs SCS (69) strictures; Biliary others 9%) (11%)
2022
vanRijn ~ RCT D-HOPE DCD 132 min Symptomatic NAS diagnosed with 6 mo 5/78 NA 14/78 NA
et al[52], (78) vs SCS the use of 6-mo cholangiography in (6%) (18%)
2021 (78) the presence of a patent HA
Czigany = RCT HOPE (23) DBD 145 min Biliary complications (clinical; 12 mo NA 4/23 NA 6/23
et al[57], vs SCS (23) radiological) 17%) (26%)
2021
Patrono et Cohort D-HOPE DBD 138 min Biliary complications 3-mo cholan- Median 21.6 NA 5/121 NA 35/723
al[60], (121) vs SCS giography if clinically indicated (D-HOPE) (4%) (5%)
2022 (723) and 51.1
(SCS) mo
Rayaret  Cohort HOPE (25) DBD 117 min NR 12 mo NA 0/25 NA 1/69
al[58), vs SCS (69) (0%) (1.5%)"
2021
Mulleret  Cohort NRP (132) DCD 132 min NAS was defined as strictures with or Median20  2/32 NA 4/32 NA
al[37], vs HOPE without HA thrombosis or arterial (NRP) 28 (6.3%) (12.5%)
2020 (93) complications. mo (HOPE)
mo
Ravaioli ~ Cohort HOPE (10) DBD 132 min NR 12 mo NA NP NA NP
et al[59], vs SCS (30)
2020
Schlegel ~ Cohort HOPE (50) Both 120 min Ischemic cholangiopathy defined 5yr 4/50 NA 11/50  1/50
et al[55], vs SCS DBD radiologically, as intrahepatic or hilar (8%) (22%) (2%)
2019 (50) vs SCS BS and dilatations with patent HA
DCD (50)
vanRijn ~ Cohort D-HOPE DCD 126 min NAS was defined as bile duct stenosis 12 mo 1/10  NA 9/20 NA
et al[51], (10) vs SCS in the biliary tree as detected by (10%) (45%)”
2017 (20) ERCP or MRCP with clinical signs of

cholestasis and/ or cholangitis in the
presence of a patent HA

Mschemic necrosis.

2Biliary necrosis 2/9.

BS: Biliary strictures; DBD: Donor after Brain Death; DCD: Donated after circulatory death; ERCP: Endoscopic retrograde cholangiopancreatography; HA:
Hepatic artery; ITBL: Ischemic type biliary lesions; MRCP: Magnetic resonance cholangiopancreatography; NAS: Nonanastamotic biliary strictures; NR:
Not reported; NA: Not available.

donors that were accepted for transplant regardless of the preservation modality (NMP or SCS).
Subsequently, clinical practice and research shifted to investigate the ability of NMP to resuscitate poor
quality grafts that were otherwise deemed untransplantable with SCS[70-72]. Complicating matters
further, supposedly untransplantable livers are a heterogenous group with a varying overall risk of
ITBL[71,73]. As an example, a DBD graft with severe macrosteatosis has a different risk of ITBL than a
DCD graft with 60 min of dWIT, but both will fall into the declined group due to differing clinical
concerns. The increased utilization of NMP for livers otherwise deemed to high risk for transplant
following SCS has pragmatic consequences for trial design. This loss in equipoise over the safety of
randomizing high-risk livers to SCS results in a greater reliance on cohort studies.

The trials that have investigated NMP in the clinical setting, via either an RCT or cohort study with a
representative control group, are listed in Table 3. Many of these trials unfortunately lacked clear
definitions of what was considered ITBL, and whether complete artery patency was required for the
diagnosis. To date, three RCTs of NMP have been completed[64,65,74] (Table 3). The first multicenter
RCT published by Nasralla et al[64] in 2018 included standard risk grafts from both DBD and DCD
donors and applied NMP at source. This study included a protocol magnetic resonance cholangiopan-
creatography at 6 mo to assess for biliary complications of which only a small proportion of subjects
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Table 3 Clinical studies assessing the impact of normothermic machine perfusion on ischemic type biliary lesions after liver transplantation
. Control DBD ITBL-intervention ITBL-control
Study Intervention DBD, DCD ’ NMP - . .
Ref. . group (n . . DCD _— Viability testing Definition of ITBL Follow u
design group (n) intervention duration DCD DBD DCD DBD
) control
Markmann ~ RCT NMP at source  SCS (146) 125,28 188, 13 45h NR IBC defined as NAS or bile leaks, 12 mo 4/153 (2.6%) (DBD  14/146 (9.5%) (DBD and
et al[65], 2022 (153) confirmed with ERCP or MRCP and DCD) DCD)
Nasralla et al RCT NMP at source  SCS (101) 87,34 80, 21 91h No viability testing Protocol MRCP at 6 mo. No 6 mo 3/27 4/54  5/19 (26.3%)" 3/55
[64], 2018 (121) distinction between IC and ITBL (11.1%)*  (74%)* (5.5%)”
Ghinolfietal RCT NMP back-to- SCS (10)  AllDBD AlIDBD 42h NR NR 6 mo NA 1/10  NA 0/10
[74], 2019 base (10) (10%)
Gauravetal Cohort  NMP back to SCS (97); AllDCD AlIDCD 7.6h Cambridge criteria NAS defined as any BS, dilatation, 6 mo 12/67 NA NRP-4/69 NA
[44], 2022 base OR at- NRP (69) or irregularity of the bile ducts minimum  (17.9%) (5.7%) [0°]
source (67) and/or cast on MRCP away from [7/67, SCS-22/97
the anastomosis with patent HA 10.4%"] (22.6%)
[12/97,12.3%°
]
Hann et al Cohort  NMP back to SCS (56)  All DBD AIIDBD 12h Birmingham criteria Not reported 6 mo NA 1/26 NA 6/56
[82], 2022 base (26) minimum (3.8%) (10.7%)
Fodor et al Cohort  NMP back to SCS(59) 49,9 55,4 15h Certain parameters signs of ITBL was defined as BS, dilatation 3 mo 0/9 2/49  1/4(25%) 7/55
[75], 2021 base (59) "good organ function", others or irregularity of the intra- or minimum (4%) (12.7%)
considered "warning" signs extrahepatic bile ducts with or
without biliary cast formation in
the absence of HAS or HAT
Mohkamet  Cohort NMP atsource  NRP (68) AllDCDs AlIDCD 88h Not applied Refers to BS requiring a specific 23 mo 1/34 NA 1/68 (1.5%) NA
al[45], 2022 (34) treatment or resulting to graft loss (2.9%)
and/or death
Mergental et Cohort ~ NMP back-to- SCS (44) 12,10 24, 20" 9.8 h Birmingham criteria NR 6 mo 7/10 0/12 NR NR
al[71], 2020 base (22) (70%)
Bral et al[83], Cohort NMP back-to- NMP at 20,6 13,4 7.8 h (back- Parameters included opening IC defined as diffuse BS in the 6 mo 0/6 0/20 0/4 0/13
2019 base (26) source to-base) 10.3  lactate level, lactate clearance, absence of significant arterial
17) h (at-source)  necessity of bicarbonate supple-  stenosis
mentation, and bile production
Ceresaetal ~ Cohort  NMP back-to- NMP at- 23,8 73,31 8.4 h (mean)  No viability criteria NR 12 mo 0/8 0/23 NR NR
[62], 2019 base (31) source
(104)
Liu et al[84], Cohort NMP back to SCS(84) 13,8 52,32 4h52 No viability testing NR 12 mo 0/8 0/13 NR NR
2019 base OR at- minimum
source (21)
Bral et al[85], Cohort NMP at-source  SCS (30) 6,3 22,8 11.5h No viability testing NR 6 mo 0/3 0/6 NR NR
2017 ©)
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Ravikumar  Cohort = NMP at-source  SCS (40)
et al[63], 2016 (20

16,4 32,8 93h No viability testing NR 30d 0/4

0/16

NR

NR

IMedian duration unless otherwise stated.

“Numerator represents the number of patients that completed the 6 mo protocol magnetic resonance cholangiopancreatography.

SNumber of clinically significant strictures, defined as those requiring intervention.

*Presumed based on propensity matching.

BS: Biliary strictures; DBD: Donor after Brain Death; DCD: Donated after circulatory death; ERCP: Endoscopic retrograde cholangiopancreatography; IC: Ischemic cholangiopathy; HA: Hepatic artery; HAS: Hepatic artery stenosis; HAT:

Hepatic artery thrombosis; IBC: Ischemic biliary complication; ITBL: Ischemic type biliary lesions; NAS: Nonanastamotic biliary strictures; NR: Not reported; NRP: Normothermic Regional Perfusion; MRCP: Magnetic resonance

cholangiopancreatography; RCT: Randomized controlled trials; NA: Not available.
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completed. The difference in stricture incidence was greatest in the DCD subgroup, with a rate of 26.3%
in the DCD-SCS group as opposed to 11.1% in the DCD-NMP group. Whether these ischemic strictures
were ITBL or the result of a vascular lesion is unclear, as HA patency was not possible to determine
from the data provided[64]. The smaller RCT conducted by Ghinolfi et al[74] comprised a sample of
elderly DBD donors (= 70 years) and applied NMP in a back-to-base approach[74]. However, the small
sample size and lower overall risk of ITBL in DBD grafts makes the findings of this study less
informative. In this study, only one patient developed a biliary stricture, and they were in the NMP
group. A recent large RCT from the United States randomized nearly 300 livers (both DBD and DCD) to
either at-source NMP or SCS[65]. These authors did provide a definition of what they considered an
ischemic biliary complication (Table 3) and this occurred in 4 and 14 of the NMP and SCS livers
respectively. Once again, the granularity of the data presented does not allow determination of the
proportion of patients with ischemic biliary complications that were truly ITBL. It should be noted that
none of these RCTs performed any formal viability testing of the grafts prior to transplant and were not
powered appropriately to assess for biliary complications.

Both prospective and retrospective cohort studies have investigated biliary complications following
NMP (Table 3). In the VITTAL trial, Mergental et al[71] reported the outcomes of a prospective cohort of
22 livers (12 DBD, 10 DCD) destined for discard that were transplanted following back-to-base NMP.
After 6 mo follow-up, 3/10 of the DCD livers had developed symptomatic nonanastomotic biliary
strictures. Requiring retransplantation[71]. Fodor et al[75] subsequently reported a retrospective cohort
study of predominantly DBD grafts (49 DBD and 9 DCD) preserved via back-to-base NMP and reported
both a lower incidence and severity of ITBL in the NMP group in comparison to SCS[75]. This study had
a clear definition of ITBL and applied viability testing, which included bile output and pH, however
specific parameters for these were not reported. Recently, Gaurav et al[44] published a single center
retrospective cohort study of DCD grafts preserved by NMP (back-to-base and at-source), NRP and CS
with the primary outcome being NAS[44]. These authors also provided a clear definition of NAS and
this required hepatic artery patency. In the NMP group, 12/69 developed NAS and in 7/12 it was
clinically significant. This was comparable to the SCS group (22/97, 12/22 clinically significant) but
higher than the NRP group (4/69, 0/4 clinically significant). It must be noted that this study applied
biliary viability testing to NMP preserved livers and 77% of these NMP preserved DCD livers
proceeded to transplant.
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Utilizing NMP perfusate and bile parameters to predict (and avoid) certain outcomes remains contro-
versial. The risks associated with liberal use of NMP preserved livers is associated morbidity and
mortality. The risks associated with being too stringent on the NMP viability criteria, when predictive
accuracy is less than perfect, is the discard of a liver that would have resulted in acceptable outcomes.
NMP indicators of biliary injury and/or function have been studied by several groups in human livers
[76,77]. The early experience of associating bile pH, bicarbonate and glucose with cholangiopathies was
reported by Watson et al[77] in 2018, from 16 transplanted livers. In this group of livers, a biliary pH <
7.4 occurred in 3/16, and all three of these developed a cholangiopathy. A lower biliary bicarbonate and
higher biliary glucose concentration was also associated with subsequent cholangiopathy. Recently, the
same group have reported outcomes in a much larger cohort of 144 transplanted livers[78].
Interestingly, 15 of these transplanted livers did not meet their previously reported cholangiocyte
viability criteria and in a further three livers no bile was produced which precluded this assessment.
Clinically significant NAS developed in 9/144 recipients and all of these had a bile pH > 7.5. Matton et al
[76] investigated biliary NMP parameters in both the laboratory and a small clinical trial (n = 6)[76].
These authors did not have any cases of ITBL in the recipients within the trial, but demonstrated an
inverse correlation between bile pH and bicarbonate concentration with histological evidence of biliary
injury in a group of non-transplanted livers. A pH and bicarbonate concentration of < 7.48 and < 18
mmol/L had a positive predictive value of 75% and 91% for significant biliary injury. In summary, the
prediction (and avoidance) of ITBL using NMP requires further research. This will undoubtedly be of
assistance to the transplant community, however at present the accuracy remains sub-optimal and it
must be improved to avoid the unnecessary discard of grafts.

Machine combination approaches

In theory, the different rationale behind the various MP strategies could work synergistically to prevent
ITBL. A-NRP abbreviates the dWIT induced damage and provides in-situ resuscitation prior to the cold
ischemic period, whereas the ex situ techniques may dampen IRI. Conversely, the application of
sequential MP strategies may follow the rule of diminishing returns and the resources may not be
justified. Despite the report that individual grafts had the combination of A-NRP and NMP, clarity in
the ITBL rate with this combination is lacking as they were excluded from the analysis of this study[44,
79]. The Groningen group have also reported their experience with sequential ex-sifu end-ischemic D-
HOPE, controlled oxygenated rewarming and NMP for high-risk livers (mostly DCD grafts)[80]. The
application of this protocol is proposed to protects these livers against IRI (D-HOPE phase) and enables
viability assessment (NMP phase) prior to transplantation, resulting in promising outcomes.

In Italy, as aforementioned circulatory death during DCD procurement is declared after a stand-off
period of 20 min. This prolonged dWIT time has been a general reluctance to use such DCD grafts for
transplantation due to the probable high risk of graft failure. The combination of A-NRP and D-HOPE
has contributed to increase the donor pool in this high-risk donor context. In a retrospective cohort
study, this combination has reported satisfactory outcomes in terms of ITBL when compared with
relatively low-risk donor control group (A-NRP + D-HOPE 3% vs SCS 8%)[43]. Recently, a new
procedure called ischemia-free liver transplantation has been proposed, during which liver grafts are
procured, preserved and implanted under continuous NMP. Its applicability and clinical impact are yet
to be determined[81]. Further studies are required to determine if additional benefits are achieved by
combining different techniques.

EVIDENCE SUMMARY

The volume of data on MP and its impact on the development of ITBL following liver transplant is
growing. However, with only a few exceptions, ITBL was not the primary outcome under investigation
in these studies and therefore were not designed and reported with this entity in mind. It is difficult in
many published studies to tease out what biliary complications represent the development of ITBL, as
opposed to strictures of another cause. With this considered, the evidence for prevention of ITBL with
MP is distinctly different for DCD as opposed to DBD grafts.

The highest quality evidence for ITBL prevention with MP in DCD grafts is D-HOPE, in comparison
to SRR and SCS. This is based on finding from a RCT[52]. However, a larger quantity of lower quality
evidence supports A-NRP in comparison to both SRR with SCS, and NMP via a “back to base” approach.
At present, there is no evidence that D-HOPE is superior to A-NRP or that the combination of these two
MP techniques results in a further reduction of ITBL than each one in isolation. Based on the DCD
subgroup from one randomized trial[64], there is a suggestion that NMP applied ‘at source” reduces
ITBL in comparison to SRR and SCS[64]. There is no good quality evidence that NMP applied in a “back
to base” approach for DCD grafts prevents ITBL. In DBD donors, the incidence of ITBL is lower and
therefore studies with a large sample size will be required to demonstrate a noticeable effect. The
available evidence to suggest that either NMP “at source” or ‘back to base” for DBD grafts is weak, and
consists of only one cohort study[75]. There is no trial evidence to support a reduction in ITBL for DBD
grafts with HMP strategies.
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CONCLUSION

ITBL remains an ongoing issue and the notion that biliary complications are the “achilles heel of liver
transplantation remains true. However, with the introduction of MP technology, gains are being made
in the prevention of this highly morbid condition. The greatest area of improvement is for DCD grafts
with RCT evidence for D-HOPE, and large cohort studies supporting A-NRP. Given the demonstrated
benefits these modalities have over SCS for DCD grafts, a loss of equipoise within the transplant
community is diminishing the opportunity for further RCTs that include a SCS group. As an organ
donor often generously gives numerous organs, the impact A-NRP has on other abdominal viscera may
influence the decision regarding the most appropriate MP strategies. Multiple factors likely interact to
cause ITBL, and a greater understanding of these will undoubtedly help refine both preventative and
treatment interventions.
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Abstract

BACKGROUND

Capecitabine (CAP) is a classic antimetabolic drug and has shown potential
antirejection effects after liver transplantation (LT) in clinical studies. Our
previous study showed that metronomic CAP can cause the programmed death of
T cells by inducing oxidative stress in healthy mice. Ferroptosis, a newly defined
non-apoptotic cell death that occurs in response to iron overload and lethal levels
of lipid peroxidation, is an important mechanism by which CAP induces cell
death. Therefore, ferroptosis may also play an important role in CAP-induced T
cell death and play an immunosuppressive role in acute rejection after trans-
plantation.
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AIM
To investigate the functions and underlying mechanisms of antirejection effects of metronomic
CAP.

METHODS

A rat LT model of acute rejection was established, and the effect of metronomic CAP on splenic
hematopoietic function and acute graft rejection was evaluated 7 d after LT. In vitro, primary CD3*
T cells were sorted from rat spleens and human peripheral blood, and co-cultured with or without
5-fluorouracil (5-FU) (active agent of CAP). The levels of ferroptosis-related proteins, ferrous ion
concentration, and oxidative stress-related indicators were observed. The changes in mito-
chondrial structure were observed using electron microscopy.

RESULTS

With no significant myelotoxicity, metronomic CAP alleviated graft injury (Banff score 9 vs 7.333,
P <0.001), prolonged the survival time of the recipient rats (11.5 d vs 16 d, P < 0.01), and reduced
the infiltration rate of CD3* T cells in peripheral blood (6.859 vs 3.735, P < 0.001), liver graft (7.459
vs 3.432, P < 0.001), and spleen (26.92 vs 12.9, P < 0.001), thereby inhibiting acute rejection after LT.
In vitro, 5-FU, an end product of CAP metabolism, induced the degradation of the ferritin heavy
chain by upregulating nuclear receptor coactivator 4, which caused the accumulation of ferrous
ions. It also inhibited nuclear erythroid 2 p45-related factor 2, heme oxygenase-1, and glutathione
peroxidase 4, eventually leading to oxidative damage and ferroptosis of T cells.

CONCLUSION
Metronomic CAP can suppress acute allograft rejection in rats by triggering CD3* T cell
ferroptosis, which makes it an effective immunosuppressive agent after LT.

Key Words: Capecitabine; Ferroptosis; T Lymphocytes; Immunosuppressive agents; Graft rejection; Liver
transplantation

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Our studies proved that metronomic capecitabine (CAP) alleviated the acute rejection after
transplantation in rats without the common side effect of myelosuppression. T cell ferroptosis is the
underlying mechanism behind the antirejection effect of CAP, which can induce cell ferrous ions overload
and suppress the nuclear erythroid 2 p45-related factor 2, heme oxygenase-1/glutathione peroxidase 4
antioxidant systems, thereby directly increasing the levels of intracellular reactive oxygen species, and
leading to severe oxidative damage in T cells. These results revealed a new mechanism of CAP-induced T
cell programmed death and suggested the possibility of using CAP as an immunosuppressant after
transplantation.

Citation: Wang H, Wang ZL, Zhang S, Kong DJ, Yang RN, Cao L, Wang JX, Yoshida S, Song ZL, Liu T, Fan SL,
Ren JS, Li JH, Shen ZY, Zheng H. Metronomic capecitabine inhibits liver transplant rejection in rats by triggering
recipients’ T cell ferroptosis. World J Gastroenterol 2023; 29(20): 3084-3102
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INTRODUCTION

Recurrence of hepatocellular carcinoma (HCC) represents a serious issue after liver transplantation (LT),
and is closely related to the usage of immunosuppressant drugs[1-3]. As a classic antimetabolic
chemotherapeutic agent, capecitabine (CAP) is widely used in the treatment of cancers and has also
shown good effects on HCC[4,5]. Metronomic CAP is suitable for long-term oral administration with
low adverse effects and without sacrificing treatment efficacy[6,7]. In patients with recurrent liver
cancer after LT, Ravaioli et al[8] showed that metronomic CAP achieved similar efficacy to sorafenib, a
protein kinase inhibitor approved for HCC but with a high incidence of adverse effects[9]. Interestingly,
no acute rejection was seen, suggesting that CAP may have both immunosuppressive and anticarci-
nogenic effects. CAP is a fluoropyrimidine prodrug that is metabolized in a three-step process to 5-
fluorouracil (5-FU)[10]. The last step requires thymidine phosphorylase (TP), the distribution of which
determines CAP distribution. This partially explains its different pharmacological characteristics
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compared to 5-FU. Because TP is highly expressed in cancer cells and lymphocytes[11,12], the adminis-
tration of CAP to LT patients with HCC may increase tumor killing while preventing graft rejection. In
preliminary work, we found that the differential expression of TP avoided CAP’s side effects of
myelosuppression and suppressed normal mouse immune responses by inducing T cell apoptosis[13].
However, it is not clear what effect CAP has during the immune activation that follows transplantation,
which is key to its use as an immunosuppressant.

Ferroptosis is a newly defined nonapoptotic cell death that occurs with iron overload and lethal levels
of lipid peroxidation[14-16]. Ferroptosis is tightly regulated by iron metabolism, while ferritin is the
major intracellular iron storage protein complex. Ferritinophagy activation depends on nuclear receptor
coactivator 4 (NCOA4) to transport ferritin to the autophagosome and degrade ferritin to increase
intracellular iron levels[17,18]. Subsequently, free ferrous ions overload results in oxidative injury by the
Fenton reaction. Although the regulatory mechanisms of ferroptosis are poorly understood, some
molecules with antioxidant effects may be implicated, such as nuclear erythroid 2 p45-related factor 2
(Nrf2)[19,20], heme oxygenase-1 (HO-1)[21], and glutathione peroxidase 4 (GPX4)[22]. Overall, free
ferrous ions result in reactive oxygen species (ROS) generation and oxidative injury, whereas the Nrf2-
HO-1/GPX4 antioxidative system protects cells from oxidative damage induced by ferroptosis[23]. In
mouse models and in vitro, 5-FU mediates injuries in intestinal mucosal cells, such as those occurring
during chemotherapy, by reducing Nrf2 expression and increasing ferroptosis[24]. 5-FU also leads to
ROS and iron homeostasis-dependent ferroptosis in myocardial cells by reducing the expression of
GPX4 and ferritin heavy chain (FTH1) but enhancing the expression of transferrin receptor 1[25]. Thus,
mechanistically, ferroptosis plays an important role in the cell-killing effect of 5-FU.

Our previous study indicated that metronomic CAP can increase ROS levels and reduce
mitochondrial membrane potential (MMP), thus affecting the immune system of mice[13]. Those results
prompted us to further explore whether ferroptosis plays a significant role in 5-FU-induced
immunosuppression. In this study, we investigated the effect of metronomic CAP on acute rejection in a
rat model of LT, and determined how ferroptosis affects 5-FU-induced immunosuppression. Elucidating
the possible mechanism of CAP as an immunosuppressant with anticancer effects is of great relevance
to optimize drug regimens for HCC patients after LT in the future.

MATERIALS AND METHODS

Animals

Specific-pathogen-free male Lewis rats (donors) and male Brown Norway rats (recipients) aged 8-10 wk
and weighing 250-300 g were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China). The rats were housed in a standard room, and fed filtered clean water and standard
laboratory food. To acclimatize, the rats were housed 1 wk before transplantation. According to
different postoperative medication regimens, the rats were randomized to untreated control group
(CON) (0.9% saline, ig) and metronomic capecitabine-treated (MET) groups (CAP 100 mg/kg/d, ig). A
total of 12 recipients (6 rats/group) were used for postoperative specimen collection at 7 d after
transplantation, and another 12 recipients (6 rats/group) were used to observe survival. All invasive
procedures and specimen collection were performed under isoflurane anesthesia to minimize pain or
discomfort.

Orthotopic LT in rats

Anesthesia was induced with isoflurane and orthotopic LT was performed based on Kamada’s two-cuff
method. The anhepatic phase was controlled within 26 min[26,27]. After transplantation, the rats
received 2 mL Ringer’s lactate to replenish blood volume and were rewarmed in an incubator at 37 °C
for 30 min. On day 7 after LT, an overdose of pentobarbital (150 mg/kg) was injected intraperitoneally
for euthanasia. Femur, blood, spleen, and the transplanted liver were collected for further examination.

Routine blood tests
Whole blood was used for blood routine tests 7 d after LT. These were performed with an automatic
hematology analyzer (BC-2800Vet; Mindray, Shenzhen, China).

Peripheral blood lymphocyte CD3* T cell count
Peripheral blood lymphocyte CD3* T cell count was obtained based on peripheral blood lymphocyte
count and flow cytometric analysis of the CD3" T cell ratio.

Liver function assay

Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin
(TBIL), and direct bilirubin (DBIL) were measured using kits (Mindray, Shenzhen, China) and read with
an automatic biochemical analyzer (BS-240VET; Mindray, Shenzhen, China).
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Flow cytometric analysis

Rat peripheral blood mononuclear cells were isolated by gradient centrifugation with a rat peripheral
blood mononuclear cell separation solution (Solarbio, Beijing, China). Anti-CD3 antibodies (APC anti-
rat CD3 Antibody, Cat# 201414; RRID: AB_2563366 BioLegend, San Diego, CA, United States) were
used for extracellular staining to identify CD3-positive lymphocytes. Flow cytometry was performed
using the Accuri C6 Plus flow cytometry (BD Biosciences, Palo Alto, CA, United States), and Flow]Jo
software (TreeStar, Woodburn, OR, United States) was used for data analysis.

The ferrous levels in T cells were measured using FerroOrange (Cat# MX4559, Maokang Biotech-
nology, Shanghai, China). Cells were incubated with FerroOrange (37 °C, 20 min) for fluorescence
detection. To measure intracellular ROS, cells were resuspended in phosphate-buffered saline (PBS)
containing DCFH-DA (Cat# CA1410, Solarbio, Beijing, China) at 37 °C for 30 min and washed twice
with PBS for fluorescence detection. To measure the lipid ROS of T cells, C11-BODIPY 581/591 (Cat#
MX5211, Maokang Biotechnology, Shanghai, China) was added and incubated at 37 °C with 5% CO, for
30 min. Cells were then washed twice before fluorescence detection. The MMP Assay Kit (Cat# M8650,
Solarbio, Beijing, China) was used to measure the MMP in T cells. Cells were incubated with JC-1
working solution at 37 °C for 20 min, then washed twice with JC-1 buffer for fluorescence detection.
BODIPY emission was recorded on an oxidized C11 signal (FITC channel).

Luminex assay

The rat sera were analyzed for cytokine concentrations [interleukin (IL)-10, IL-2, IL-1a, IL-4, interferon
gamma (IFN-y), tumor necrosis factor alpha (TNF-a), IL-5, IL-6, growth-regulated oncogene (GRO)/
keratinocyte chemoattractant (KC), IL-12p70] using the Millipore Luminex 200 instrument (Luminex
Corporation, Austin, TX, United States), after incubation of the samples with beads according to the
manufacturer’s instructions. The quantification was performed with Luminex xPonent version 3.1
software.

Cell culture

Healthy mononuclear cells from the spleen of rats and peripheral blood of humans were collected by
gradient centrifugation with respectively, rat tissue mononuclear cell separation solution (Solarbio,
Beijing, China) and human peripheral blood mononuclear cell separation solution (Solarbio, Beijing,
China). T cells were purified through positive magnetic selection using microbeads (Miltenyi Biotec,
Bergisch Gladbac, Germany) and cultivated at 2.0 x 10° cells/well in 6-well plates with RPMI-1640 with
5% fetal bovine serum and 100 IU/mL IL-2. Within the first 72 h, the anti-CD3/CD28 antibody (Cat#
201401, RRID: AB_893302; 2 pg/mL and Cat# 200902, RRID: AB_313891; 1 pg/mL) were used to
stimulate the T cells.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) assay (Boster, Hubei, China) was used to evaluate T cell proliferation
in vitro. The CON group (n = 3), 5-FU group (5-FU 15 pmol/L, MCE, Shanghai, China; n = 3); ferrostatin-
1 (Fer-1) group (Fer-1 2 pmol/L, MCE, Shanghai, China; n = 3); 5-FU+fer-1 group (5-FU 15 pmol/L +
fer-1 2 pmol/L) were included. After 72 h of culture, CCK-8 solution was added to each well of the 96-
well plates and allowed to incubate for 2 h at 37 °C, and the optical density value at 450 nm was
recorded.

Histopathology

The femurs and grafts (n = 6 for each group) were removed on postoperative day 7. The femurs were
decalcified with EDTA decalcifying solution (Solarbio, Beijing, China). Then both femurs and grafts
were fixed in 10% paraformaldehyde, dehydrated, paraffin-embedded, cut into 4 pm slides, and stained
with hematoxylin and eosin (H&E; G1120; Solarbio, Beijing, China).

Immunohistochemistry

CD3* cell infiltration was assessed on spleen and liver graft sections as follows: Tissue sections were
heated for 15 min in EDTA (pH 8.0) in a microwave for antigen retrieval, incubated in 3% hydrogen
peroxide for 30 min to eliminate endogenous peroxidase activity, and blocked in normal goat serum.
Then the sections were incubated overnight at 4 °C with a rat anti-CD3 antibody (CD3-12, Cat# ab11089,
RRID: AB_2889189; Abcam, Cambridge, MA, United States) and incubated with a secondary antibody
(Goat Anti-Rat IgG H&L, Cat# ab97057, RRID: AB_10680316; Abcam, Cambridge, MA, United States) or
30 min at room temperature the next day. Finally, the sections were stained with freshly prepared
diaminobenzidine solution and counterstained with hematoxylin. Image] software was applied to 200 x
images to quantify the CD3-positive fields.

Transmission electron microscopy
Cells were collected after centrifugation and fixed in 2.5% glutaraldehyde. After dehydration through
graded ethanol, the cells were embedded in epoxy resins and cut into ultrathin sections. The
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morphologic changes in mitochondrial ultrastructure were observed using a transmission electron
microscope (HT7800; Hitachi, Tokyo, Japan).

Western blot analysis

Total protein was extracted using RIPA buffer containing protease and phosphatase inhibitors. The
mixture was placed on ice for 30 min for cell lysis, and then centrifuged at 12000 g for 15 min at 4 °C to
discard the cell debris. Total protein concentration was quantified by the BCA Protein Assay Kit
(Beyotime Biotechnology, Beijing, China). The proteins were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, electrotransferred to polyvinylidene fluoride membranes, and
blocked in 5% skimmed milk for 1 h. Then the membranes were incubated overnight at 4 °C with
primary antibodies against FTH1 (EPR18878, Cat# ab183781; Abcam, Cambridge, MA, United States),
NCOA4 (Cat# PA5-96398, RRID: AB_2808200; Thermo Fisher Scientific, Waltham, MA, United States),
Nrf2 (E5F1A, Cat# 20733S, Cell Signaling Technology, Danvers, MA, United States), HO-1 (EPR1390Y,
Cat# ab68477, RRID: AB_11156457; Abcam, Cambridge, MA, United States), and GPX4 (EPNCIR144,
Cat# ab125066, RRID: AB_10973901; Abcam, Cambridge, MA, United States). B-actin (5P124, Cat#
ab115777, RRID: AB_10899528; Abcam, Cambridge, MA, United States) antibody served as the internal
control. The membranes were washed and then incubated with a secondary antibody (Goat anti-Rabbit
IgG H+L, Cat# A16110; Thermo Fisher Scientific, Shanghai, China) for 1 h at RT. Proteins were detected
with an imaging system (Bio-Rad, Hercules, CA, United States), and band intensities were analyzed
with Image] software (National Institutes of Health, Bethesda, MD, United States).

Statistical analyses

The statistical analyses were performed with SPSS 23.0 (IBM Analytics) and GraphPad 8.0 (GraphPad
Software). The statistical methods of this study were reviewed by Yuan Wang from the Department of
Biostatistics and Epidemiology, The First Central Clinical School, Tianjin Medical University. Data are
presented as the mean + standard error of the mean. The unpaired t-test was used to assess the
differences between the two groups, and a one-way analysis of variance was used to assess the
differences among three or more groups. P < 0.05 was considered statistically significant.

RESULTS

Metronomic CAP exerts a marginal myelosuppressive effect, compatible with continuous

administration

5-FU, the end product of CAP, may induce myelotoxicity. Thus, we first evaluated metronomic CAP’s
myelotoxicity on peripheral blood hemoglobin (HGB), platelets (PLTs), and leukocytes in a rat model of
orthotopic LT, where recipient Brown-Norway rats received the livers from Lewis rats. Seven days after
LT, there was no significant difference in the index of HGB and PLTs between the CON group and the
MET group (Figure 1A and B). However, leukopenia with a reduced number of lymphocytes was found
in the MET group, while the number of other leukocyte subsets (granulocytes and mononuclear cells)
was not significantly different (Figure 1C-F). These results suggest that CAP had a relatively targeted
killing effect on lymphocytes, but no obvious effect on PLTs, erythrocytes, monocytes, or granulocytes.
In the bone marrow, the rats in the MET group had no pathological manifestation of myelosuppression
(Figure 1G), suggesting that the lymphocytopenia caused by CAP did not result from myelosup-
pression.

Metronomic CAP reduces acute rejection and alleviates graft injury

To evaluate the effect of metronomic CAP during acute rejection, the grafted livers were harvested on
day 7 after LT for histopathological examination. As shown in Figure 2A, prominent acute rejection with
severe bile duct damage, endothelitis, and hepatocyte vacuolation occurred in the grafts of the CON
group. Portal areas were infiltrated by inflammatory cells, hepatic sinusoids were greatly expanded, and
the sinusoidal endothelial cells were markedly swollen. Compared with the CON group, acute rejection
in the MET group was ameliorated, as evidenced by inflammatory cell infiltration being confined to
only some of the portal areas and the degeneration of a few bile duct epithelia. The Banff scores[28]
decreased in the MET group compared with the CON group (Figure 2B). On day 7 after LT, liver
damage was assessed by measuring serum levels of AST and ALT (Figure 2C and D). Compared with
the CON group, CAP significantly decreased the serum levels of ALT and AST. However, TBIL and
DBIL in both groups showed an increasing trend after the operation, but there was no significant
difference between the two groups (Figure 2E and F). In the survival analysis, a log-rank (Mantel Cox)
test was conducted. Rats in the MET group had a longer survival time compared with the CON group
(Figure 2G, median survival time: 16.5 and 11.5 d; P < 0.01).

Metronomic CAP reduces the number of CD3* T cells in graft recipients
Next, to investigate whether the inhibition of acute rejection by metronomic CAP involved an effect on
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Figure 1 Metronomic capecitabine showed no significant myelosuppression. A and B: Hemoglobin level and platelets count in the peripheral blood;
C-F: White blood cells, lymphocytes, granulocytes, and monocytes counts in the peripheral blood; G: Bone marrow tissue was stained with hematoxylin and eosin (50
x and 200 ). Statistical analysis was done by unpaired t-test, n = 6. Data are shown as mean + SD; °P < 0.01 vs the control group. CON: Untreated control groups,
rats received 0.9% normal saline for 7 d; MET: Metronomic capecitabine (CAP)-treated groups, rats received metronomic CAP (100 mg/kg/d) treated for 7 d; HGB:
Hemoglobin; PLT: Platelets; WBC: White blood cells; lymph: Lymphocytes; Gran: Granulocytes; Mon: Monocytes.

T cells, CD3* T cells in the peripheral blood, grafts, and spleens were analyzed. Compared to the CON
group, the CD3" T cells in the peripheral blood were significantly lower in the MET group (Figure 3A
and B). In addition, a large number of CD3* T cells was localized in the portal canal area of the CON
group. Infiltrated CD3* T cells in both the liver and spleen were significantly reduced in the MET group
(Figure 3C and D). These results indicate that metronomic CAP can decrease the number of CD3" T cells
in the peripheral blood, liver, and spleen of the recipient rats.

Metronomic CAP regulates serum cytokine levels
Cytokines are an important reflection of immune cell function and immune status. Thus, the levels of
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Figure 2 Metronomic capecitabine improves liver function and ameliorates liver allograft rejection. A: Liver allograft tissue was stained with
hematoxylin and eosin (50 x and 200 x). Liver tissue, portal vein, and bile duct were significantly injured in the untreated control group (CON), with a large number of
inflammatory cells infiltrated. In the metronomic capecitabine-treated groups (MET), liver tissue destruction was relatively mild, with limited infiltration of inflammatory
cells (yellow arrows), relatively little degeneration of portal vein endothelium (red arrows), and bile duct epithelium (blue arrows); B: The severity of acute rejection
was graded according to the Banff liver rejection criteria; C-F: Alanine transaminase, aspartate transaminase, total bilirubin, and direct bilirubin levels in the peripheral
blood; G: Survival analysis of rats after liver transplantation. The median survival time of the CON and MET groups were 11.5 d and 16 d, respectively (P < 0.01). The
survival analysis was done by log-rank (Mantel Cox) test, n = 6. Statistical analysis was done by unpaired t-test, n = 6. Data are shown as mean * SD; °P < 0.01 vs
the control group, °P < 0.001 vs the control group. CON: Untreated control groups, rats received 0.9% normal saline for 7 d; MET: Metronomic capecitabine (CAP)-
treated groups, rats received metronomic CAP (100 mg/kg/d) treated for 7 d; ALT: Alanine transaminase; AST: Aspartate transaminase; TBIL: Total bilirubin; DBIL:
Direct bilirubin.

IFN-y, TNF-0, human GRO/KC, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-10, and IL-12p70 in peripheral blood and
graft were quantified by Luminex assay. As shown in Figure 4, the levels of pro-inflammatory IFN-y,
TNF-q, IL-2, and IL-12p70 in the MET group were significantly lower than those in the CON group.
Other cytokines (IL-1B, IL-5, IL-6, IL-4, IL-10, and GRO/KC) did not show significant changes
(Supplementary Figure 1). The results showed that metronomic CAP plays an immunosuppressive role
by downregulating the concentration of pro-inflammatory cytokines.
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Figure 3 Metronomic capecitabine decreased the infiltration of CD3* T cells in peripheral blood, liver allografts, and spleen. A: The
percentage of CD3" T cells among lymphocytes in the peripheral blood at postoperative day 7; B: The number of CD3* T cells in the peripheral blood at postoperative
day 7; C and D: Grafted liver (C) and spleen (D) sections were stained for CD3. The samples from each group were collected on postoperative day 7. The arrows
show positive staining (50 x and 200 x). Quantification of the proportion of CD3" positive area within a given section (%). Statistical analysis was done by unpaired -
test, n = 6. Data are shown as mean + SD; 2P < 0.05 vs the control group, °P < 0.001 vs the control group. CON: Untreated control groups, rats received 0.9% normal
saline for 7 d; MET: Metronomic capecitabine (CAP)-treated groups, rats received metronomic CAP (100 mg/kg/d) treated for 7 d.

Metronomic CAP increases T cell free ferrous ions and induces lipid peroxidation in vivo

The immune activation of T cells is particularly important in the acute rejection of organ transplants.
Similar to many commonly used immunosuppressants, the killing effect of CAP on T cells is also key to
its immunosuppressive activity[13]. Therefore, we further explored the mechanism of T cell killing by
metronomic CAP. Ferroptosis is a new form of ROS-dependent programmed cell death that may plays
an important role in CAP-mediated cytotoxicity. Thus, we measured by flow cytometry the concen-
tration of free ferrous ions, ROS level, and lipid ROS level in peripheral blood CD3* T cells from
transplanted rats of both groups at day 7. Compared with the CON group, free ferrous ion concen-
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Figure 4 Cytokine concentrations of peripheral blood and liver graft in transplanted rats. Use Luminex assay to detect the concentrations of
interferon gamma (IFN-y), tumor necrosis factor alpha (TNF-a), interleukin (IL)-2 and IL-12 in peripheral blood and graft. A and E: IFN-y; B and F: TNF-q; C and G: IL-
2; D and H: IL-12. Statistical analysis was done by unpaired Students t-test, n = 6. Data are shown as mean + SD; 2P < 0.05 vs the control group, °P < 0.01 vs the
control group, °P < 0.001 vs the control group. CON: Untreated control groups, rats received 0.9% normal saline for 7 d; MET: Metronomic capecitabine (CAP)-
treated groups, rats received metronomic CAP (100 mg/kg/d) treated for 7 d; IFN-y: Interferon gamma; TNF-a:: Tumor necrosis factor alpha; IL: Interleukin.

Jaishideng®

tration (Figure 5A), total ROS (Figure 5B), and lipid ROS (Figure 5C) levels were increased in the MET
group. At the same time, the detection of the MMP showed a decreasing trend in the MET group
(Figure 5D). These results indicated that metronomic CAP leads to the generation of ferrous ions and
results in lipid peroxidation, which conforms to the typical characteristics of ferroptosis.

5-FU triggers ferritinophagy and ferroptosis in T cells in vitro

To further explore in vitro the mechanism underlying the CAP-mediated ferroptosis linked to
immunosuppression observed in vivo, primary CD3* T cells were sorted from rat spleens and human
peripheral blood (Supplementary Figure 2). Both primary CD3* T cells were treated with 5-FU in vitro
(Supplementary Figure 3). This treatment significantly inhibited cell viability, which was attenuated by
the ferroptosis inhibitor Fer-1 (Figure 6A). Transmission electron microscopy revealed typical character-
istics of ferroptosis in 5-FU-treated group, namely, smaller mitochondria with increased membrane
density, and diminished mitochondrial cristae (Figure 6B). Free ferrous ions concentration was
increased in the 5-FU-treated group, whereas Fer-1 partially reversed the increase of ferrous ions
induced by 5-FU (Figure 6C). As a selective cargo receptor, NCOA4 mediates the transport of ferritin
into lysosomes, inducing ferroptosis. Western blot analysis revealed that 5-FU treatment induced FTH1
decrease, but a tendency toward increasing NCOA4 expression was observed (Figure 6D), consistent
with the in vivo studies (Supplementary Figure 4). These results confirmed that the cytotoxicity of 5-FU
is at least partly related to the induction of T cell ferroptosis, in which the increase of free ferrous ions
caused by NCOA4-mediated ferritinophagy plays an important role.

5-FU-triggered ferroptosis is associated with the inhibition of the Nrf2-HO-1/GPX4 antioxidative
pathway

To evaluate the effect of 5-FU on the antioxidant system, antioxidant-related proteins were measured in
rat and human primary CD3"* T cells treated with 5-FU. The expression of Nrf-2, HO-1, and GPX4 was
evaluated in both groups and compared, and treatment with 5-FU was found to be associated with a
marked decrease (Figure 7A), consistent with the in vivo studies (Supplementary Figure 4). The results
showed that 5-FU treatment increased total ROS and lipid ROS levels and decreased MMP
(Figure 7B-D). It also decreased glutathione (GSH) levels and increased the oxidative stress biomarker
malondialdehyde (MDA) (Figure 7E and F). Fer-1 inhibits ferroptosis partly by activating Nrf2[29].
Accordingly, it reversed 5-FU-mediated inhibition of Nrf-2, HO-1, and GPX4, increased GSH level, and
decreased MDA content, thereby alleviating cell peroxidation induced by 5-FU (Figure 7A-D). These
results suggest that 5-FU inhibits the antioxidant system of T cells, inducing the T cells damaged by
lipid peroxidation, which results in ferroptosis.
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Figure 5 Metronomic capecitabine caused the increase of free ferrous ions and oxidative stress in peripheral blood CD3* T cells of
transplanted rats. A: Representative FACS data showing differential FerroOrange staining reflecting different cytoplasmic labile iron concentrations in control
groups and metronomic capecitabine-treated rats, followed by statistical analysis of mean fluorescence intensity (MFl); B and C: Reactive oxygen species (ROS) and
lipid ROS detected by FACS using DCFH-DA and C11-BODIPY respectively, BODIPY emission was recorded on oxidized C11 (FITC channel) signal. The graph
shows the statistical analysis of differential MFIs in the two groups; D: The proportion of cells with reduced mitochondrial membrane potential was assessed by flow
cytometry. Statistical analysis was done by unpaired t-test, n = 3. Data are shown as mean + SD; °P < 0.01 vs the control group, °P < 0.001 vs the control group.
CON: Untreated control groups, rats received 0.9% normal saline for 7 d; MET: Metronomic capecitabine (CAP)-treated groups, rats received metronomic CAP (100
mglkg/d) treated for 7 d; MFI: Mean fluorescence intensity.
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DISCUSSION

The conflict between the risk of tumor formation and immune rejection after transplantation has always
been a concern. Therefore, it is of great clinical value to identify a drug with both immunosuppressive
and anticancer effects. CAP is a classic chemotherapy drug for HCC[4,6], which has been shown to have
immunosuppressive effects in a previous study[8], suggesting that metronomic CAP can be used as an
immunosuppressant after transplantation and bring long-term benefits to LT patients with HCC. In our
previous study, we found that metronomic CAP exerts immunosuppressive effects on normal mice by
inducing T cell apoptosis[13]; however, the effect of CAP on the immune system in the context of organ
transplantation was unclear. Therefore, we explored the safety, availability, and mechanism of
metronomic CAP as an immunosuppressant in a model of rat orthotopic LT. Our results suggest that
metronomic CAP can inhibit the acute rejection of LT by inhibiting T cells while avoiding the main side
effects of 5-FU. Its mechanism is related to the induction of ferritin degradation and the inhibition of
antioxidant-related proteins, which ultimately leads to the death of T cells (Figure 8).

The main effects of 5-FU are on rapidly proliferating tissues, specifically bone marrow. 5-FU
suppressed bone marrow hematopoiesis including a significant decrease in the number of erythrocytes,
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Figure 6 5-fluorouracil increases the pool of labile iron and contributes to ferroptosis in CD3* T cells. Vitro experiments were conducted on rat
splenic and human peripheral blood CD3* T cells, which were sorted by immunomagnetic beads. According to predetermined IC50, the rat, and human primary CD3*
T cells were treated with 5-fluorouracil (5-FU) (15 umol/L) and ferrostatin-1 (Fer-1) (2 umol/L) for 48 h. A: Cell viability was assessed with a Cell Counting Kit-8 kit; the
results are expressed as optical density read at 450 nm; B: Transmission electron microscopy images of mitochondria in T cells show increased membrane density
(yellow arrows) and a shrunk morphology (Scale bar, 500 nm, and 250 nm); C: Representative FACS data showing FerroOrange staining as the measurement of the
level of cytoplasmic labile iron in primary CD3* T cells. The graph shows the statistical analysis of mean fluorescence intensity in the different groups; D: Levels of
ferritinophagy-related proteins nuclear receptor coactivator 4 and ferritin heavy chain 1 were assessed by western blot. CON groups: T cells were treated with DMSO
for 48 h; 5-FU groups: T cells were treated with 5-FU (15 pmol/L) for 48 h; 5-FU+ Fer-1 groups: T cells were treated with 5-FU (15 pmol/L) and Fer-1 (2 pmol/L) for 48
h. Statistical analysis was done by one-way ANOVA, n = 3. Data are shown as mean + SD. Data are shown as mean * SD. °P < 0.001 vs the control group, °P < 0.05
vs the 5-FU group, °P < 0.01 vs the 5-FU group, P < 0.001 vs the 5-FU group. CON: Untreated control groups; 5-FU: 5-fluorouracil; NCOA4: Nuclear receptor
coactivator 4; FTH1: Ferritin heavy chain 1; Fer-1: Ferrostatin-1.

platelet, and leukocyte in the peripheral blood[30,31]. As the prodrug of 5-FU, it is of high clinical
relevance to show the safety of the medication of CAP. Overall, metronomic CAP is considered safe,
with fewer side effects than traditional chemotherapy regimens. Metronomic CAP is well tolerated and
safe in clinical practice, including for patients with HCC or patients after LT[8,32-34]. In mice, there was
also no obvious myelosuppression in the MET group 7 d after taking CAP, though the related studies
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Figure 7 5-fluorouracil disturbs the antioxidative/oxidative balance, resulting in CD3* T cells ferroptosis. A: Levels of antioxidant proteins
nuclear erythroid 2 p45-related factor 2, heme oxygenase-1, and glutathione peroxidase 4 assessed by western blot, and corresponding graphs showing the
statistical comparison between groups; B and C: Reactive oxygen species (ROS) and lipid ROS of rat and human CD3* T cells were detected by FACS using DCFH-
DA and C11-BODIPY fluorescent conjugates, BODIPY emission was recorded on oxidized C11 (FITC channel) signal; the graphs display the comparison of mean
fluorescence intensity levels in the different groups; D: Proportion of cells with reduced mitochondrial membrane potential assessed by flow cytometry; E and F:
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Glutathione and malondialdehyde content T cells after treatment for 48 h. CON groups: T cells were treated with DMSO for 48 h; 5-fluorouracil (5-FU) groups: T cells
were treated with 5-FU (15 umol/L) for 48 h; 5-FU+ferrostatin-1 (Fer-1) groups: T cells were treated with 5-FU (15 umol/L) and Fer-1 (2 umol/L) for 48 h. Statistical
analysis was done by one-way ANOVA, n = 3. 9P < 0.05 vs the 5-FU group, ®P < 0.01 vs the 5-FU group, P < 0.001 vs the 5-FU group. Nrf2: Nuclear erythroid 2 p45-
related factor 2; HO-1: Heme oxygenase-1; GPX4: Glutathione peroxidase 4; GSH: Glutathione; MDA: Malondialdehyde; CON: Untreated control groups; 5-FU: 5-
fluorouracil; Fer-1: Ferrostatin-1; MFIl: Mean fluorescence intensity.
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Figure 8 Possible immunosuppressive mechanisms of metronomic capecitabine on T cells by ferroptosis induction. In the rat model of acute
rejection after liver transplantation, metronomic capecitabine (CAP) exerts an immunosuppressive effect by decreasing T cell numbers in peripheral blood, liver graft,
and spleen. Metronomic CAP increases the concentration of free ferrous ions by inducing ferritin degradation while inhibiting the expression of antioxidant proteins.
Eventually, these effects lead to peroxidation damage and iron toxicity, which induce T cell death. 5-FU: 5-fluorouracil; Nrf2: Nuclear erythroid 2 p45-related factor 2;
NCOA4: Nuclear receptor coactivator 4; HO-1: Heme oxygenase-1; GPX4: Glutathione peroxidase 4; GSH: Glutathione; GSSH: Oxidized glutathione; ROS: Reactive
0Xygen species.

showed that 5-FU could cause severe myelosuppression after 7 d of administration[35]. TP is a key
enzyme in the metabolism of CAP[36]. The lack of TP in bone marrow may explain the lack of bone
marrow suppression of CAP[11,13]. In a past study, we established the safety of CAP in CAP-fed mice,
which did not cause significant myelosuppression after 21 d of administration[13]. However, the
depletion of lymphocytes is not related to bone marrow suppression, and the high expression of TP in
lymphocytes directly leads to the killing effect of CAP[11]. CAP is safe for long-term use because it can
circumvent the inhibitory effect of 5-FU on bone marrow hematopoietic function.

When acute rejection occurs, immune cells mainly infiltrate the hilar region of the grafted liver,
inducing pericentral inflammation, damaging the vascular and bile duct endothelium, damaging
hepatocytes, and destroying the lobular structure[37,38]. CAP can preserve the function and structure of
the transplanted liver by inhibiting acute rejection. Compared with the CON group, the Banff score was
significantly lower in the MET group at 7 d after transplantation while the elevation of ALT and AST in
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the MET group was significantly less pronounced than that in the CON group. ALT and AST are
primarily expressed in liver cells, and liver allograft destruction caused by rejection is positively
associated with ALT and AST expression[39,40]. However, TBIL and DBIL in both groups showed an
increasing trend after surgery with no significant difference between the two groups. It may be related
to biliary tract injury and bilirubin stasis caused by the lack of hepatic artery reconstruction and the use
of cannula reconstruction of the bile duct in the traditional rat “two-cuff method” orthotopic LT[41].

Antigen presentation and T cell activation are key steps in rejection. Donor-derived antigen-
presenting cells provide immune stimulation to recipient naive CD4" T cells, known as the direct
antigen presentation pathway, which is the main mode of activation in acute rejection[42,43]. Once
rejection is initiated, CD8" T cells mainly differentiate into cytotoxic T cells, which directly cause graft
injury. CD4" T cells can differentiate into many subtypes, mainly helper T cells (Th1, Th2, and Th17) and
regulatory T cells (Treg). In acute rejection, T cells differentiate mainly to Th1, driven by pro-inflam-
matory cytokines such as IL-12 and IFN-y. Thl cells secrete IL-2 and IFN-y, providing a positive
feedback loop to stimulate Thl cells to proliferate further. IFN-vy is usually associated with proinflam-
matory and immune activation processes while IL-2 is necessary for survival and effects of activated T
cells. T cell activation, proliferation, differentiation, and migration are the immune basis of acute
rejection after organ transplantation, and are often used as the targets of clinical immunosuppression[42,
44,45]. The results of our study showed that IL-2 and IFN-y were decreased in CAP treated rats. The
changes in cytokines suggest that in addition to decreasing the number of T cells, CAP may also target
ThoO cells” differentiation. Since IFN-y has a stimulatory effect on the secretion of TNF-a by M1
macrophages[46], the decrease in TNF-a may be related to the inhibition of IL-2 secretion in T cells by
CAP. By inducing the programmed death of T cells, CAP mitigates transplant rejection and protects
graft function. Moreover, cytokines associated with rejection were also affected by CAP treatment.
Metronomic CAP significantly reduced the levels of pro-inflammatory cytokines (IFN-y, TNF-q, IL-2,
and IL-12p70), which are mainly secreted by immune cells and contributing to rejection[47-50].

The data from our study demonstrated that the selective cytotoxic effect of the T cells of metronomic
CAP is crucial for the prevention of acute organ transplant rejection. Next, we further explored the
mechanism underlying the immunosuppressive effect of metronomic CAP by studying CD3* T cells in
more details. Mitochondria is a main source of ROS and mitochondria ROS is a critical component of T
cell activation, proliferation, and effector function of T cells[51-53]. However, excessive ROS production,
inducible by a high level of iron, leads to ROS-mediated membrane phospholipid peroxidation and T
cell death upon activation[54]. Thus, we investigated the effect of CAP on the level of CD3" T cell
ferrous ions with a ferrous probe and found that CAP treatment induced ferrous ion accumulation,
accompanied by increased ROS and lipid ROS and decreased MMP. Mitochondrial ROS production and
MMP reduction are two important parameters of mitochondrial damage, and lipid peroxidation
following ROS generation plays an important role in ROS-induced cellular damage[55-57]. These results
indicate that metronomic CAP increased ferrous ion accumulation and oxidative damage in the CD3* T
cells of rats after transplantation, which may be the mechanism behind CAP-induced T cell reduction.
Next, we used rat and human primary CD3* T cells to further explore the role of ferroptosis in CAP-
induced immunosuppression in vitro. Free ferrous iron overload, lipid peroxide accumulation, and
specific mitochondrial morphological changes are three key characteristics that distinguish ferroptosis
from other programmed cell deaths[14]. In this study, typical mitochondrial changes were observed in T
cells of the 5-FU group under transmission electron microscopy. Ferrous ion in rat primary CD3* T cells
of the 5-FU group was increased with the downregulation of FTH1 and upregulation of NCOA4,
revealing the occurrence of ferritinophagy. That is, the autophagic degradation of ferritin, contributed to
rat T cell ferrous overload, excessive lipid peroxidation, and eventually ferroptosis in the 5-FU group.
Nrf2 is a core player in the regulation of antioxidant molecules in cells, which can induce the synthesis
of HO-1 and GPX4[20,58]. The Nrf2-HO-1/GPX4 antioxidative system, which participates in the
regulation of oxidative damage and inhibits erastin-induced ferroptosis[59], was suppressed by 5-FU in
vitro. It also reduced GSH levels, indicative of impairment of antioxidant capacity, and improved the
levels of MDA, an end-product of lipid peroxidation.

In this study, we showed that metronomic CAP alleviated rat LT rejection without the common side
effect (myelosuppression) of antitumor drugs. T cell ferroptosis plays an important role in the antire-
jection effect of CAP, which can induce cell iron overload and suppress the Nrf2-HO-1/GPX4
antioxidant systems, directly increasing the levels of intracellular ROS, leading to severe mitochondrial
damage in T cells. These results revealed a new mechanism of CAP-induced T cell programmed death
and suggested the possibility of using CAP as an immunosuppressant after transplantation. As a
traditional antitumor drug, CAP has immunosuppressive effects, that may kill tumor cells and induce T
cell death at the same time. CAP may have both antirejection and antitumor effects on patients with
HCC after LT, thereby having broad clinical application prospects. In light of our findings, CAP alone as
an immunosuppressive agent does not achieve satisfactory therapeutic effects. Therefore, the
combination and interaction of CAP with other immunosuppressive agents is an important research
direction in the future. In addition, we observed interesting effects of CAP on different cytokines, but
further observations were lacking. The effects of CAP on T cell subsets and other immune cells are
worth further attention. In the future, we plan to establish tumor-bearing animal models for allotrans-
plantation, to clarify the dual antirejection and antitumor effects of CAP. In conclusion, the immunosup-
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pressive effect of CAP should be further explored to optimize the drug treatment regimen for LT
patients with liver cancer.

CONCLUSION

Metronomic CAP can alleviate liver graft injury and reduce the proliferation and infiltration of CD3* T
cells in peripheral blood, graft, and spleen, thereby inhibiting acute rejection after LT. T cell ferroptosis
plays an important role in the antirejection effect of CAP, which can induce cell iron overload and
suppress the Nrf2-HO-1/GPX4 antioxidant systems, thereby directly increasing the levels of
intracellular ROS and leading to severe oxidative damage in T cells.

ARTICLE HIGHLIGHTS

Research background

As a classical antimetabolite, capecitabine (CAP) has shown potential antirejection effects after liver
transplantation (LT) in clinical trials. Our previous study showed that metronomic CAP can cause
programmed T cell death in healthy mice by inducing oxidative stress, which is also the key step in
ferroptosis. Thus, ferroptosis may play an important role in CAP-induced T cell death and an
immunosuppressive role in acute rejection after transplantation.

Research motivation

This study investigated the immunosuppressive effect of metronomic CAP in rat LT and its mechanism,
which may be used as an immunosuppressive agent after LT to improve the prognosis of liver
transplant patients with hepatocellular carcinoma.

Research objectives

The objective of this study was to investigate the possibility of using CAP as an anti-rejection agent after
transplantation. The results showed that metronomic CAP could exert an immunosuppressive effect by
inducing T cell ferroptosis, which provided a basis for investigating CAP as part of an immunosup-
pressive regimen.

Research methods

A rat LT model of acute rejection was established, and the effect of metronomic CAP on splenic
hematopoietic function and acute graft rejection was evaluated 7 d after transplantation. In vitro,
primary CD3* T cells were sorted and co-cultured with or without 5-fluorouracil (5-FU) (active agent of
CAP). The levels of ferroptosis-related proteins, ferrous ion concentration, and oxidative stress-related
indicators were observed. The changes in mitochondrial structure were observed using electron
microscopy.

Research results

With no significant myelotoxicity, metronomic CAP alleviated graft injury, prolonged the survival time
of the recipient rats, and reduced the infiltration rate of CD3* T cells in peripheral blood, liver graft, and
spleen, thereby inhibiting acute rejection after LT. In vitro, 5-FU, an end product of CAP metabolism,
induced the degradation of the ferritin heavy chain by upregulating nuclear receptor coactivator 4,
which caused the accumulation of ferrous ions. It also inhibited nuclear erythroid 2 p45-related factor 2,
heme oxygenase-1, and glutathione peroxidase 4, eventually leading to oxidative damage and
ferroptosis of T cells.

Research conclusions

Metronomic CAP can alleviate liver graft injury and reduce the proliferation and infiltration of CD3* T
cells in peripheral blood, graft, and spleen by inducing T cell oxidative damage and ferroptosis, thereby
inhibiting acute rejection after LT.

Research perspectives

The combination and interaction of CAP with other immunosuppressive agents is an important research
direction in the future. In addition, the effects of CAP on T cell subsets and other immune cells are
worth further attention. Besides, we plan to establish tumor-bearing animal models for allotrans-
plantation, to clarify the dual antirejection and antitumor effects of CAP.
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Abstract

BACKGROUND

The transforming growth factor B (TGFp) signaling pathway plays a crucial role in
the development of liver fibrosis by activating TGFp type II receptor (TGFBR2),
followed by the recruitment of TGFBR1 finally triggering downstream signaling
pathway.

AIM

To find drugs targeting TGFBR2 that inhibit TGFBR1/TGFBR2 complex formation,
theoretically inhibit TGFP signaling pathway, and thereby ameliorate liver
fibrosis.

METHODS

Food and Drug Administration-approved drugs were screened for binding
affinity with TGFBR2 by virtual molecular docking. We identified 6 candidates
and further explored their potential by Cell Counting Kit-8 (CCK-8) cell cytotoxic
experiment to validate toxicity and titrated the best cellular working concen-
trations. Next, we further demonstrated the detailed molecular working
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mechanisms using mutagenesis analysis. Finally, we used a mouse model to investigate its
potential anti-liver fibrosis effect.

RESULTS

We identified 6 drug candidates. Among these 6 drugs, dihydroergotamine (DHE) shows great
ability in reducing fibrotic gene expressions such as collagen, p-SMAD3, and a-SMA in TGFp
induced cellular model of liver fibrosis in LX-2 cells. Furthermore, we demonstrated that DHE
binds to TGFBR2. Moreover, mutation of Leu27, Phe30, Thr51, Ser52, 1le53, and Glu55 of TGFBR2
disrupted the binding of TGFBR2 with DHE. In addition, DHE significantly improved liver
fibrosis, as evidenced by Masson’s trichrome staining of liver sections. This is further supported by
the width and the velocity of the portal vein, and serum markers of liver function. In line with
those observations, DHE also decreased macrophages infiltration and extracellular matrix
deposition in the liver.

CONCLUSION
DHE alleviates liver fibrosis by binding to TGFBR2 thereby suppressing TGFp signaling pathway.
We show here that as far as drug repurposing, DHE has great potential to treat liver fibrosis.

Key Words: Liver fibrosis; Transforming growth factor § (TGFp) signaling pathway; TGFp type II receptor
(TGFBR2); Virtual screening; Drug-repurposing; Dihydroergotamine

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: An effective and safe drug for treating liver fibrosis is urgently needed in current clinical
practice. Here, we investigated and discovered that dihydroergotamine (DHE) could alleviate liver fibrosis
by specific binding of transforming growth factor B type II receptor (TGFBR2) to disrupt the binding of
TGFBR2 with TGFB1, and ultimately suppressing its downstream TGFp signaling pathway. DHE may be
an effective anti-liver fibrosis drug, which could be employed in liver cirrhotic patients.

Citation: Zheng KX, Yuan SL, Dong M, Zhang HL, Jiang XX, Yan CL, Ye RC, Zhou HQ, Chen L, Jiang R, Cheng
ZY, Zhang Z, Wang Q, Jin WZ, Xie W. Dihydroergotamine ameliorates liver fibrosis by targeting transforming
growth factor P type Il receptor. World J Gastroenterol 2023; 29(20): 3103-3118

URL: https://www.wjgnet.com/1007-9327/full/v29/i20/3103.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i20.3103

INTRODUCTION

Liver fibrosis is the consequence of various chronic pathogenic factors[1], it is a dynamic process that is
characterized by an excessive accumulation of extracellular matrix[2]. Early liver fibrosis can be
reversed to a normal architecture by removal of underlying causes[2], but liver fibrosis could further
develop into cirrhosis without effective treatment[3]. Liver cirrhosis can be complicated by variceal
bleeding, hepatic encephalopathy, ascites, bacterial peritonitis, and hepatocellular carcinoma, which has
high mortality[4]. Liver cirrhosis can regress to early stage of disease, but it cannot be reversed to a
normal liver[5]. Therefore, it is very important to control the disease progression in the early reversible
stage of liver fibrosis.

Etiological treatment of liver fibrosis is most important and effective, such as antivirals, quitting
alcohol consumption, and weight loss[1]. However, effects of etiological treatment are limited and
insufficient, and difficult to prevent the development of liver fibrosis into cirrhosis. At present, liver
transplantation is a radical cure for cirrhosis but is associated with a high cost, organ shortages, and the
risk of immune rejection[6]. In addition, almost all current clinical trials targeting fibrosis are focused on
non-alcoholic steatohepatitis, specifically focusing on hepatic stellate cell (HSC) activation and/or
fibrogenesis[7]. However, there are still no approved antifibrotic therapies for liver fibrosis[7].
Therefore, it is urgent to develop new effective drugs.

Developing new drugs is a difficult, high-cost, and extremely low success rate procedure[8]. A good
strategy to address this problem is to investigate new indications of old drugs, a process called “drug
repurposing”[9]. Scientists have repurposed many old drugs such as propranolol[10], cimetidine[11],
sildenafil[12], and thalidomide[13]. Thus, drug repurposing is an attractive approach and has been
widely employed. Drugs that have been approved by Food and Drug Administration (FDA) have
passed preliminary clinical trials and are considered extremely safe. Therefore, FDA-approved drugs
may be good candidates for developing new indications. Molecular docking, a fast, efficient, and widely
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used technique in drug repurposing, is a computational strategy to predict binding sites between
ligands and targets based on their structures[9,14].

The activation of HSCs is considered the central effector of liver fibrosis[15]. There are many
associated signaling molecules, including transforming growth factor B (TGEp), platelet-derived growth
factor, and connective tissue growth factor[16]. The TGFp signaling pathway plays a crucial role in the
development of liver fibrosis[17]. A review paper illustrated that TGFp1 activates TGFp type II receptor
(TGFBR2), followed by the recruitment of TGFBR1. Afterward, TGFBR2 phosphorylates TGFBR1 thereby
triggering down-stream signaling pathway to regulate the expression of collagens and extracellular
matrix (ECM)[18]. Therefore, TGFBR2 is considered an important target for developing drugs against
liver fibrosis. Consistently, our group and others demonstrated that both inhibiting the expression of
TGFBR2 and exogenous extracellular domain of TGFBR2 supplement effectively alleviated liver fibrosis
[19,20].

In the current study, FDA-approved drugs were screened for binding affinity with the TGFBR2 by
virtual molecular docking. We used cellular and mouse models to investigate its potential anti-liver
fibrosis effect. In addition, by using mutagenesis analysis we further demonstrated detailed molecular
working mechanism.

MATERIALS AND METHODS

Molecular docking of FDA-approved drugs and TGFBR2

The structures of FDA-approved drugs were downloaded from the ZINC database (https://
zinc12.docking.org/). Then, the files of each small molecular structures were generated using Open
Babel GUI (3.1.1). The TGFPR2-TGFB1 complex (PDB: 3KFD) was downloaded from the Protein Data
Bank (https:/ /www.rcsb.org/). The TGFBR2 structure was derived from the TGFBR2-TGFp1 complex
using AutoDock Vina software (https:/ /vina.scripps.edu/). AutoDock Vina software was employed to
screen for the lowest energy complex among complexes of the extracellular TGFBR2 domain and the
FDA-approved drugs.

Cell culture and viability experiments

The human HSC line LX-2 was purchased from the BeNa Culture Collection (Beijing, China) and
cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco, United States) with 10% fetal bovine
serum (FBS, Gibco, United States) at 37 °C in a 5% CO, atmosphere. LX-2 was activated by human
recombinant protein TGFB1 (5 ng/mL) for 24 h, followed by drug treatment for 24 h. The expression of
fibrosis-related genes was analyzed.

Cell Counting Kit-8 (CCK-8, Beyotime Biotechnology, Shanghai, China) test was used to test the
cytotoxicity of a series of working concentrations of the candidate drugs on LX-2 cell. After 24 h of
treatment, the CCK-8 solution was added to each well for an additional 1 h of incubation (37 °C in a 5%
CO, atmosphere). A microplate analyzer was used to measure the optical density of each well at 450 nm.
Cell vitality was expressed as a percentage of optical density between the treatment wells and the
negative control cells.

Determination of Kd value between TGFBR2 and dihydroergotamine

The Kd value of the small molecules and the TGFBR2 protein was measured using a microscale thermo-
phoresis (MST)-Nanotemper instrument (Nanotemper, Germany). Micro thermophoresis is the
directional movement of particles in the micro temperature gradient. The affinity is determined by
measuring the change of micro thermophoresis caused by the change of hydration layer (usually caused
by the change of biomolecular structure/conformation). First, 100 pL each of 10 pM TGFBR2 and
different concentrations of the small molecules (diluted from 400 pM stock) were prepared. Second, TGF
BR2 was labeled with a fluorescent dye and mixed with the small molecules. Third, fluorescence was
measured to assess the binding behavior of the small molecule-TGFBR2 complex.

Molecular dynamics simulation

Molecular dynamics simulations were performed using Gromacs 2020.1, in which a charm36-mar2019
force field was chosen. The TGFBR2 or TGFBR2-small molecule complex was solved with TIP3P water
and immersed in a dodecahedron box extending to at least 1 nm of the solvent on all sides. The system
was neutralized with Na* and CI- by adding 0.15 M NaCl. It was energy-minimized using the steepest
descent algorithm for 5000 steps and creating a maximum force of < 1000 kJ/mol/nm. After energy
minimization, the system was equilibrated with a constrained “number of particles, volume, and
temperature” (NVT) and “number of particles, pressure, and temperature” (NPT) running for 100 ps.
Through NVT and NPT equilibration, the system was well-equilibrated at 300 K and 1 bar. Finally, MD
simulations of the TGFBR2 or complex were carried out for 200 ns; trajectories were saved every 10 ps
for analysis. The Verlet cut-off scheme and a Leap-frog integrator with a step size of 2 fs were applied.
The modified Berendsen thermostat was used for temperature coupling, the Parrinello-Rahman barostat
was used for pressure coupling, and the Particle Mesh Ewald method was used to determine long-range
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electrostatic interactions.

The root-mean-square displacement (RMSD) and root-mean-square fluctuation (RMSF) of TGFpR2
and the complex were calculated using GROMACS 2020.1. The content of the secondary structure was
calculated using DSSP software. The last MD simulation frame of the complex was extracted using
GROMACS 2020.1. LigPlot+ software (https:/ /www.ebi.ac.uk/thornton-srv/software/LigPlus/) was
used to analyze the detailed interactions between the extracellular TGFBR2 domain and small molecule.
PyMOL (http:/ /www.pymol.org/) was used to prepare the structural images.

Production and purification of site-directed mutagenesis of TGFBR2

The binding sites of TGFBR2 and small molecule were established using the molecular docking results.
The amino acids at the binding sites were mutated to alanine whose nucleotide sequence was GCG. The
sequences of mutated extracellular TGFBR2 and a 6X His-tag were inserted into a pMAL-c5x plasmid
that was synthesized by GenScript Biotech Corporation.

The mutated plasmid was transformed into BL21 (DE3) bacteria and induced with 0.8 mmol/L IPTG
for 16 h at 28 °C. Then, bacteria were collected and resuspended in phosphate buffered saline (PBS). The
mutated TGFBR2 protein was purified by HisTrap FF affinity chromatography and eluted with PBS
containing gradient concentrations of imidazole. Finally, the eluted proteins were concentrated and the
imidazole was removed by dialysis.

CCl, injury mouse model

Six-week-old male C57BL/6N mice were purchased from Vital River Laboratory Animal Technology
Co. Ltd. to induce a liver fibrosis model. The animal protocol was designed to minimize pain or
discomfort to the animals. The animals were acclimatized to laboratory conditions (23 °C, 12 h/12 h
light/dark, 50% humidity, ad libitum access to food and water) for 2 wk prior to experimentation. After
being transferred to our institute, the animals were randomly and evenly divided into four groups
(eight mice per group) according to their body weight: Corn oil, carbon tetrachloride (CCl,), low-concen-
tration treatment, and high-concentration treatment groups. The same volume of CCl, (0.5 pL/g of body
weight, Sigma-Aldrich, St. Louis, MO, United States) and corn oil were intraperitoneally injected three
times a week to induce a liver fibrosis model and in control animals for four weeks, respectively.
Intragastric gavage administration was carried out with conscious animals, using straight gavage
needles appropriate for the animal size. Then, the small molecule aqueous solution and water was
administered orally once a day as treatment and control for eight weeks, respectively. All animals were
euthanized for tissue collection. All animal studies were performed following the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals and conducted with the approval of the
Institutional Animal Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences.

B-mode ultrasonography

Small-animal B-ultrasound was used to inspect the portal veins. A high-resolution ultrasound imaging
system (Vevo LAZR, VisualSonics, Canada) was used to measure the width and velocity of the portal
vein. Mice were fasted for 12 h and shaved before the ultrasonic examination. Then, the mice were fixed
on the platform and examined after being anesthetized with Avertin. After coating the mouse’s
abdomen with the coupling gel, the probe was used to inspect the mouse’s portal vein.

Masson’s trichrome staining

Mouse liver tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5 pm
thickness. Then, the liver paraffin-embedded tissue sections were stained with a Masson’s trichrome kit
(G1281, Solarbio, Beijing, China) and observed under a 10x objective lens. Masson’s trichrome staining is
used to distinguish collagen fibrosis from muscle fibers. Muscle fibers were stained red and collagen
fibrosis was stained green or blue. The collagen area was quantified using Image] 1.52a software. And
one liver section was taken from each mouse for analysis.

Western blot analysis

Total proteins were extracted from the LX-2 cells or liver tissues using radioimmunoprecipitation assay
lysis buffer (50 mmol/L Tris-HCI, pH 7.4; 1% NP-40; 0.25% sodium deoxycholate; 150 mmol/L NaCl;
and 1 mmol/L ethylene diamine tetraacetic acid (EDTA)) containing a protease and phosphatase
inhibitor mixture (Roche Diagnostics). The proteins were separated on 10% sodium dodecyl sulfate
(SDS) polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (Millipore). After
blocking with 5% skim milk in Tris-buffered saline-Tween 20 (0.02 M Tris base, 0.1% Tween 20, 0.14 M
NaCl, pH 7.4) for 1 h, the membranes were incubated with primary antibodies overnight at 4 °C. The
membranes were then incubated with horseradish-peroxidase (HRP)-conjugated secondary antibodies
for 1 h at room temperature. Supplementary Table 1 lists the antibodies.

Real-time quantitative PCR (RT-PCR) analysis
Total RNA was extracted from the LX-2 cells or liver tissues using TRIzolTM Reagent (Thermo Fisher
Scientific, United States) according to the manufacturer’s instructions. Complementary DNA (cDNA)
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was obtained from the reverse-transcribed RNA using a high-capacity cDNA reverse-transcription kit
(Promega, United States). The relative expression of genes was analyzed by RT-PCR (Light Cycler 480,
Roche, Sweden) with SYBR Green Master Mix (Promega, United States). Supplementary Table 2 lists the
primer sequences.

Isolation of liver mononuclear cells and flow cytometry analysis

Liver mononuclear cells (MNCs), including Kupffer cells, were isolated from mouse liver tissues. Liver
samples were collected from mice under deep anesthesia. The liver samples were cut into pieces,
transferred into 5 mL of enzyme mix [RPMI 1640 containing 1 mg/mL collagen IV (Sigma) and 20 U/
mL DNase I (Roche, Burgess Hill, United Kingdom)], and digested in a water bath at 37 °C for 30 min.
RPMI 1640 containing 10% FBS was added to arrest the digestion. The digested mixture was filtered
through a 70 pm strainer, centrifuged at 4 °C for 10 min at 1000 x g, and the pellet was washed in PBS
twice. Liver immune cells were subsequently isolated using a 33% Percoll cell separation solution after
centrifuging for 25 min at 2200 x g at room temperature. The red blood cells were removed using a red
blood cell lysis buffer (YESEN, Shanghai, China). Finally, liver immune cells were counted and stained
with anti-F4/80 antibody eFluor® 450 (eBioscience, San Diego, CA), brilliant violet 510™-conjugated
anti-CD45 antibody (Biolegend, San Diego, CA), and percp-cyanine5.5-conjugated anti-CD11b antibody
(eBioscience, San Diego, CA), which were then filtered into flow tubes through a 0.45 pum strainer. The
result of flow cytometry was analyzed using a BD Fortessa instrument (BD, NY, United States).

Plasma biochemical markers

Mouse blood samples were collected from the tail vein, collected into EDTA-containing tubes, and
gently shaken. Plasma was collected after centrifuging at 3000 x g for 15 min at 4 °C. Plasma alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured using a
biochemistry analyzer (Cobas ¢ 501, Roche, Sweden).

Statistical analyses

Data are expressed as mean * standard error of the mean. The statistical significance between groups
was analyzed using one-way ANOVA test. Statistical significance was set at P < 0.05 and P < 0.05, P <
0.01, P <0.001, and P < 0.0001 were denoted as a, b, ¢, and d, respectively. GraphPad Prism software
was used to perform all statistical analyses.

RESULTS

The docking analysis of FDA-approved small molecule drugs and TGFBR2

AutoDock Vina software was employed to dock drugs with the extracellular domain of TGFBR2 and
output the complex structures. The complex and the binding sites of TGFPR2 and TGFp1 were shown
(Figure 1A), and the structure of TGFPR2 was split from the complex (Figure 1B). The binding affinity of
each FDA-approved drug was evaluated (Figure 1C). Among those, darifenacin, cyproheptadine,
lifitegrast, difenoxin, phenytoin, dihydroergotamine (DHE), naldemedine, and irinotecan showed
higher scores out of 1615 drugs (Figure 1C). Darifenacin is a competitive muscarinic M receptor
antagonist used to treat urinary frequency, urgency, and incontinence caused by bladder hyperstimu-
lation[21]. Cyproheptadine is an antihistamine used to treat allergies[22]. Lifitegrast is a small molecule
integrin inhibitor primarily used to treat symptoms and signs of dry eye[23]. Difenoxin is a human
metabolite of diphenoxylate, which is a derivative of pethidine and can be used to treat functional
diarrhea and chronic enteritis[24]. Phenytoin is an effective voltage-gated Na* channel blocker used to
treat epilepsy, neuralgia, and arrhythmia[25]. DHE is an adrenergic receptor antagonist used to treat
severe orthostatic hypotension, migraine, and headache[26], which can bind with various receptors.
DHE is also an agonist at 5-HT1B, 5-HT1D, and 5-HT1F receptors, but it also binds to 5-HT1A and 5-
HT2A receptors. Naldemedine is an opioid receptor antagonist used to treat non-cancerous pain and
opioid-induced constipation[27]. Irinotecan is a semi-synthesis of water-soluble camptothecin
derivatives used to treat advanced colorectal cancer and postoperative adjuvant chemotherapy[28]
(Table 1). All the above drugs were purchased from Selleck Chemicals, except for difenoxin and
naldemedine which are banned from purchase as they are under management control. Therefore, we
performed the following experiments using the rest 6 small molecule drugs.

Cytotoxicity of candidate drugs

To investigate the cytotoxicity of these drugs, LX-2 cells were treated with 20 uM of each candidate for
24 h. The results demonstrated that irinotecan and cyproheptadine were cytotoxic to LX-2 cells at this
concentration (Figure 1D). Therefore, irinotecan and cyproheptadine were regarded as cytotoxic drugs
and excluded from subsequent experiments. Next, to identify the best range of concentrations that
would not influence the viability of these cells, LX-2 cells were treated with different concentrations of
the remaining drugs for 24 h. The results demonstrated that neither lifitegrast nor phenytoin was
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Table 1 The drugs with the highest affinity of transforming growth factor p type Il receptor

Name ZINC_ID Affinity (kcal/mol) Indications

Darifenacin ZINC000001996117  -7.6 Urinary frequency, urgency, and incontinence caused by bladder hyperstimulation
Cyproheptadine ~ ZINC000000968264  -7.4 Allergy

Lifitegrast ZINC000084668739  -7.4 Symptoms and signs of dry eye

Difenoxin ZINC000000601317  -7.3 Functional diarrhea and chronic enteritis

Phenytoin ZINC000002510358  -7.3 Epilepsy, neuralgia, and arrhythmia

DHE ZINC000003978005  -7.3 Severe orthostatic hypotension, migraine, and headache

Naldemedine ZINC000100378061  -7.3 Non-cancerous pain and opioid induced constipation

Irinotecan ZINC000001612996  -7.3 Advanced colorectal cancer and postoperative adjuvant chemotherapy

DHE: Dihydroergotamine.

Jaishideng®

cytotoxic to LX-2 cells when concentrations were up to 100 pM and 150 pM, respectively (Figure 1E and
F). Darifenacin and DHE were cytotoxic to LX-2 cells when concentrations were beyond 50 pM and 20
M, respectively (Figure 1G and H). Therefore, to avoid interference on fibrosis-related gene expression
due to the cytotoxicity of candidate drugs, lifitegrast and phenytoin concentrations below 100 pM and
darifenacin and DHE concentrations below 20 pM were used to treat LX-2 cells.

Anti-fibrotic effect of candidate drugs in cellular model

Increased expression of collagen and alpha-smooth muscle actin (a-SMA) are principal markers of HSC
activation[29]. LX-2 cells were treated with different concentrations of drugs for 24 h after TGFp1
stimulation. The results demonstrated that lifitegrast and phenytoin did not decrease the protein levels
of collagen IIT and a-SMA after TGFB1 stimulation (Figure 2A and B). Moreover, darifenacin did not
decrease the protein levels of collagen III, p-SMAD3, and a-SMA as much as DHE (Figure 2C and D).
Consistently, DHE significantly decreased the mRNA expression of collagen I alpha 1 (COL1A1),
collagen I alpha 2 (COL1A2), collagen III alpha 1 (COL3A1), and a-SMA compared with darifenacin
(Figure 2E and F). Taken together, DHE (PubChem CID: 10531) was the most effective small molecule
drug that suppressed the TGFp1 induced LX-2 activation.

The binding affinity of DHE to TGFBR2

We further verified the molecular docking result by MST-Nanotemper. The results demonstrated that
the fluorescence intensity of TGFBR2 changed gradually in proportion to the DHE concentration
(Figure 3A). The affinity is determined by measuring the change of micro thermophoresis caused by the
change of hydration layer, and results showed the binding affinity of DHE to TGFBR2 with a Kd value
of 17.64 pM.

Molecular dynamics simulation of DHE and TGFBR2

To identify the specific binding mode of DHE and TGFBR2, we used the complex structure obtained
from AutoDock vina to perform the molecular dynamics simulation with GROMACS 2020.1 software
for 200 ns. The results demonstrated that the RMSD of the backbone atoms of TGFBR2 and TGFp
R2[DHE in the simulation system reached equilibrium after 100 ns (Figure 3B). The RMSFs of the TGFp
R2 skeleton carbon atoms in the two simulated systems were almost identical (Figure 3C). The
secondary structural elements of TGFBR2 in the complex simulation were only slightly changed
(Figure 3D and Table 2). The coil and 3-helix components of TGFBR2 decreased in the complex
simulation system (Table 2). Finally, we extracted the simulated complex structure and analyzed the
amino acid sites of TGFBR2 bound to DHE by Ligplot+ software (Figure 3E and F). In conclusion, our
molecular dynamics simulations showed that the binding of DHE to TGFBR2 has little effect on the
structure of TGFBR2. We also obtained the binding sites of TGFPR2 to DHE by stimulations.

Leu27, Phe30, Thr51, Ser52, lle53, and Glu55 of TGFBR2 bind with DHE

Molecule docking demonstrated that Leu27, Phe30, Thr51, Ser52, 11e53, and Glu55 of TGFBR2 were
binding sites for DHE (Figure 3F). To verify these binding sites, we mutated the above-mentioned
amino acids to alanine. The DNA sequences of mutated extracellular TGFBR2 were synthesized
(Table 3) and the binding affinity was measured. The results demonstrated that the mutated TGFBR2 no
longer bound to DHE (Figure 3G). Thus, the above-mentioned binding sites of TGFBR2 predicted by
molecule docking were the exact binding sites of TGFPR2 and DHE, and this further verified the
binding of TGFPR2 and DHE. Therefore, we inferred that the binding of TGFp1 and TGFBR2 was
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Table 2 Content of secondary structural analysis from DSSP method

Structure Coil B-Sheet B-Bridge Bend Turn 3-Helix
TGEBR2 0.58 03 0.42 0.02 0.12 0.13
TGFBR2-DHE 0.56 03 0.42 0.02 0.12 0.12

TGFpR2: Transforming growth factor p type II receptor; DHE: Dihydroergotamine.

Table 3 DNA sequence of extracellular transforming growth factor B type Il receptor before and after mutation

Before mutation

After mutation

DNA sequence of ACGATCCCACCGCACGTTCAGAAGTCGGTTAATAACGACA ACGATCCCACCGCACGTTCAGAAGTCGGTTAATAACGACA
TGFBR2 TGATAGTCACTGACAACAACGGTGCAGTCAAGTTTCCACA TGATAGTCACTGACAACAACGGTGCAGTCAAGTTTCCACA

extracellular ACTGTGTAAATTTTGTGATGTGAGATTITTCCACCTGTGACA AGCGTGTAAAGCGTGTGATGTGAGATTTTCCACCTGTGACA
domain ACCAGAAATCCTGCATGAGCAACTGCAGCATCACCTCCA  ACCAGAAATCCTGCATGAGCAACTGCAGCATCGCGGCGG

TCTGTGAGAAGCCACAGGAAGTCTGTGTGGCTGTATGGA
GAAAGAATGACGAGAACATAACACTAGAGACAGTTTGCC
ATGACCCCAAGCTCCCCTACCATGACTTTATTCTGGAAGAT
GCTGCTTCTCCAAAGTGCATTATGAAGGAAAAAAAAAAGC
CTGGTGAGACTTTCTTCATGTGTTCCTGTAGCTCTGATGAG
TGCAATGACAACATCATCTTCTCAGAAGAATATAACACCA
GCAATCCTGACTTGTTGCTAGTCATATTTCAA

CGTGTGCGAAGCCACAGGAAGTCTGTGTGGCTGTATGGA
GAAAGAATGACGAGAACATAACACTAGAGACAGTTTGCC
ATGACCCCAAGCTCCCCTACCATGACTTTATTCTGGAAGAT
GCTGCTTCTCCAAAGTGCATTATGAAGGAAAAAAAAAAGC
CTGGTGAGACTTTCTTCATGTGTTCCTGTAGCTCTGATGAG
TGCAATGACAACATCATCTTCTCAGAAGAATATAACACCA
GCAATCCTGACTTGTTGCTAGTCATATTTCAA

TGFpR2: Transforming growth factor p type II receptor.

blocked by the binding of DHE and TGFBR?2, further preventing the TGFp signaling cascade.

DHE alleviated liver fibrosis in mouse

To explore whether DHE could alleviate fibrosis in vivo, we used two different concentrations of DHE
to treat a CCl,-induced mouse fibrosis model. Six-week-old C57BL/6N mice were intraperitoneally
injected three-time per week with CCl, and corn oil (control group) during the whole experimental
periods (Supplementary Figure 1). After four weeks, the mice intraperitoneally injected with CCl, were
randomly divided into three groups: CCl, and the 2 and 5 mg/kg DHE treatment groups. The aqueous
solution of DHE was orally gavaged to the mice in the treatment groups. For vehicle treatment, water
was provided by oral gavage to the mice in the corn oil and CCl, group (disease group).

It is well known that more serious the degree of liver fibrosis, the wider the portal vein and the
slower its velocity. The results demonstrated that the portal vein in the CCl, group was significantly
wider than that in the corn oil group. Interestingly, the width of the portal vein in the 2 mg/kg DHE
treatment group was significantly decreased (Figure 4A). Furthermore, the velocity of the portal vein in
the treatment groups was also improved (Figure 4B). After eight weeks of treatment, there were no
significant differences in body weight, liver weight, spleen weight, or the ratio of liver weight to body
weight among the four groups (Figure 4C and Supplementary Figure 2A). Gross liver specimens of the
CCl, group were paler and had a rough appearance. However, it was back to normal appearance by
DHE treatment compared to the CCl, group (Figure 4D). The level of plasma ALT of the CCl, group
mice was significantly higher than corn oil group. Whereas, DHE treatment significantly decreased the
level of ALT compared with CCl, group mice. In addition, the level of plasma AST was significantly
decreased after 2 mg/kg DHE treatment (Figure 4E). Collagen area were visualized by Masson’s
trichrome and quantified by using Image] 1.52a software. DHE treatment in both dosages significantly
reduced collagen accumulation compared with those of the CCl, group (Figure 4F and G). Taken
together, these results demonstrated that DHE significantly protected from liver fibrosis in CCl,-
induced mouse fibrosis model.

DHE decreased the liver macrophages infiltration and ECM deposition

The infiltration of macrophages reflects the severity of liver inflammation. To investigate the degree of
macrophages infiltration, the liver immune cells were extracted and labeled with CD45", F4/80*, and
CD11b* antibodies followed by flow-cytometric analysis. The results demonstrated that the DHE
treatment at both dosages significantly reduced proportion of CD11b* cells (Figure 5A and B, and
Supplementary Figure 2B-F). Consistent with the result of flow cytometry, the mRNA levels of tumor
necrosis factor alpha (TNFa) and F4/80 which are two important indicators of liver inflammation
significantly decreased upon DHE treatment (Figure 5C). On the other hand, the accumulation of ECM
is another important sign of liver fibrosis. The results demonstrated that the mRNA levels of COL1A1,
COL1A2, and a-SMA significantly decreased in the DHE treatment group more than those of the CCl,
group (Figure 5D). The mRNA levels of COL3A1 also decreased in the DHE treatment groups
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Figure 1 Screening Food and Drug Administration-approved drugs for binding to transforming growth factor B type Il receptor. A: The
combination of transforming growth factor 8 type Il receptor (TGFBR2) and transforming growth factor 3 1 (TGFB1); B: The structure of TGFBR2; C: The affinity of
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each Food and Drug Administration-approved drug and TGFBR2. The affinity of TGFBR2 and darifenacin, cyproheptadine, lifitegrast, difenoxin, phenytoin,
dihydroergotamine (DHE), naldemedine, and irinotecan was -7.6, -7.4, -7.4, -7.3, -7.3, -7.3, -7.3, and -7.3 kcal/mol, respectively; D: Cell viability of LX-2 treated with
20 pM of the drugs for 24 h (n = 5); E-H: Cell viability following LX-2 treatment with different concentrations of darifenacin, DHE, lifitegrast, and phenytoin for 24 h (n =
6). All data are presented as mean + standard error of the mean. One-way ANOVA test was performed. 2P < 0.05, °P < 0.01, °P < 0.001, and °P < 0.0001. TGF:
Transforming growth factor B; TGFBR: Transforming growth factor B receptor; DHE: Dihydroergotamine.
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Figure 2 Treatment inhibiting the activation of LX-2 cells. A and B: After LX-2 cell was activated with transforming growth factor p 1 (TGFB1) (5 ng/mL) for
24 h, different concentrations of lifitegrast and phenytoin were added for 24 h, and the protein levels of collagen Il and a-SMA were detected by western blot; C and
D: After LX-2 was activated with TGFB1 (5 ng/mL) for 24 h, different concentrations of darifenacin and dihydroergotamine (DHE) were added for further treatment for
24 h, and the protein levels of collagen Ill, a-SMA, and p-SMAD3 were detected by western blot; E: Real-time polymerase chain reaction (RT-PCR) was performed to
detect the expression of COL1A1, COL1A2, COL3A1, and a-SMA of LX-2 after different concentrations of darifenacin treatment (n = 6); F: RT-PCR was performed to
detect the expression of COL1A1, COL1A2, COL3A1, and a-SMA of LX-2 after different concentrations of DHE treatment (n = 5-6). All data are presented as means
+ standard error of the mean. One-way ANOVA test was performed. 2P < 0.05, °P < 0.01, °P < 0.001, and P < 0.0001. TGFp: Transforming growth factor ; TGFBR:
Transforming growth factor B receptor; DHE: Dihydroergotamine.

(Figure 5D). Meanwhile, the protein levels of a-SMA and p-SMAD3 were significantly decreased in the
DHE treatment group compared to those of the CCl, group (Figure 5E and F). Thus, we demonstrated
here that, DHE significantly decreased the liver macrophages infiltration and ECM deposition.

DISCUSSION

TGFp1 is regarded as the most potent fibrogenic cytokine, which activates TGFBR2, followed by the
recruitment of TGFBR1, therefore triggers HSC activation[30]. In the current study, we aimed to screen
drugs targeting TGFBR2 and further blocking TGFB down-stream signaling pathway from FDA-
approved small molecule library. Among these 6 candidate drugs, DHE significantly decreased the
protein and mRNA expression of fibrotic-related genes in LX-2 cells. The results of the affinity
experiment demonstrated that DHE binds with TGFBR2 at Leu27, Phe30, Thr51, Ser52, 11e53, and Glu55.
DHE also significantly alleviated liver fibrosis by decreasing macrophages infiltration and ECM
accumulation in CCl,-induced mouse fibrosis model. Thus, we demonstrate here for the first time that
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Figure 3 The binding affinity and sites of dihydroergotamine and transforming growth factor B type Il receptor. A: Transforming growth factor
type Il receptor (TGFBR2) bound to dihydroergotamine (DHE) with a Kd of 17.64 uM; B: Molecular dynamics simulation results of DHE and TGFBR2. Root-mean-
square deviation of TGFBR2 skeleton atom; C: Root-mean-square fluctuation of backbone Ca atoms of TGFBR2 skeleton atom; D: The secondary structure
components of TGFBR2 and complex simulation systems in 0-200 ns; E and F: The binding sites of DHE and TGFBR2; G: The binding affinity of TGFBR2 mutants
with DHE. TGFp: Transforming growth factor 3; TGFBR: Transforming growth factor 8 receptor; DHE: Dihydroergotamine.
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DHE, an anti-headache agent, is used in the treatment of liver fibrosis.

Developing a new drug needs more than a decade and significant investment[8]. Drug repurposing is
a potential tool to accelerate the drug discovery process, which has been employed to develop therapies
for coronavirus disease 2019[31], antimicrobials[32], and rare diseases[33]. The chemical structure of
DHE is similar to that of many natural neurotransmitters, including epinephrine, norepinephrine,
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Figure 4 Dihydroergotamine alleviated fibrosis in CCl,-induced liver fibrosis model mice. A: The width of the portal vein (left panel); portal vein
width of mice in each group (right panel, n = 7); B: The velocity of the portal vein (left panel); the velocity of mice in each group (right panel, n = 7); C: Body weight,
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liver weight, spleen weight, and liver weight/body weight of mice in each group (n = 6-8); D: Gross liver specimens of the mice in each group; E: An automated
biochemistry analyzer determined the enzymatic activities of serum levels of alanine aminotransferase and aspartate aminotransferase (n = 6-7); F: Masson’s
trichrome staining was performed on liver sections; G: Collagen area in Masson’s trichrome staining (n = 7-8). All data were presented as means + standard error of
the mean. One-way ANOVA test was performed. 2P < 0.05, °P < 0.01, °P < 0.001, and P < 0.0001. TGFB: Transforming growth factor p; TGFBR: Transforming
growth factor B receptor; DHE: Dihydroergotamine.
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Figure 5 Dihydroergotamine decreased the inflammatory infiltration of macrophages and extracellular matrix deposition in the liver. A and
B: The flow cytometric analysis of CD11b* cells (n = 6-8); C: The effects of dihydroergotamine (DHE) treatment on the mRNA expression levels of inflammation-related
genes (n = 6-8); D: The effects of DHE treatment on the mRNA expression levels of extracellular matrix-related genes (n = 6-8); E: The protein levels of p-SMAD3 and
a-SMA in liver tissues of mice in each group were detected by western blot (n = 3). All data are presented as means + standard error of the mean. One-way ANOVA
test was performed. P < 0.05, °P < 0.01, °P < 0.001, and °P < 0.0001. TGFp: Transforming growth factor ; TGFBR: Transforming growth factor p receptor; DHE:
Dihydroergotamine.

dopamine, and serotonin[26]. It can modulate noradrenergic, serotonergic, and dopaminergic
neurotransmission[34]. DHE is an adrenergic receptor antagonist used to treat severe orthostatic
hypotension, migraine, and headache[26], which can bind with various receptors. DHE is also an
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agonist of 5-HT1B, 5-HT1D, and 5-HT1F receptors, but it also binds to 5-HT1A and 5-HT2A receptors
[26]. In the current study, surprisingly, we found that DHE also bind with TGFBR2 at reasonable
affinity. Furthermore, we also identified specific binding sites by mutagenesis analysis. These results
imply that DHE not only specifically targets 5-HT, but also TGFBR2. It further highlights wide-spread
function of DHE in physiology/pathophysiology.

Continuous local and systemic inflammation aggravates liver injury, which is a critical factor in liver
fibrosis. The innate immune system plays a pivotal role from the onset to the end stage of chronic liver
disease[35]. Hepatic macrophages are considered as the first line of defense against pathogens, are a key
cellular determinant in the process of fibrosis[36]. Bone marrow monocyte-derived macrophages and
Kupffer cells are two distinct subsets of macrophages in the liver, which have been identified as key
regulators of liver inflammation and key to the progression or regression of liver fibrosis. Kupffer cells,
which are resident macrophages in liver tissue, exert anti-inflammatory effects[37]. Activated
macrophages produce large amounts of TGFpB, which activates HSC into myofibroblast-like cells and
synthesizes ECM[38]. This inflammatory response is also evident in the CCl,-induced mouse model,
especially in the increased number of macrophages in liver. Consistent with previous results, we also
found that the macrophages infiltration was significantly increased after CCl, treatment. We speculate
that, upon binding to TGFpR2, DHE prevents recruitment of TGFpR1 to TGFBR2, thereby inhibiting TGF
B down-stream signaling pathway. Consistently, F4/80 and TNFa mRNA expression also significantly
decreased upon DHE treatment. Taken together, DHE might reduce macrophages infiltration and
finally prevent liver inflammation.

Activated HSCs secreting ECM represent a critical event in development of liver fibrosis[37]. In the
fibrotic liver, type I and III collagens are deposited instead of laminins, type IV collagen, and
proteoglycans in the normal liver[17]. Various mechanisms of HSC activation have been postulated,
including TGFp/SMAD pathway, Notch, Wnt/B-catenin, Hedgehog, and Hippo signaling[16]. In the
current study, we revealed that DHE significantly reduced TGFp induced HSCs activation in LX-2
cellular model through specific blocking of TGFp signaling pathway. It explained clearly the significant
reduction of ECM by DHE treatment. Taken together, our data show that DHE alleviated liver fibrosis
by binding to TGFBR2, preventing the binding of TGFp1 and TGFBR2, and blocking TGFf1 signaling to
reduce liver inflammation.

CONCLUSION

Our study demonstrated that DHE alleviated liver fibrosis while decreasing inflammation-related gene
expression and HSC activation. The mechanism of its action is likely to be associated with decreased
macrophages infiltration and ECM accumulation. Considering that liver fibrosis can be reversed, DHE
might open-up new avenue to treat liver fibrosis in the future.

ARTICLE HIGHLIGHTS

Research background

The transforming growth factor B (TGFp) signaling pathway plays a crucial role in the development of
liver fibrosis by activating TGFp type II receptor (TGFBR2), followed by the recruitment of TGFBR1
finally triggering downstream signaling pathway.

Research motivation

TGFpBR2 is considered an important target for developing drugs against liver fibrosis. Previous studies
demonstrated that both inhibiting the expression of TGFBR2 and exogenous extracellular domain of
TGFBR2 supplement effectively alleviated liver fibrosis.

Research objectives

To find drugs targeting TGFPR2 that inhibit TGFpR1/TGFBR2 complex formation, theoretically inhibit
its downstream TGFp signaling pathway, and thereby ameliorate liver fibrosis, we screened drugs
approved by the Food and Drug Administration (FDA) to identify potential TGFBR2 blockers.

Research methods

FDA-approved drugs were screened for binding affinity with TGFBR2 by virtual molecular docking. We
identified 6 candidates and further explored their potential by Cell Counting Kit-8 cell cytotoxic
experiment to validate toxicity and titrated the best cellular working concentrations. Next, we further
demonstrated the detailed molecular working mechanisms using mutagenesis analysis. Finally, we used
a mouse model to investigate its potential anti-liver fibrosis effect.

WJG | https://www.wjgnet.com 3115 May 28,2023 | Volume?29 | Issue20 |



Zheng KX et al. Dihydroergotamine ameliorates liver fibrosis

Jaishideng®

Research results

Dihydroergotamine (DHE) shows great ability in reducing fibrotic gene expressions such as collagen, p-
SMAD3, and a-SMA in TGFp induced cellular model of liver fibrosis in LX-2 cells. Furthermore, we
demonstrated that DHE binds to TGFBR2 with a Kd value of 17.64 pM. In addition, DHE significantly
improved liver fibrosis, as evidenced by Masson’s trichrome staining of liver sections, the width and the
velocity of the portal vein, and serum markers of liver function. In line with those observations, DHE
also decreased macrophages infiltration and extracellular matrix deposition in the liver.

Research conclusions

DHE could alleviate liver fibrosis by binding to TGFPR2 thereby suppressing its downstream TGFp
signaling pathway. We show here that as far as drug repurposing, DHE has great potential to treat liver
fibrosis.

Research perspectives

Considering that liver fibrosis can be reversed, DHE might open-up new avenue to treat liver fibrosis in
the future.
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Abstract

BACKGROUND

Pancreatic mucinous cystic neoplasms (MCNs) represent one of the precursor
lesions of pancreatic ductal adenocarcinoma, and their detection has been
facilitated by advances in preoperative imaging. Due primarily to the rarity of
MCNs, however, there is limited knowledge regarding the prognostic variables
and high-risk factors for malignant transformation. A more comprehensive and
nuanced approach is necessary to fill this gap and provide a basis for improved
treatment decisions and patient outcomes.

AIM
To investigate the high-risk factors associated with malignant MCNs and to

explore the prognostic factors of MCN with associated invasive carcinoma (MCN-
AIC).

METHODS

All cases of resected MCNs from a single high-volume institution between
January 2012 and January 2022 were retrospectively reviewed. Only cases with
ovarian-type stroma verified by progesterone receptor staining were included.
Preoperative features, histological findings and postoperative course were
documented. Multivariate logistic regression was employed to investigate
variables related to malignancy. Survival analysis was performed using the

3119 May 28,2023 | Volume?29 | Issue20 |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v29.i20.3119
mailto:linanangel100@sina.com

Xia Q et al. Malignancy risk and prognostic variables of MCN

Jaishideng®

Kaplan-Meier curve, and the prognostic factors were assessed to evaluate the postoperative course
of patients with MCN-AIC.

RESULTS

Among the 48 patients, 36 had benign MCNs, and 12 had malignant MCNs (1 high-grade atypical
hyperplasia and 11 MCN-AIC). Age, tumour size, presence of solid components or mural nodules
and pancreatic duct dilatation were identified as independent risk factors associated with
malignancy. The follow-up period ranged from 12 mo to 120 mo, with a median overall survival of
58.2 mo. Only three patients with MCN-AIC died, and the 5-year survival rate was 70.1%. All 11
cases of MCN-AIC were stage I, and extracapsular invasion was identified as a prognostic factor
for poorer outcomes.

CONCLUSION

The risk factors independently associated with malignant transformation of MCNs included age,
tumour size, presence of solid components or mural nodules, and pancreatic duct dilatation. Our
study also revealed that encapsulated invasion was a favourable prognostic factor in MCN-AIC
patients.

Key Words: Mucinous cystic neoplasms; Pancreatic adenocarcinoma; Invasive carcinoma; Risk of
malignancy; Prognostic factor; Retrospective study

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Pancreatic mucinous cystic neoplasms (MCNs) are a rare tumour with a low incidence and one
of the precursor lesions of pancreatic ductal adenocarcinoma. The detection of MCN has been increasing
by advances in imaging technology. MCNs associated risk factors, clinicopathological manifestations, and
prognosis must be explored to improve our understanding of this rare tumour type and optimize clinical
treatment.

Citation: Xia Q, Li F, Min R, Sun S, Han YX, Feng ZZ, Li N. Malignancy risk factors and prognostic variables of
pancreatic mucinous cystic neoplasms in Chinese patients. World J Gastroenterol 2023; 29(20): 3119-3132

URL: https://www.wjgnet.com/1007-9327/full/v29/i20/3119.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i20.3119

INTRODUCTION

Pancreatic mucinous cystic neoplasm (MCN) is a rare sporadic tumour with a low incidence, accounting
for 10%-45% of all resected primary pancreatic cystic neoplasms and 2.5% of exocrine pancreatic
tumours[1,2]. With the increasing popularity of imaging evaluation and advances in radiological
technology, the rate of MCN identification is on the rise. Pancreatic ductal adenocarcinoma (PDAC) is
the leading cause of cancer-related death globally, and its incidence has been consistently increasing|[3].
However, the majority of PDAC cases are detected at an advanced stage, highlighting the importance of
early diagnosis and treatment of associated precancerous lesions to improve survival rates. MCN is a
precancerous lesion of PDAC and evolves from benign adenoma to invasive carcinoma similarly to
intraductal papillary mucinous neoplasm (IPMN) and pancreatic intraepithelial neoplasia (Pan IN)[4].

However, MCNs have not been studied in sufficient detail or breadth owing to their infrequency. The
risk factors associated with malignancy have not been well characterized, and physicians have not been
unanimous in adopting an optimal management profile. Discrepancies in recommendations offered by
several medical associations may contribute to further challenges in managing the disease. Moreover,
despite PDAC being the most common histopathological type of invasive MCN, notable differences
exist in prognosis. However, the precise prognostic determinants of MCNs have yet to be fully elu-
cidated.

Therefore, we conducted a retrospective study of the clinicopathological, radiological and survival
data of a sizable cohort of patients. The findings of this study were intended to help identify key risk
factors of malignant transformation in MCNs as well as the prognostic determinants of MCN with
associated invasive carcinoma (MCN-AIC). The insights gained from this study may be used to inform
the development of more effective management strategies for patients with MCNs, ultimately
improving their clinical outcomes.
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MATERIALS AND METHODS

Patient identification and ethics statement

All cases of MCN identified at the Department of Pathology of the First Affiliated Hospital of Bengbu
Medical College from January 2012 to January 2022 were retrospectively retrieved. A total of 48 patients
who fit the diagnostic criteria were included in the study. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Bengbu Medical College. Written informed consent was
obtained from all patients for the use of their clinical data.

Inclusion and exclusion criteria

The inclusion criteria were patients who had been confirmed by surgical pathology to have MCN,
underwent imaging examinations, and did not receive preoperative radiotherapy or chemotherapy. The
exclusion criteria included poor-quality radiographic images, insufficient pathological diagnostic data,
the presence of other pancreatic diseases, and a history of other malignant tumours. These criteria were
carefully selected to ensure the accuracy and reliability of the study’s findings.

Methods

All patients underwent preoperative imaging examinations, and the imaging data were uploaded to the
Picture Archiving and Communication System. After reviewing and interpreting the data, two
radiologists evaluated the radiographic tumour size, location, calcification, separation, solid com-
position or mural nodule status and duct dilatation of the lesion. Clinical information, including patient
age and sex, symptoms, and serum tumour marker levels, was obtained through the analysis of medical
records. The tumour tissues were paraffin-embedded and stained with haematoxylin-eosin staining
(H&E) after being fixed in 10% neutral formaldehyde. MCN is classified by the World Health
Organization (2019) as either atypical hyperplasia or MCN-AIC[5]. Low-grade atypical hyperplasia
(LGD) and high-grade atypical hyperplasia (HGD, carcinoma in situ) have replaced the former three-
tiered classification of atypical hyperplasia in MCN. All slides were reassessed by two senior
pathologists who were uninformed of the patients’ clinical diagnoses. All tissues were analysed immu-
nohistochemically using the EnVision technique, and the progesterone receptor (PR) primary antibody
was purchased from Fuzhou Maixin Biotechnology Co., Ltd., China. Expression of PR was restricted to
the subepithelial ovarian-type stroma.

Patient outcomes

From the date of diagnosis to January 31, 2022, 48 patients were followed up by reviewing their medical
records, interviewing them via phone, or sending emails to acquire follow-up data, including post-
operative recurrence, overall survival (OS), and therapy. OS was measured from the date of surgery
until the date of death or the end of follow-up.

Statistical analysis

The data were analyzed statistically using IBM SPSS Statistics (version 25.0) and R (version 4.0.0). The y?
test or Fisher’s exact test was used to compare categorical data. The preoperative risk variables
associated with malignant MCNs were evaluated using a multivariate binary logistic regression model.
The cumulative survival rate was calculated using the Kaplan-Meier method, and the log rank test was
performed to analyse the association between clinicopathological data and survival rate. P < 0.05 was
regarded as indicating statistical significance.

RESULTS

Clinicopathological and radiological information of patients

A total of 48 patients diagnosed with MCN were included in accordance with strict inclusion and
exclusion criteria. MCNs accounted for 2.8% (48/1685) of all pancreatic lesions resected over the same
period. The median age of the patients was 47.2 years * 13.1 years (range, 27-72 years), and 16 patients
(33.3%) were more than 50 years old. There were 34 females and 14 males, with a female-to-male ratio of
2.2:1.0. Approximately 41.7% of patients were asymptomatic, including 18 patients whose disease was
detected incidentally by imaging evaluation and 2 patients whose disease was identified by elevated
preoperative carbohydrate antigen 19-9 (CA19-9) serology. The remaining 28 patients presented with
nonspecific clinical symptoms, such as stomach pain, abdominal distension, abdominal discomfort, and
jaundice. Serologic CA19-9 Levels were elevated in 16 patients (33.3%).

Imaging revealed oval-shaped, lobulated hypodense masses that were well circumscribed, separated
linearly, and surrounded by egg-shell-like foci of calcification. The contents of the cyst were also visible.
The average radiological diameter of the tumour was 5.8 cm * 3.7 cm (1.2-14.5 cm), and in 23 patients
(47.9%), the tumour measured more than 4 cm. Thirty-five patients (72.9%) had tumours that were
located in the distal pancreas. Solid components or mural nodules were identified in 14 patients (29.2%),
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septations in 21 (43.85%), calcification in 13 (27.1%) and duct dilatation in 18 (37.5%) (Figure 1). Detailed
data on the imaging findings and clinicopathological information of MCN patients are shown in Table 1.

MCN was correctly diagnosed using preoperative imaging in 35 patients (72.9%). The most common
misdiagnoses involved other subtypes of pancreatic cystic lesions (PCLs) and the use of imprecise terms
such as pancreatic cystic or solid masses. The preoperative imaging modalities employed in this study
comprised computed tomography (CT), magnetic resonance imaging (MRI), and endoscopic ultrasound
(EUS). Of the 48 patients, all underwent CT, 33 underwent MRI, and 21 underwent EUS. The corres-
ponding detection accuracy rates were 64.6%, 87.9%, and 71.4%, respectively. Nevertheless, there was
no significant difference in diagnostic accuracy among the three methods (P = 0.64).

Microscopic and immunohistochemical features

Postoperative pathological diagnosis revealed 36 cases of LGD, 1 case of HGD, and 11 cases of MCN-
AIC (the histological type of the invasive component was PDAC in all cases). All cases were solitary
without multiple foci. The morphology of the cysts generally manifested as unilocular or multilocular
with septa, and the fluid aspirated from the cystic cavity was frequently viscous.

Microscopically, the cyst walls were found to be coated with mucinous columnar epithelium
(Figure 2A and B). Subepithelial tissue in the MCN consisted of ovarian-type stroma (OTS) charac-
terized by dense spindle cells expressing PR and possessing round or elongated nuclei with scant
cytoplasm. Positive PR staining was observed in all tumours (Figure 2D). The mucin-producing
columnar epithelial cells exhibited varying degrees of dysplasia. In cases of LGD, mild to moderate
structural and cellular atypia was observed with occasional micropapillae (Figure 2A and B). HGD
showed obvious atypia of both structures and cells, including multilayered cell arrangement, nuclear
enlargement, loss of alignment polarity, and emergence of aberrant mitotic figures. In cases of MCN-
AIC, interstitial infiltration was noted in comparison to HGD, with invasive components growing
interspersed in the stroma (Figure 2C). Solid components, mural nodules, or nipple protrusion were also
occasionally visible. Notably, 5 cases of MCN-AIC showed atypical hyperplasia adjacent to invasive
components.

Risk factors for malignant MCNs and the prediction probability

Based on malignant biological behaviours, LGD was defined as benign MCN in 36 cases (75%), while
HGD and MCN-AIC were classified as malignant MCN in 12 cases (25%). Univariate analysis revealed
that age > 50 years [8 (66.7%) vs 8 (22.2%), P = 0.013], tumour size > 4 cm [10 (83.3%) vs 13 (36.1%), P =
0.010], pancreatic duct dilatation [8 (66.7%) vs 10 (27.8%), P = 0.039], and presence of a solid component
or mural nodule [8 (66.7%) vs 10 (27.8%), P = 0.039] were associated with malignant MCN. However,
sex, clinical symptoms, serum CA19-9 Level, tumour location, septations and calcification did not
correlate with malignancy (P < 0.05) (Table 1).

Further multivariate analysis demonstrated that all four statistically significant indicators were
independent risk factors for the preoperative diagnosis of malignant MCNs (P < 0.05) (Figure 3). The
prediction probability of each indicator for malignancy risk in a cohort of patients was then explored.
The results of the analysis showed that age, tumour size, duct dilatation, and solid component/mural
nodule all had good performance in predicting malignancy risk, as evidenced by the area under the
curve (AUC) values of 0.722 (95%CI: 0.546-0.898, P = 0.220), 0.736 (95%CI: 0.578-0.894, P = 0.015), 0.694
(95%CI: 0.517-0.872, P = 0.046), and 0.694 (95%CI: 0.517-0.872, P = 0.046), respectively. Furthermore,
when the four indicators were combined into a total predictor, the AUC value increased to 0.903 (95%CI:
0.814-0.992, P < 0.010), improving the accuracy of the prediction model.

Survival analysis and prognostic variables of MCN-AIC

The follow-up period ranged from 12 mo to 120 mo with a mean of 58.2 mo * 32.7 mo. Of the 36 patients
with benign MCNs, 6 were lost to follow-up, and 1 died of an abrupt cerebral infarction. The remaining
29 patients had an excellent prognosis; their 5-year disease-specific survival rate was 100%. Of the 12
patients with malignant MCNs, 3 died at 8, 14, and 46 mo after surgery; the 5-year disease-specific
survival rate was 70.1%. All deaths occurred in MCN-AIC patients.

Consequently, the clinicopathological characteristics of the 11 MCN-AIC patients were further
explored (Table 2). The tumours examined in this study did not display any signs of lymph node
involvement, distant metastasis, or nerve invasion. In addition, all the tumours were successfully
resected, and the margins were negative. Based on the AJCC cancer staging system[6], all 11 cases of
MAC-AIC were categorized as stage I, with 7 patients having stage IA cancers and 4 having stage IB
cancers, depending on the tumour size. The encapsulated invasion of MCN-AIC was defined as infilt-
rating components not exceeding the outermost layer of the capsule, with or without infiltration into the
subepithelial stroma or cystic septa[7]. Using this definition, 9 tumours were encapsulated, while 3 were
extracapsular (Cases 1-3). In Case 1 and Case 2, the cancerous tissue extended into the capsule and
intersected with the surrounding pancreatic parenchyma. The tumour in Case 3 was located in the head
of the pancreas and showed infiltration into the adjacent duodenal muscular layer. There was no
significant difference in age (P = 0.301), tumour size (P = 0.109), sex (P = 0.402), postoperative adjuvant
therapy (P = 0.952) or TNM stage (P = 0.400). However, the difference in infiltration of the capsule was
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Table 1 Clinicopathologic and radiological features in 48 patients

Variable Benign group (n = 36) Malignant group (n = 12) P value

Sex 0.142
Male 8(22.2) 6 (50.0)
Female 28 (77.8) 6 (50.0)

Age, yr 0.013
250 8(22.2) 8 (66.7)
<50 28 (77.8) 4(33.3)

Clinical symptoms 0.499
Yes 20 (55.6) 8 (66.7)
No 16 (44.4) 4(33.3)

Serum CA19-9 level 0.077
Elevate 9 (25) 7 (58.3)
Normal 27 (75) 5(41.7)

Tumor size, cm 0.005
24 13 (36.1) 10 (83.3)
<4 23 (63.9) 2 (16.7)

Location 0.348
Head and neck 8(22.2) 5(41.7)
Body and tail 28 (77.8) 7 (58.3)

Duct dilatation 0.039
Yes 10 (27.8) 8 (66.7)
No 26 (72.2) 4(33.3)

Solid component/mural nodule 0.039
Yes 10 (27.8) 8 (66.7)
No 26 (72.2) 4(33.3)

Septations 0.867
Yes 16 (44.4) 5 (41.7)
No 20 (55.6) 7 (58.3)

Calcification 0.851
Yes 9 (25) 4(33.3)
No 27 (75) 8 (66.7)

Significant P in bold. Data presented in parentheses represent percentages. CA19-9: Carbohydrate antigen 19-9.

statistically significant (P < 0.001) (Figure 4).

DISCUSSION

The advancements and widespread use of imaging technology have led to an apparent rise in the
prevalence of PCLs[1]. PCLs encompass both neoplastic and nonneoplastic lesions, with pancreatic
cystic neoplasms (PCNs) representing a substantial subset. PCNs comprise serous cystic neoplasms
(SCNs), solid pseudopapillary neoplasms (SPNs), IPMNs and mucinous cystic neoplasms. SCNs and
SPNs are nearly benign and low-grade malignant tumours, respectively. IPMNs and MCNSs, also known
as pancreatic mucinous neoplasms, produce viscid mucin and have the potential to progress to PDAC.
Notably, they are easier to detect by preoperative imaging than Pan IN due to the particular
hypodensity of the cystic tumour.
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Table 2 Characteristics of 11 patients with mucinous cystic neoplasmlassociated invasive carcinoma

Case Age Sex Tumor size L'argest. Invasion pT pTNM Status Over.all Adjuvant
(yr) (cm) dimension (cm)  pattern stage stage survival (mo)  chemotherapy
1 72 Female 8.0 3.0 Extracapsular T2 1B Death 8 Yes
2 60 Male  14.0 1.2 Extracapsular T1 1A Death 14 Yes
3 57 Male 7.2 4.0 Extracapsular T2 1B Death 46 No
4 64 Female 5.0 <0.1 Encapsulated T1 1A Alive 56 Yes
5 56 Male 64 2.0 Encapsulated T1 1A Alive 53 Yes
6 43 Female 5.0 <0.1 Encapsulated T1 1A Alive 38 No
7 52 Female 4.5 3.0 Encapsulated T2 1B Alive 47 No
8 28 Male  11.0 2.0 Encapsulated T1 1A Alive 104 Yes
9 34 Female 3.0 <02 Encapsulated T1 1A Alive 75 No
10 45 Male 4.0 15 Encapsulated T1 1A Alive 24 No
11 63 Female 6.0 <0.2 Encapsulated T1 1A Alive 94 Yes

DOI: 10.3748/wjg.v29.i20.3119 Copyright ©The Author(s) 2023.

Figure 1 Representative radiographic images showing the mucinous cystic neoplasms. A: Computed tomography (CT) scan showing a cystic
neoplasm in the pancreatic tail with a clear boundary and linear separation within the lesion; B: CT scan showing multilocular cysts with a slightly high-density solid
component, thickened septa, and punctate calcifications; C: CT scan showing a cyst with a slightly thickened cyst wall and multiple calcification foci; D: Magnetic
resonance cholangiopancreatography showing mixed signals of the mass and the dilatation of the nearby pancreatic duct.
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DOI: 10.3748/wjg.v29.i20.3il9 Copyright ©The Author(s) 2023.

Figure 2 Representative micrographs showing the mucinous cystic neoplasm. A: The epithelium exhibits mild to moderate cellular and structural
dysplasia, and there is subepithelial ovarian-type stroma (OTS), haematoxylin-eosin staining (H&E) x 200; B: The epithelium demonstrates papillary hyperplasia with
some cells shedding into the lumen, and the stroma is partially replaced by fibrous collagen, H&E x 100; C: MCN-associated invasive carcinoma extended into the
adjacent pancreatic tissue, and the epithelium exhibited severe dysplasia, H&E x 100; D: The OTS was positive for PR-staining, EnVision x 200.

Compagno and Oertel[8] initially distinguished MCN from SCN in 1978, citing its higher potential for
malignancy. However, confusion between IPMNs and MCNs persisted until the International
Association of Pancreatology designated OTS as the diagnostic criterion for MCN in 2006[9]. Earlier
reports on MCNs inevitably included IPMN cases, leading to a high reported incidence of malignant
transformation ranging from 6% to 39% over the last few decades[10-13]. In our sample, 25% of MCN
cases were malignant, a rate nearly consistent with the findings of Hohn et al[14]. Loss of OTS was
reported after the malignant transformation of MCNSs[15]. In our study, although some cases showed
this particular phenomenon following malignant transformation, with replacement by interstitial
fibrous collagen, the remaining OTS was still visible. Once OTS cannot be recognized, detection of
positive PR is recommended for a definitive diagnosis[16]. All cases in our study exhibited positive
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Figure 3 Risk factors of malignant mucinous cystic neoplasm. A: Binary logistic regression analysis of preoperative risk factors for malignancy; B:
Receiver operating characteristic curve analysis of the combined predictors and individual indicators. 95%Cl: 95% confidence interval; AUC: Area under the curve.
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Figure 4 Prognostic factors for mucinous cystic neoplasm with associated invasive carcinoma. A: There was no significant difference in
prognosis between stage |A and stage IB mucinous cystic neoplasm with associated invasive carcinoma (MCN-AIC) (P = 0.400); B: Encapsulated MCN-AIC is
associated with a significantly better prognosis (P < 0.001).
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staining, ensuring accurate diagnosis.

Currently, there are no reliable preoperative variables that can be used to accurately predict the
malignant potential of PCNs.

As one of the most frequently utilized preoperative assessment modalities, imaging has garnered
considerable attention in the field of radiomics research for identifying certain subtypes of PCNs and
stratifying the risk of IPMNs[17]. Conversely, MCNs have received far less attention than IPMNs,
mainly owing to their less substantial incidence and malignancy rate. The management criteria for
MCNs remain ambiguous and differ from those of IPMNs. Due to the inability to accurately predict the
malignant potential of MCNs through preoperative inspection, it was formerly recommended that all
MCNs amenable to surgery be removed regardless of lesion size[13]. Fortunately, the latest guidelines
recommend monitoring for eligible MCNs[4,18], although the inclusion criteria are similar to those for
IPMNs. This parallelism with IPMN criteria may warrant further consideration. A substantial
proportion of patients diagnosed with pancreatic mucinous cysts prior to surgery are subsequently
found to have benign disease and do not need surgery[19], highlighting the need for improved identi-
fication of those cases with malignant potential. Therefore, given the limitations of current risk strati-
fication schemes in predicting malignant transformation of MCNs, further investigation regarding
potential risk factors is essential. While a variety of clinicopathological features and imaging findings
have been proposed as potential risk factors for malignancy, their importance remains controversial
across different studies[12,14,20-23]. In addition to the variables included in current guidelines, such as
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tumour size, wall nodule, and duct dilation, other factors, including sex, location, wall thickening/
enhancement, weight, and serum CA19-9 Level, have also been reported to be relevant. Our own
research identified age, tumour size, solid component or mural nodule, and duct dilation as inde-
pendent risk indicators.

To the best of our knowledge, age has not been widely recognized in the literature as a significant risk
factor for malignant transformation of MCNs. The mean ages of patients with benign and malignant
MCNs were 45.2 years + 12.7 years and 52.2 years * 13.4 years, respectively, which were comparable to
those previously described in the literature[24]. Age has been shown to be related to malignancy in a
cohort of pancreatic mucinous neoplasms[25]. Crippa et al[12] suggested that age was statistically
significant in univariate analysis but did not emerge as a significant factor in multivariate analysis for
malignant MCNs. Whether age is an independent risk factor for malignant MCNs needs further study.
The occurrence of malignant MCNs appears to increase with age and seems to represent a dynamic
pathological transition from adenoma to adenocarcinoma over time.

The average diameter of MCN masses in our investigation was found to be 5.8 cm, which is consistent
with the previously reported average diameter of 6-11 cm. It has been emphasized that MCNs should be
stratified into surveillance and surgery groups based on a diameter threshold of 4.0 cm, as stated in
current guidelines[18]. Tumour size > 4 cm was confirmed to be an independent risk for malignant
MCN s in our study. In our research, we further identified that the presence of a solid component or
mural nodule in MCNs is an independent risk factor for malignancy; it even ranks first in the likelihood
of malignancy in certain studies[23]. The combination of solid component or mural nodule and tumour
size has been utilized as a tool for identifying malignancy in some studies. In one cohort, it was reported
that all malignant MCNs were either larger than 4 cm in diameter or had nodules[12]. Consistent with
this, guidelines recommend surgical intervention for MCNs larger than 4 cm in diameter or for those
with a mural nodule.

The majority of patients with MCNs are typically asymptomatic. In our analysis, while the percentage
of malignant patients with clinical symptoms was higher than that of benign patients, the difference was
not statistically significant. The relationship between clinical symptoms and malignancy in MCNss is still
debatable[14,25], although surgical excision is advised if symptoms are present[18]. During follow-up,
the increase in mass size can often result in nonspecific mass-related clinical complaints. In one case
from our cohort, surgical intervention was advised after the tumour became larger than 4 cm and
clinical symptoms appeared in the sixth year of imaging surveillance.

Unlike IPMNs, MCNs typically do not communicate with the pancreatic duct, which is one of their
distinguishing features. Duct dilatation is a high-risk factor for malignant transformation in IPMNs,
with dilatation greater than 10 mm being an unequivocal indication for surgery[18,26]. Similarly, our
study found that pancreatic duct dilatation is a concerning imaging finding in MCNs, as verified by
other investigations[23].

The management of malignant pancreatic tumours is predominantly centred on postoperative follow-
up, whereas the management of MCNs places greater emphasis on the potential risks associated with
preoperative monitoring and misdiagnosis. The management plan for IPMN is relatively mature,
considering that dedicated management guidelines for IPMN have been published[1]. However, despite
MCN being a precursor lesion of pancreatic cancer, similar to IPMN, the management plan for MCN
remains unclear, particularly in identifying high-risk factors. Although the risk factors and surgical
indications for IPMN and MCN are not differentiated in some guidelines[4], the demographic, cystic,
histological and other characteristics of these two tumours differ, so they should be managed
differently, particularly with respect to exploring risk factors. Unfortunately, our findings suggest that
the risk factors for malignant MCNs are quite similar to those for IPMNs. The size of the lesion and the
presence of solid components/wall nodules have been widely recognized as high-risk factors for
malignant transformation of MCNs and IPMNss in various guidelines and publications, including our
study. While various other malignant risk factors for MCN reported in the literature are statistically
significant, they require further confirmation. In the case of IPMNs, the characteristic risk factor is main
pancreatic duct dilation, especially when the diameter exceeds 10 mm, given that IPMNs grow within
the pancreatic ducts. However, MCNs lack their own characteristic risk factors. Based on their
relationship with the pancreatic ducts, IPMNs are classified into the main duct type, mixed duct type,
and branch duct type, and direct surgical resection is recommended for the first two types due to a high
risk of malignant transformation[18]. However, immediate surgical intervention for MCNs with risk
factors remains controversial. Hohn et al[14] conducted a retrospective analysis exploring the risk
factors for malignant transformation of MCNss, similar to our own analysis. They recommended radical
resection surgery for all eligible patients suspected of having MCNs due to concerns about the potential
risk of malignant progression and the level of expertise of pancreatic surgeons in low-volume centres.
However, this view seems too radical, and the decision for MCN patients to undergo surgery should be
more cautious, as the incidence and malignant transformation rate of MCNs are much lower than those
of IPMNs[27]. The main argument for surgical resection in all MCN patients based on eliminating the
risk of future malignancy seems invalid. It is essential to increase awareness and continuously conduct
research on this rare tumour, especially in terms of preoperative malignant risk factors. Based on the
above premise, a multidisciplinary team with expertise in pancreatic cysts and surgery can combine
various reported risk factors, patient comorbidities, surgery-related complications, and mortality rates
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to comprehensively evaluate the potential risks and benefits of surgery and monitoring, thereby making
the best treatment decision for the patient.

In addition, preoperative imaging evaluation of various risk indicators for MCNs seems to require the
use of different modalities. No single test can accurately diagnose all cases, and in fact, most patients
undergo more than one diagnostic procedure[28]. Therefore, the comprehensive use of different
detection methods is more conducive to preoperative diagnosis. In our study, this may be attributed to
the preference of imaging doctors at our hospital. CT is the preferred initial test for patients undergoing
physical examination or with symptoms, and if the CT results are inconclusive or require further
confirmation, MRI or EUS will be performed. Unfortunately, there was no significant difference
between these three detection methods in our study; nevertheless, combining CT with MRI/EUS
increased the preoperative diagnosis rate of our patients from 64.4% to 72.9%. A review of the literature
suggests that MRI has slightly higher accuracy in distinguishing between malignant PCNs and benign
lesions than CT[29]. MRI was found to be more effective than EUS in distinguishing malignant MCNs
[30]. CT combined with MRI was shown to be better than CT alone in the preoperative diagnosis of
pancreatic cysts[31]. Moreover, patients with MCNs who have a certain risk of malignant trans-
formation need long-term monitoring or even lifelong monitoring until surgery is no longer a suitable
treatment option. For long-term follow-up of MCNs, MRI is the preferred method[18]. This may be
because MRI has high contrast resolution and does not involve the use of radiation, which may increase
the risk of developing malignant tumours in patients with long-term exposure to CT. EUS is an invasive
procedure that highly depends on the operator’s skills, especially when combined with aspiration for
cyst fluid analysis. EUS is recommended for cysts with significant risk characteristics or when a more
accurate diagnosis may change the patient’s treatment plan[32].

Complete surgical resection of noninvasive MCNs is a curable treatment, resulting in a 5-year
disease-specific survival rate of 100%, as previously reported[33], indicating that postoperative
surveillance may not be necessary. As in PDAC patients, prognosis in cases of MCN-AIC was formerly
believed to be dismal[34]. However, a series of recent studies have shown that the tumour behaviour
and biological characteristics of MCN-AIC are entirely distinct from those of PDAC[23,35,36]. MCN-AIC
is often diagnosed at an early stage, and surgical resection is the primary treatment. A study based on
SEER research data showed that early-stage MCN-AIC (stage I-II) accounted for 82.9% of cases[37]. All
12 MCN-AIC cases in our study were at stage I, and the 5-year disease-specific survival rate was 70.1%,
which was higher than the range of 20%-60% reported in previous literature[12,13,38]. Currently, there
is a paucity of studies in which the biological behaviour of invasive MCNs is explored. Previous
research indicates that patients with early-stage tumours (stages I and II) have better survival rates than
those with high-grade tumours (stages III and IV)[37]. The prognostic variables for patients with MCN-
AIC, such as pT grade and capsular invasion, have gained considerable attention. In PDAC, stage I is
divided into stages IA and IB, which correspond to stages T1 and T2, respectively, without lymph node
metastases and distant metastases[6]. A large cohort study has shown that the survival rate of patients
with stage IA PDAC is much higher than that of patients with stage IB PDAC[39]. However, survival
disparities between stage IA and IB invasive PDAC derived from MCN-AIC are rarely observed. Our
findings, consistent with those of another study[7], demonstrate that there is no significant difference
between the two stages. The invasion pattern of the capsule may provide a more accurate prediction of
prognosis in MCN-AIC patients than stage classification. The notion of encapsulated invasion is not
included in the MCN-AIC classification and guidelines, and the terminology varies somewhat across
various research efforts. We adopted the term from the most recent publication[7]. The results of
multiple studies have demonstrated that the prognosis is favourable when the invasion is confined to
the capsule, and patients with encapsulated invasion exhibit a better survival rate than those with
extracapsular invasion. Recurrence has been reported in one of sixteen cases of MCN-AIC confined to
the OTS, and the probability of widespread invasion cannot be ruled out because of the minimal
quantity of tumour sampled in this case[35]. It has been claimed that encapsulated MCN-AIC has a
tumour-free survival rate that is comparable to that of noninvasive MCNs[7]. Our findings revealed that
all patients with encapsulated invasion survived, while those with extracapsular invasion died
regardless of whether MCN-AIC was stage IA or stage IB. It is recommended that MCN-AIC patients
undergo standardized surveillance based on pancreatic cancer guidelines for 5 years after surgery[4].
During monitoring for stage I MCN-AIC, it seems that patients with extracapsular infiltration should be
prioritized.

For patients with resected pancreatic cancer, the current standard of care mandates the adminis-
tration of either a modified FOLFIRINOX (mFOLFIRINOX) or a gemcitabine-based regimen, provided
that no contraindications are present[40]. However, limited research has been conducted on the benefits
and risks of adjuvant treatment for stage I PDAC, which represents a small proportion of all resectable
cases[41]. A study based on the NCDB database indicated that none of the patients with stage IA PDAC
had to receive adjuvant treatment following resection, as the side effects and economic costs substan-
tially outweighed the benefits[42]. Despite inadequate data to support this approach, current guidelines
advocate adjuvant treatment for MCN-AIC patients comparable to that for patients with PDAC[18]. The
role of adjuvant treatment in treating MCN-AIC patients after surgery, particularly for stage I tumours,
remains unclear. Two of three patients with stage IA MCN-AIC did not receive adjuvant treatment after
surgery, and none of them experienced disease recurrence or death[43]. Of the patients with tumours
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who did not receive adjuvant therapy, seven recovered from stage IA and 1 died from stage IB MCN-
AIC[7]. These reported cases could be defined as “encapsulated invasion” based on the definition.
Patients with stage IA MCN-AIC (T1a and T1b) seem to have the same favourable prognosis as those
with LGD or HGD, particularly in the absence of extracapsular invasion. In our research, three IA
patients and one IB patient with tumours confined to the capsule did not receive adjuvant treatment and
survived, while those with extracapsular infiltration died regardless of whether adjuvant therapy was
offered. Diligent monitoring might be preferred over intensive systemic therapy for stage I MCN-AIC
with encapsulated invasion.

MCNs are known to harbour gene mutations associated with PDAC, as they are precursor lesions of
cancer[17]. However, the genetic pathways underlying IPMNs and MCNs are distinct from one another.
The most prevalent and early genetic event in IPMN and MCN carcinogenesis is the KRAS mutation
[44], which is present in 30% of MCNs, whereas the GNAS mutation is almost nonexistent[45,46]. In
contrast, the combined detection of KRAS and GNAS mutations exhibits 100% sensitivity for IPMNs
[46]. The decreased frequency of genetic mutations in MCNs compared to IPMNs partly explains why
MCNs have a lower probability of malignant transformation. Other mutations, including TP53, PIK3CA,
PTEN, CDKN2A, and SMAD4, have also been described in MCNs but only in advanced stages[47,48].
KRAS mutation could be detected in all phases of MCNs and increased with the degree of dysplasia.
Sawai et al[49] discovered KRAS mutations in 19% of LGD and 100% of HGD cases, whereas TP53 and
CDKN2A mutations were exclusively observed only in HGD cases. Gene sequencing may aid in the
early identification and tailored treatment of MCNss.

This study was subject to several limitations. First, it was a retrospective study that only included
patients who underwent surgical resection and were pathologically confirmed to have MCNs, which
may result in selection bias. Second, the rarity of MCNs limited the sample size, leading to a large
confidence interval that may have hindered statistical analysis. Third, the MRI/EUS results were based
on previous CT information, potentially affecting the interpretation of imaging results. Therefore,
further multicentre and large-scale studies are needed to explore the clinical, pathological, imaging, and
biological behaviours of MCNss.

CONCLUSION

In conclusion, this study involved analysing data from 48 patients who underwent complete resection of
MCN:s. The incidence of malignant MCNs was low, and the specific risk factors for malignancy were
age, tumour size, presence of solid components or mural nodules, and duct dilatation. The prognosis of
stage | MCN-AIC was closely related to encapsulated invasion, and complete surgical excision alone or
in combination with postoperative treatment may be a viable option for invasive masses confined
within the capsule.

ARTICLE HIGHLIGHTS

Research background

Mucinous cystic neoplasms (MCNs) are recognized as precursor lesions of pancreatic cancer. Despite
their rarity, the detection of MCNs is on the rise due to advancements in preoperative imaging
techniques. Thus, there is a pressing need to increase our knowledge of MCNs to ensure that patients
receive the most appropriate treatment decisions.

Research motivation
An inadequate understanding of MCNs can hinder the treatment of patients, underscoring the
importance of research on MCNss.

Research objectives
To investigate the risk factors for malignancy in MCNs and the prognostic factors associated with MCN-
associated invasive carcinoma (MCN-AIC) to advance our comprehension of this uncommon tumour.

Research methods
This study involved a retrospective analysis of clinical and pathological data, imaging records, and
outcomes of patients diagnosed with MCNs at our research centre over a 10-year period. We then

investigated the risk factors for malignancy in MCNs and the prognostic factors associated with MCN-
AlC.

Research results
A total of 48 patients with MCNs, accounting for 2.8% of pancreatic lesions resected during the study
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period, were included in this study. Among these patients, 36 had benign MCNs, while 12 had
malignant MCNs. We conducted a comparative analysis of clinical and imaging features and discovered
that age, tumour size, solid components or wall nodules, and pancreatic duct dilation were significantly
associated with malignancy. Subsequently, we performed a prognostic analysis of malignant MCNs and
observed that all malignant MCNs in our study were at stage I, and extracapsular invasion was
identified as a significant prognostic factor for poor outcomes.

Research conclusions

Age, tumour size, solid components or wall nodules, and pancreatic duct dilation were independent
risk factors associated with malignancy in MCN. In addition, extracapsular invasion was indicative of
poor prognosis of MCN-AIC.

Research perspectives
The aim of this study was to enhance the management of MCN, a rare disease, by utilizing patient
information from our research centre and conducting research from both preoperative and

postoperative perspectives. We hope that this study can provide valuable insights into the management
of MCNs.
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Abstract

BACKGROUND

Vonoprazan (VPZ)-based regimens are an effective first-line therapy for Helico-
bacter pylori (H. pylori) infection. However, their value as a rescue therapy needs to
be explored.

AIM
To assess a VPZ-based regimen as H. pylori rescue therapy.

METHODS

This prospective, single-center, clinical trial was conducted between January and
August 2022. Patients with a history of H. pylori treatment failure were
administered 20 mg VPZ twice daily, 750 mg amoxicillin 3 times daily, and 250
mg Saccharomyces boulardii (S. boulardii) twice daily for 14 d (14-d VAS regimen).
VPZ and S. boulardii were taken before meals, while amoxicillin was taken after
meals. Within 3 d after the end of eradication therapy, all patients were asked to
fill in a questionnaire to assess any adverse events they may have experienced. At
least 4-6 wk after the end of eradication therapy, eradication success was assessed
using a *C-urea breath test, and factors associated with eradication success were
explored.

RESULTS

Herein, 103 patients were assessed, and 68 patients were finally included. All
included patients had 1-3 previous eradication failures. The overall eradication
rates calculated using intention-to-treat and per-protocol analyses were 92.6%
(63/68) and 92.3% (60/65), respectively. The eradication rate did not differ with
the number of treatment failures (P = 0.433). The rates of clarithromycin,
metronidazole, and levofloxacin resistance were 91.3% (21/23), 100.0% (23/23),
and 60.9% (14/23), respectively. There were no cases of resistance to tetracycline,
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amoxicillin, or furazolidone. In 60.9% (14/23) patients, the H. pylori isolate was resistant to all 3
antibiotics (clarithromycin, metronidazole, and levofloxacin); however, eradication was achieved
in 92.9% (13/14) patients. All patients showed metronidazole resistance, and had an eradication
rate of 91.3% (21/23). The eradication rate was higher among patients without anxiety (96.8%)
than among patients with anxiety (60.0%, P = 0.025). No severe adverse events occurred; most
adverse events were mild and disappeared without intervention. Good compliance was seen in
95.6% (65/68) patients. Serological examination showed no significant changes in liver and kidney
function.

CONCLUSION
VAS is a safe and effective rescue therapy, with an acceptable eradication rate (> 90%), regardless
of the number of prior treatment failures. Anxiety may be associated with eradication failure.

Key Words: Vonoprazan; Saccharomyces boulardii; Rescue therapy;, Helicobacter pylori; Eradication;
Anxiety

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Vonoprazan (VPZ)-containing triple therapies have been shown to contribute to global antimi-
crobial resistance, while Saccharomyces boulardii (S. boulardii) supplementation has significantly
improved Helicobacter pylori eradication rates and decreased adverse events. This study revealed that the
VPZ and amoxicillin dual regimen with S. boulardii supplementation is safe and effective H. pylori rescue
therapy, regardless of the number of prior treatment failures. Acceptable eradication rates (> 90%) were
achieved in patients with resistance to clarithromycin, metronidazole, and levofloxacin. However, the
regimen may need to be adjusted for patients with anxiety.

Citation: Yu J, Lv YM, Yang P, Jiang YZ, Qin XR, Wang XY. Safety and effectiveness of vonoprazan-based
rescue therapy for Helicobacter pylori infection. World J Gastroenterol 2023; 29(20): 3133-3144

URL: https://www.wjgnet.com/1007-9327/full/v29/i20/3133.htm
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INTRODUCTION

Helicobacter pylori (H. pylori), which infects over 50% of the global population, is a leading cause of
chronic gastritis, peptic ulcer disease, and gastric cancer. The eradication of H. pylori can effectively
prevent peptic ulcer recurrence and lower gastric cancer incidence[1,2]. In regions with high antibiotic
resistance, such as China, 14-d bismuth-containing quadruple therapy (BQT) is the recommended first-
line treatment for H. pylori infection[3-5]. However, as the rates of resistance to clarithromycin,
metronidazole, and levofloxacin have markedly increased worldwide, BQT fails to eradicate H. pylori
infection in approximately 15%-20% patients[6,7]. Multiple failed attempts at eradication therapy tend
to increase the prevalence of multidrug-resistant strains, making rescue treatment more difficult[8,9].
Unlike the above antibiotics, the rates of primary and secondary resistance of H. pylori to amoxicillin
have remained low and stable[10]. Amoxicillin shows a pH- and time-dependent bactericidal effect.
Recently, high-dose, high-frequency dual therapy with amoxicillin and a proton pump inhibitor (PPI)
was reported to show promising outcomes when used as a first-line or rescue treatment for the
eradication of H. pylori[11,12]. The Maastricht VI/Florence Consensus Report recommends high-dose
dual therapy with a PPI plus amoxicillin as a rescue therapy for H. pylori infection[5].

Vonoprazan (VPZ), the first clinically available potassium-competing acid blocker (P-CAB), produces
a more rapid and sustained acid inhibition effect than PPIs[13]. Therefore, VPZ-amoxicillin dual therapy
(VA-dual) is expected to be more effective than PPI-amoxicillin dual therapy. In recent years, first-line
treatment with VA-dual, consisting of amoxicillin (3 g/d or less) and VPZ (40 mg/d), has been reported
to achieve eradication rates of 78.5%-93.5%[14-17]. However, limited reports are available on the success
rate of VA-dual as a rescue treatment for H. pylori infection; only one retrospective study conducted in
China has reported a successful eradication rate of 92.5% after VA-dual[18]. However, the regimens
were not consistent, and the frequencies of the amoxicillin and VPZ doses varied. Therefore, further
optimization of VA-dual as a rescue treatment is warranted.

Some recent consensus guidelines for the management of H. pylori infection have proposed that
certain probiotics can effectively decrease the gastrointestinal side effects of H. pylori eradication
therapies[3-5]. A recent meta-analysis demonstrated that Saccharomyces boulardii (S. boulardii) supple-
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mentation during standard eradication therapy (triple regimen, sequential regimen, or quadruple
regimen) significantly improved eradication rates and decreased the overall incidence of adverse events
[19]. However, few studies have evaluated the effects of S. boulardii as a supplement to the VA-dual
regimen in terms of the eradication rate of H. pylori and treatment-related adverse events.

Therefore, the aim of this prospective study was to determine the safety and efficacy of VA-dual plus
S. boulardii supplementation as a rescue treatment for patients with H. pylori infection. We additionally
explored potential factors influencing eradication rates, and put forward our recommendations to
improve H. pylori eradication rates in clinical practice.

MATERIALS AND METHODS

Statement of ethics and trial registration

Ethical approval for this pilot study was obtained from Affiliated Changzhou No. 2 People’s Hospital of
Nanjing Medical University [No. (2021) YLJSD004]. The study adhered to the tenets of the Declaration of
Helsinki. Written informed consent was obtained from all patients prior to their enrollment in this
study. The study has been registered in the Chinese Clinical Trial Registry (No. ChiCTR2200055125).

Study participants

Patients who attended our center between January and August 2022 were screened for their eligibility to
participate in this study. The detailed inclusion criteria were as follows: (1) Patients aged over 18 years;
(2) patients with a history of at least one failed H. pylori eradication treatment; and (3) a minimum 6-mo
interval after the end of the last treatment. The following exclusion criteria were applied: (1) A history of
gastric surgery; (2) severe concomitant diseases such as hepatic or renal dysfunction; (3) allergy or
contraindication to the drugs used in the study regimen; (4) pregnancy or lactation; (5) treatment with a
PPI, bismuth, or an antibiotic within 4 wk before the study treatment; (6) alcohol abuse or drug
addiction; and (7) lack of informed consent.

Study design and outcomes

Before enrollment, the patients” demographic data, clinical characteristics, and any concomitant diseases
were recorded through medical records and physician interviews. The diagnosis of H. pylori infection
was based on a positive result of at least one of the following tests: *C-urea breath test (*C-UBT), rapid
urease test, and histological examination. Some patients also underwent gastroscopy, and H. pylori
culture and antimicrobial susceptibility testing before treatment. Serum chemistry tests were performed
before and after treatment.

All patients were administered VPZ (20 mg twice daily; Takeda Pharmaceutical, Tokyo, Japan),
amoxicillin (750 mg 3 times daily; Federal Pharmaceutical, Hong Kong, China), and S. boulardii (250 mg
twice daily; Laboratoires BIOCODEX, France) for 14 d (14-d VAS regimen). VPZ and S. boulardii were
taken before meals, while amoxicillin was taken after meals. Patients who felt unwell during treatment
or forgot to take their medication were advised to contact the investigators immediately.

All patients were asked to keep the remaining drugs after treatment and fill out the relevant
questions in the questionnaire within 3 d after the end of eradication therapy. Adverse events and
patient compliance were assessed using the questionnaires and the patients” medication diaries. The
intensity of the adverse events was graded as follows: None; mild, causing discomfort but not
interfering with daily life; moderate, causing discomfort and interfering with daily life; and severe,
causing discomfort requiring cessation of treatment. Patient compliance was rated as good if the patient
had taken > 80% of all medications prescribed, and as poor, if not[20]. All patients underwent repeat
BC-UBT for the assessment of H. pylori infection 4-6 wk after the end of eradication therapy. The H.
pylori status was interpreted as positive when the 8 value was greater than the baseline value of 4, and
as negative when the 8 value was less than the baseline value of 4. If the 6 value exceeded the baseline
value, which was between 4 and 6, the test was repeated 1 mo later.

The primary endpoint of this study was the H. pylori eradication rate, as confirmed by a negative *C-
UBT. All patients were included in the intention-to-treat (ITT) analysis. Patients who did not undergo a
3C-UBT during follow-up were considered to have treatment failure in the ITT analysis. Patients who
failed to attend follow-up assessments and those with poor compliance were excluded from the per
protocol (PP) analysis. The secondary endpoints were the rate of adverse events, patient compliance,
resistance to antibiotics, and factors related to the eradication rate.

H. pylori culture and antimicrobial susceptibility testing

From patients who underwent gastroscopy, we collected 2 biopsy specimens for H. pylori culture, one
from the gastric antrum and another from the gastric corpus. Both specimens were stored at -80 °C in
brain-heart infusion broth (Oxoid, Basingstoke, United Kingdom) and immediately transported to
Zhiyuan Medical Laboratory Institute (Hangzhou, Zhejiang Province, China) for testing. Fully ground
specimens were cultured and maintained for 3-7 d in brain-heart infusion agar medium (Oxoid,
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Basingstoke, United Kingdom) supplemented with 5% defibrinated sheep blood at 37 °C in a low-
oxygen environment (85% N,, 10% CO,, and 5% O,). H. pylori isolates were identified on the basis of
colony morphology and urease, catalase, and oxidase positivity.

The standard agar plate dilution method was used to assess H. pylori susceptibility to commonly used
antibiotics. Minimum inhibitory concentrations (MICs) were calculated after 72 h of culture at 37 °Cin a
low-oxygen environment. We used H. pylori ATCC43504 (NCTC11637) for quality control. Antibiotic
resistance was defined at the following MIC values: 2 1 pg/mL for clarithromycin, > 8 ng/mL for
metronidazole, and = 2 pg/mL each for amoxicillin, furazolidone, levofloxacin, and tetracycline. The
MIC values for antibiotic resistance were obtained from the fourth edition of the National Guide to
Clinical Laboratory Procedures[21].

Sample-size calculation and statistical analysis

We assumed a 93% eradication rate with VPZ-based rescue therapy[22]. The 95% confidence interval
was 86.6%-99.4%, and the sample size was 64 patients. Assuming a 5% follow-up loss, at least 68
patients would be required. Continuous variables were expressed as mean * SD, and compared between
groups by using the f test or Mann-Whitney U test. Categorical variables were expressed as numbers
with percentages, and compared between groups by using the Fisher exact test or Pearson ¥ test.
Statistical significance was inferred at P values < 0.05. All statistical analyses were conducted using
Statistical Package for the Social Sciences v23.0 (IBM, Armonk, NY, United States) and Power Analysis
and Sample Size software v15.0.5 (NCSS LLC, Kaysville, UT, United States).

RESULTS

Patient characteristics

We screened a total of 103 patients for eligibility, and excluded 35 patients who did not meet the
inclusion criteria. Thus, finally, 68 patients were enrolled in this study, of whom 62 patients underwent
endoscopy, 41 patients underwent serological testing before and after treatment, and 24 patients
underwent antimicrobial susceptibility testing. Three patients were excluded from the PP analysis due
to poor compliance despite a negative *C-UBT during follow-up (Figure 1).

Of the 68 patients, 20 were men and 48 were women (Table 1). Prior to the present treatment, 47
patients had undergone treatment once, 15 patients had undergone treatment twice, and 6 patients had
undergone treatment 3 times. Most patients were asymptomatic (n = 37, 54.4%). The most common
concomitant diseases were hypertension (n = 14, 20.6%) and diabetes (n = 9, 13.2%); 4 patients (5.9%)
had anxiety disorder. The most common previous treatment regimen was BQT, and the most commonly
used antibiotics were amoxicillin, levofloxacin, clarithromycin, and metronidazole, with a few patients
using furazolidone.

H. pylori culture and antimicrobial susceptibility testing

Of the 68 patients, 24 (35.3%) underwent H. pylori culture and antimicrobial susceptibility testing. H.
pylori was successfully isolated in 95.8% (23/24) of patients. The rates of resistance to metronidazole,
clarithromycin, and levofloxacin were 100% (23/23), 91.3% (21/23), and 60.0% (14/23), respectively.
There were no cases of resistance to tetracycline, amoxicillin, or furazolidone. The triple drug-resistance
rate (to metronidazole, levofloxacin, and clarithromycin) was 56.3% (9/16) among patients with one
prior treatment failure, which increased to 71.4% (5/7) among patients with 2 or more prior treatment
failures.

Eradication rate and factors influencing efficacy

The overall eradication rates of 14-d VAS calculated using the ITT and PP analyses were 92.6% (63/68)
and 92.3% (60/65), respectively. In 2 of the 5 patients in whom eradication failed, further treatment with
VPZ 20 mg twice daily, amoxicillin 1000 mg 3 times daily, and S. boulardii 250 mg twice daily for 14 d
successfully eradicated the infection. The remaining 3 patients had not yet received additional rescue
therapy at the time of writing as less than 6 mo had passed since the end of the previous treatment.

We stratified the H. pylori eradication rate by the number of prior treatment failures (Figure 2). The
ITT analysis showed that the eradication rates were 93.6%, 93.3%, and 83.3% (P = 0.433) among patients
with 1, 2, and 3 prior treatment failures, respectively. The corresponding eradication rates according to
the PP analysis were 93.2%, 93.3%, and 83.3% (P = 0.585). We found that the eradication rate did not
significantly differ with the number of previous treatment failures. In addition, eradication rates did not
differ between patients who had previously received amoxicillin and those who had not (85.0% vs
95.8%, P = 0.433).

Among the 23 patients who successfully underwent H. pylori culture and antimicrobial susceptibility
testing, the ITT analysis showed that similar eradication rates were achieved in the clarithromycin-
resistant (90.4%) and clarithromycin-sensitive groups (100%; P = 1.00). PP analysis also showed that the
eradication rate did not differ between the clarithromycin-resistant and clarithromycin-sensitive groups
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Table 1 Clinicodemographic characteristics of the study patients, n (%)

Number of prior eradication failures

Characteristic Total No. of patients (n = 68)

1(n=47) 2(n=15) 3(n=6)
Sex (male) 20 (29.4) 10 (21.3) 6 (4.0) 4 (66.7)
Age (yr), mean * SD 49.60 +10.57 49.94 +10.00 48.87 £12.65 48.83 +11.27
Height (m), mean + SD 1.63 +0.07 1.62+0.09 1.64 +0.08 1.68 +0.10
Weight (kg), mean + SD 59.52 +12.30 56.83 +12.19 63.80 +9.94 69.92 +11.50
BMI (kg/m?), mean + SD 22.31+3.64 21.59 +3.98 23.63 +2.04 24.63 +1.80
Lifestyle factors
Smoking 5(7.3) 4(8.5) 0(0) 1(16.7)
Drinking 4(5.9) 0(0) 1(6.7) 3 (50.0)
Symptom
Abdominal pain 7 (10.3) 5 (10.6) 2 (13.3) 0(0)
Bloating 6 (8.8) 4 (8.5) 2 (13.3) 0(0)
Diarrhea 1(15) 0(0) 1(6.7) 0(0)
Halitosis 1(1.5) 1(21) 0(0) 0(0)
Belching 13 (19.1) 8 (17.0) 3 (20.0) 2(33.4)
Nausea 2(2.9) 2(4.3) 0(0) 0(0)
Bitter taste 1(15) 1(2.1) 0(0) 0(0)
Asymptomatic 37 (54.4) 26 (55.3) 7 (46.7) 4 (66.7)
Concomitant disease
Diabetes mellitus 9(13.2) 8 (17.0) 1(6.7) 0(0)
Hypertension 14 (20.6) 7 (14.9) 5(33.3) 2(33.4)
Anxiety disorder 4 (5.9) 1(2.1) 2(13.3) 1(16.7)
Gastroscopy findings
Atrophic gastritis 33 (48.6) 27 (57.4) 4(26.7) 2(33.4)
Non-atrophic gastritis 24 (35.3) 14 (29.8) 8 (53.3) 2(33.4)
Peptic ulcer 4(5.9) 1(1) 1(6.7) 2(33.4)
Polyp 1(15) 0(0) 1(6.7) 0(0)
Not applicable (no gastroscopy done) 6(8.9) 5 (10.6) 1(13.3) 0(0)

BMI: Body mass index.

(90.0% vs 100%, respectively, P = 1.00). Similarly, we found no significant difference in the H. pylori
eradication rate between the levofloxacin-resistant and levofloxacin-sensitive groups (ITT: 92.8% vs
88.8%, respectively, P = 1.00; PP: 92.3% vs 88.8%, respectively, P = 1.00; Figure 3). All patients showed
metronidazole resistance, and had an eradication rate of 91.3% (21/23). Notably, eradication was
achieved in 92.9% (13/14) patients who showed triple drug resistance (clarithromycin, metronidazole,
and levofloxacin).

Anxiety disorder was found to be a risk factor for eradication failure (40.0% vs 3.2%, P = 0.025;
Table 2). No significant differences in age, sex, height, weight, body mass index, concomitant diseases,
gastroscopy findings, and number of prior treatment failures were found between patients with
successful and failed rescue therapy.

Adverse events and compliance

A total of 10 patients (14.7%) developed adverse events, including diarrhea (4 patients), skin rash (3
patients), and dry mouth, bloating, and abdominal pain (1 patient each). Most adverse events were mild
and disappeared without intervention, except in 2 patients who developed rashes on day 9 and 11,
refused continued rescue treatment, and finally recovered after anti-allergy therapy. Another patient
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Table 2 Factors potentially influencing Helicobacter pylori eradication, n (%)

Factor Eradication failure (n = 5) Successful eradication (n = 63) P value
Sex (male) 2 (40.0) 18 (28.6) 0.627
Age (yr), mean £ SD 54.40 £ 5.86 49.22 +10.80 0.295
Height (m), mean + SD 1.62£0.10 1.62£0.07 0.778
Weight (kg), mean + SD 64.60 £11.42 59.12 +12.37 0.129
BMI (kg/m?), mean £ SD 24.43 £1.88 2214 £3.70 0.112

Concomitant disease

Diabetes mellitus 1 (20.0) 8 (12.7) 0.520
Hypertension 1(20.0) 13 (20.6) 1.000
Anxiety disorder 2 (40.0) 2(3.2) 0.025
Gastroscopy findings

Atrophic gastritis 2 (40.0) 31 (49.2) 1.000
Non-atrophic gastritis 3 (60.0) 21 (33.3) 0.337
Peptic ulcer 0 (0.0) 4 (6.3) 1.000
Polyp 0(0.0) 1(1.6) 1.000

No. of prior treatments
1 3 (60.0) 44 (69.8) 0.641

22 2 (40.0) 19 (30.2)

BMI: body mass index.

103 individuals assessed for eligibility

Not meet the inclusion criteria (n = 35)
12 were allergic to penicillin

23 were took PPIs, bismuth-containing
drugs or antibiotics within 4 wk

before treatment

Enroliment

Included in ITT analysis (n = 68)

Follow-up

62 underwent endoscopy

41 underwent serum chemistry

24 were tested H. pylori culture and
3 took < 80% of all medication antimicrobial susceptibility testing
with *C-UBT result

Analysis Included in PP analysis (n = 65)

Figure 1 Flow chart of the study. PPI: Proton pump inhibitor; ITT: Intention-to-treat analysis; PP: Per-protocol analysis; UBT: Urea breath test; H. pylori:
Helicobacter pylori.

discontinued treatment on day 7 because of diarrhea, which improved without intervention. The
remaining patients took > 80% of all medications prescribed (compliance rate, 95.6%, 65/68; Table 3).
Serum chemistry tests revealed no significant differences in liver and kidney function before and after
treatment (Table 4). Among the 10 patients who developed adverse events, only 1 patient (with a rash)
had eradication failure.
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Table 3 Adverse events and patient compliance

Variable %

Adverse events

Total adverse events 14.7% (10/68)
Dry mouth 1.5% (1/68)
Skin rash 4.4% (3/68)
Bloating 1.5% (1/68)
Diarrhea 5.9% (4/68)
Abdominal pain 1.5% (1/68)

Grade of adverse event

Mild 70.0% (7/10)
Moderate 30.0% (3/10)
Severe 0% (0/10)
!Compliance

Good 95.6% (65/68)
Poor 4.4% (3/68)

!Compliance was rated as good if the patient had taken > 80% of all medications prescribed, and as poor, if not.

Table 4 Comparison of liver and kidney function before and after treatment

Characteristic Before (n=41) After (n = 41) P value
Total bilirubin (pmol/L), mean + SD 13.68 +4.82 14.96 £5.22 0.252
ALT (U/L), mean + SD 16.92 +8.33 21.46 +16.03 0.270
AST (U/L), mean + SD 18.99 +7.61 21.03 £10.67 0.670
Creatinine (pmol/L), mean + SD 60.105 % 12.060 60.53 +11.35 0.974

AST: Aspartate transaminase; ALT: Alanine transaminase.

Eradication rate

100% - 92.60% 9230% 93.60%  93.20% 93.30%  92.30%
90% - 83.30%  83.30%
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -
0%

Figure 2 Eradication rates stratified by number of prior treatment failures. ITT: 93.6% vs 93.3% vs 83.3%, P = 0.433; PP: 93.2% vs 93.3% vs 83.3%, P
=0.585). ITT: Intention-to-treat analysis; PP: Per-protocol analysis.

DISCUSSION

To our knowledge, this study is the first to determine the safety and efficacy of 14-d VA-dual plus S.
boulardii supplementation as a rescue therapy for H. pylori infection. This VAS regimen achieved an
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Eradication rate

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

90.40%

ITT

100.00% 100.00%

0,
90.00% 280%  923% g5 80% g8 .80%

PP T PP T PP T PP

R-CLA S-CLA R-LEV S-LEV

Figure 3 Impact of bacterial antibiotic resistance on eradication rate. ITT: Clarithromycin resistant vs clarithromycin sensitive, P = 1.00; levofloxacin
resistant vs levofloxacin sensitive, P = 1.00; PP: Clarithromycin resistant vs clarithromycin sensitive, P = 1.00; levofloxacin resistant vs levofloxacin sensitive, P =
1.00). R-CLA: Clarithromycin resistant; S-CLA: Clarithromycin sensitive; R-LEV: Levofloxacin resistant; S-LEV: Levofloxacin sensitive; ITT: Intention-to-treat analysis;
PP: Per-protocol analysis.
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acceptable eradication rate (92.6% by ITT and 92.3% by PP), regardless of the number of prior treatment
failures. Most patients could tolerate this regimen, and compliance was good in this Chinese patient
population. Except for anxiety disorder, no other factors were observed to be associated with treatment
failure. Notably, eradication was successful in 92.9% (13/14) of patients with multiple antibiotic
resistance. Therefore, the 14-d VAS regimen is a safe and effective rescue therapy for H. pylori infection.

Currently, H. pylori culture-guided therapy is recommended by most consensus guidelines as a rescue
therapy for H. pylori infection. However, culture-guided therapy is not widely used in routine clinical
practice[3-5]. Until recently, susceptibility tests still required the microbiological examination of samples
obtained through endoscopy, which is invasive and expensive. In addition, many hospitals lack the
facilities required to perform H. pylori culture and antimicrobial susceptibility testing, which limits the
clinical use of culture-guided therapy in many countries[3,5,20]. Furthermore, H. pylori culture is
technically challenging. Several studies have reported culture success rates of < 80% among patients
with failure of at least one prior H. pylori eradication treatment[23]. It should be emphasized that in our
study, culture was performed in only 35.3% of the patients. This reflects the current state of routine
clinical practice in China. Culture-guided therapy has not yet become a routine clinical practice, and
rescue therapy is mainly prescribed on an empirical basis in China.

Compared with PPIs, VPZ, the first clinically applied P-CAB, has a faster and stronger acid-inhibition
effect[13]. This provides an opportunity to potentially improve H. pylori eradication therapy by
simplifying complex regimens and possibly helping to develop effective therapies[5]. In one study, a PP
analysis showed that a 7-d VPZ-based regimen (VPZ 20 mg twice daily, sitafloxacin 100 mg twice daily,
and amoxicillin 750 mg twice daily) as a third-line therapy resulted in a significantly higher eradication
rate than a PPI-based regimen (83.3% vs 57.1%, P = 0.043)[24]. In a small study, a 10-d triple therapy
regimen consisting of VPZ 20 mg twice daily, rifabutin 150 mg twice daily, and amoxicillin 750 mg twice
daily yielded a 100% eradication rate in 19 patients with > 3 prior treatment attempts[25]. Similarly, in
57 patients administered a 7-d rifabutin-containing triple therapy regimen (VPZ 20 mg twice daily,
amoxicillin 500 mg 4 times daily, and 150 mg rifabutin 150 mg once daily) as a third- or later-line H.
pylori eradication regimen, the eradication rate was 91.2%[26]. It should be emphasized that all the
above studies were conducted in Japan, and they all used triple regimens containing VPZ and
amoxicillin. Although the use of 2 antibiotics may lead to higher eradication rates, this practice
promotes the use of an unnecessary second antibiotic[27]. Hence, optimization of VPZ-based rescue
therapy needs to be further explored. However, the relevant research in China is limited. Only one
retrospective study has reported that the 14-d VA-dual regimen (VPZ 20 mg/d or 40 mg/d and
amoxicillin 3000 mg/d) was safe and effective as a rescue therapy (92.5%, 172/186); however, the
frequencies and doses of VA-dual therapy varied among the patients[18].

The 14-d VAS regimen used in this study offers certain advantages over previous rescue therapies.
First, it minimizes the use of antibiotics, which is especially important in the light of the global increase
in H. pylori antibiotic resistance. Indeed, VPZ-containing triple therapies have been shown to contribute
to global antimicrobial resistance[27]. The 14-d VAS regimen eliminated the need for a second antibiotic
while providing remarkable H. pylori eradication efficacy. Second, the optimal amoxicillin dose for dual
therapy remains uncertain. Available evidence suggests that a dose of 2 g/d is insufficient, and 3 g or
2.25-3.00 g in split doses (every 6 h or 8 h) may be optimal[27]. Therefore, amoxicillin was administered
at a dose of 750 mg 3 times daily in the 14-d VAS regimen. Third, for the first time, we supplemented S.
boulardii to VA-dual as a rescue therapy for H. pylori eradication. Several potential mechanisms by which
S. boulardii acts as an adjunct to H. pylori eradication therapy have been elucidated: (1) It inhibits the
growth and proliferation of H. pylori by upregulating short-chain fatty acids and other antimicrobial
substances[28]; (2) it expresses a neuraminidase that reduces the expression of a(2-3)-linked sialic acid
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on the epithelial cell surface, which prevents the adhesion of H. pylori to the duodenal epithelium[29];
and (3) it reduces the incidence of adverse events and indirectly improves patient compliance, thereby
increasing the eradication rate of H. pylori[19].

Poor patient compliance is a main cause of treatment failure, and adverse events are a key factor
affecting patient compliance[30]. Our 14-d VAS regimen was well tolerated, and all adverse events were
mild or moderate, with diarrhea (5.9%) and rash (4.4%) being the most common. Patient compliance
was also good, which may be attributable to the low rate of adverse events and the simplicity of the
regimen.

We analyzed the factors potentially influencing the eradication rate of the 14-d VAS regimen. Only
anxiety disorder was significantly associated with eradication failure; other factors such as gender, age,
smoking, and alcohol consumption were not associated with treatment failure. There is evidence that
state anxiety and trait anxiety are related to H. pylori infection. Anxiety appears to heighten the intensity
and perception of gastrointestinal signals, which gives patients more reasons to worry about their
health, leading to a higher anxiety response, and making patients more inclined to seek medical advice
[31]. Thus, identifying patients with anxiety prior to the treatment of H. pylori infection and
management by a professional team including a gastroenterologist and a psychologist to improve
anxiety may be necessary to improve eradication rates and reduce the costs associated with frequent
medical consultations.

This study has some limitations. First, it is impossible to compare the safety and effectiveness of the
VA-dual regimen and the VAS regimen because this study is a single-arm pilot study. Large-scale,
multicenter randomized controlled trials in areas with different patterns of antibiotic resistance are
needed to confirm our results. Second, the number of patients with anxiety disorder in this study was
small, and the relevant conclusions and potential mechanisms need to be further explored in future
studies. Third, H. pylori culture and antimicrobial susceptibility testing were performed in only 35.3% of
our patients, and no resistance was detected to amoxicillin. So, it was impossible to determine whether
amoxicillin resistance affected the eradication rate of the 14-d VAS regimen. However, considering that
the rates of primary and secondary resistance to amoxicillin are low and stable[10], we believe that the
14-d VAS regimen is an effective rescue therapy. Fourth, this study was underpowered to analyze the
association between eradication rate and prior eradication regimens because the study patients had
previously been treated with multiple different regimens.

CONCLUSION

In conclusion, the 14-d VAS regimen is safe and effective H. pylori rescue therapy, with an acceptable
eradication rate (> 90%), regardless of the number of prior treatment failures. This regimen avoids the
use of additional antibiotics, but may need to be adjusted for patients with anxiety. Large-scale,
multicenter randomized controlled trials are needed to confirm our results.

ARTICLE HIGHLIGHTS

Research background
Vonoprazan (VPZ)-containing triple therapies have been shown to contribute to global antimicrobial
resistance. Hence, the value of VPZ-based regimens as rescue therapies needs to be explored.

Research motivation

Saccharomyces boulardii (S. boulardii) supplementation significantly improved H. pylori eradication rates
and decreased the incidence of adverse events. We are the first to combine S. boulardii supplementation
with VPZ-amoxicillin dual therapy (VAS regimen) as a rescue therapy for H. pylori eradication.

Research objectives
To determine the safety and efficacy of the VAS regimen as a rescue treatment for H. pylori infection.

Research methods
We performed a prospective, single-center, clinical trial with the VAS regimen.

Research results

The overall eradication rates calculated using intention-to-treat and per-protocol analyses were 92.6%
and 92.3%, respectively. The eradication rate did not differ with the number of treatment failures (P =
0.433). Acceptable eradication rates (> 90%) were achieved in patients with resistance to clarithromycin,
metronidazole, and levofloxacin. Most adverse events were mild, and 95.6% patients showed good
compliance.
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Research conclusions
The VAS regimen is a safe and effective rescue therapy, with an acceptable eradication rate (> 90%),
regardless of the number of prior treatment failures.

Research perspectives

Large-scale, multicenter randomized controlled trials in areas with different patterns of antibiotic
resistance are needed to confirm our results. It will be necessary to compare the safety and effectiveness
of the VPZ-amoxicillin dual therapy regimen with the VAS regimen in the future.
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Abstract

BACKGROUND

Cancer detection is a global research focus, and novel, rapid, and label-free
techniques are being developed for routine clinical practice. This has led to the
development of new tools and techniques from the bench side to routine clinical
practice. In this study, we present a method that uses Raman spectroscopy (RS) to
detect cancer in unstained formalin-fixed, resected specimens of the esophagus
and stomach. Our method can record a clear Raman-scattered light spectrum in
these specimens, confirming that the Raman-scattered light spectrum changes
because of the histological differences in the mucosal tissue.

AIM
To evaluate the use of Raman-scattered light spectrum for detecting endoscop-
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ically resected specimens of esophageal squamous cell carcinoma (SCC) and gastric adenocar-
cinoma (AC).

METHODS

We created a Raman device that is suitable for observing living tissues, and attempted to acquire
Raman-scattered light spectra in endoscopically resected specimens of six esophageal tissues and
12 gastric tissues. We evaluated formalin-fixed tissues using this technique and captured shifts at
multiple locations based on feasibility, ranging from six to 19 locations 200 microns apart in the
vertical and horizontal directions. Furthermore, a correlation between the obtained Raman
scattered light spectra and histopathological diagnosis was performed.

RESULTS

We successfully obtained Raman scattered light spectra from all six esophageal and 12 gastric
specimens. After data capture, the tissue specimens were sent for histopathological analysis for
further processing because RS is a label-free methodology that does not cause tissue destruction or
alterations. Based on data analysis of molecular-level substrates, we established cut-off values for
the diagnosis of esophageal SCC and gastric AC. By analyzing specific Raman shifts, we
developed an algorithm to identify the range of esophageal SCC and gastric AC with an accuracy
close to that of histopathological diagnoses.

CONCLUSION

Our technique provides qualitative information for real-time morphological diagnosis. However,
further in vivo evaluations require an excitation light source with low human toxicity and large
amounts of data for validation.

Key Words: Raman spectroscopy; Squamous cell carcinoma; Adenocarcinoma; Esophagus; Stomach; Label-
free cancer detection; Real-time diagnosis

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Cancer diagnosis is a critical step in patient management, and involves a combination of
diagnostic modalities or a single investigation. Diagnostic techniques that provide comprehensive data on
the disease process can be particularly valuable, and Raman spectroscopy (RS) is one such modality that
offers detailed molecular-level information. In this study, we utilized RS to rapidly detect cancer in
resected esophageal and stomach specimens, providing information beyond morphology. By providing
detailed molecular-level data, RS can provide a more comprehensive understanding of disease processes
and aid in accurate diagnosis.

Citation: Ito H, Uragami N, Miyazaki T, Shimamura Y, Ikeda H, Nishikawa Y, Onimaru M, Matsuo K, Isozaki M,
Yang W, Issha K, Kimura S, Kawamura M, Yokoyama N, Kushima M, Inoue H. Determination of esophageal
squamous cell carcinoma and gastric adenocarcinoma on raw tissue using Raman spectroscopy. World J
Gastroenterol 2023; 29(20): 3145-3156

URL: https://www.wjgnet.com/1007-9327/full/v29/i20/3145.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i20.3145

INTRODUCTION

Gastrointestinal cancers are typically evaluated using various investigative modalities, like radiological
imaging, endoscopy, and histopathology[1,2]. Although tissue diagnosis through histopathological
evaluation remains the gold standard for diagnosis, it is primarily based on morphological inter-
pretation, even in current molecular-level evaluation practices[3]. In addition to morphology, many
other such modalities are rapidly making inroads into practice[3,4]. Unlike morphology alone, immuno-
histochemistry, which has become almost synonymous with objective histopathological evaluation, is
further aided by fluorescence in situ hybridization and sequencing. At the other end of the spectrum lies
non-invasive/minimally invasive, non-label-based evaluation options, such as near-infrared
spectroscopy and Raman spectroscopy (RS)[5].

Endoscopic biopsy is the preferred diagnostic method for gastrointestinal cancer[6]. Recent techno-
logical advances in endoscopy have enabled reliable diagnoses based on endoscopic findings alone,
which have been further improved by the incorporation of artificial intelligence[5-7]. However, these
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Figure 1 Example of Raman spectra. Screenshots from the software window illustrating the Raman shift plotted against the intensity on a
linear scale. A: Normal esophageal mucosa; B: Esophageal squamous cell carcinoma; C: Normal stomach mucosa; D: Stomach adenocarcinoma.
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methodologies rely primarily on morphological assessments and do not consider molecular biological
information. Tumor tissues contain abnormal molecules and proteins that are absent in normal tissues.
The addition of molecular biological information to existing highly evolved morphological diagnostic
methods may become an epoch-making technique with higher diagnostic accuracy|[5,8,9].

Hence, we evaluated the biological samples using RS to obtain molecular information[8,10]. RS is a
nondestructive inspection method that identifies a substance by measuring the type and amount of
molecules contained in the substance by analyzing the wavelength of the reflected light obtained by
irradiating the target substance with light, such as a laser[11-13]. Furthermore, RS can be used to
evaluate substances with all types of properties, including solids[14-16], liquids[9,11], and gases[17],
without sample pretreatment. Therefore, RS is an excellent inspection method for evaluating substances
within a short time.

Therefore, attempts have been made to evaluate tissue samples using RS. Bergholt ef al[4] presented a
diagnostic technique for esophageal disease in the gastrointestinal tract using RS and published
diagnostic techniques for gastric cancer. Moreover, Duraipandian et al[3] reported a diagnostic
technique for gastric cancer using RS. However, a standard method for biological evaluations using RS
has not yet been established.

A major challenge in using RS to evaluate biological samples is interference of autofluorescence[18].
To address this issue, we developed a novel micro-Raman device with unique features that enables
effective evaluation of biological samples using RS.

We selected a near-infrared laser, which is not easily affected by autofluorescence, as the excitation
light source. Because the Raman-scattered light intensity is inversely proportional to the square of the
excitation light wavelength, the scattered light intensity of a long-wavelength near-infrared laser is low
[18]. We developed a highly sensitive circuit to detect this weakly scattered light. We attempted to
record the Raman-scattered light wavelengths from living esophageal tissues using a micro-Raman
device with these characteristics.

MATERIALS AND METHODS

Study population and data collection

Sixteen patients aged 80 years or younger who underwent endoscopic submucosal dissection of the
esophagus or stomach at the Digestive Disease Center of Showa University Koto Toyosu Hospital were
recruited for this study. Written consent was obtained from all participants. Eleven participants were
male and five were female, with an age range of 38-80 years. Eighteen specimens (esophagus, n = 6;
stomach, n = 12) were analyzed (Table 1). This study was approved by the in-hospital clinical research
review board (approval number: 18T5009) and conducted in accordance with the Declaration of
Helsinki.
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Patient number

1

2

10

11

12

13

14

15

16

Patient Clinical diagnosis Number of lesions Treatment date
50-year-old, female Esophageal cancer 1 December 20, 2018
65-year-old, male Esophageal cancer 1 December 20, 2018
61-year-old, male Esophageal cancer 1 January 11, 2019
61-year-old, male Esophageal cancer 2 January 18, 2019
78-year-old, female Esophageal cancer 1 April 18, 2019
72-year-old, female Stomach cancer 1 January 8, 2019
63-year-old, male Stomach cancer 1 January 18, 2019
56-year-old, male Stomach cancer 1 January 24, 2019
58-year-old, male Stomach cancer 1 February 3, 2019
79-year-old, male Stomach cancer 1 February 4, 2019
77-year-old, male Stomach cancer 1 February 17, 2019
80-year-old, male Stomach cancer 2 February 28, 2019
65-year-old, male Stomach cancer 1 February 28, 2019
68-year-old, male Stomach cancer 1 April 8, 2019
66-year-old, female Stomach adenoma 1 May 19, 2019
38-year-old, female Stomach submucosal tumor 1 April 9, 2019
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Measurement protocol and data capture

Esophageal and stomach tissue samples (including mucosal and submucosal tissues) were collected
immediately after endoscopic resection. The tissue was attached to a black rubber plate with a metal pin,
and a 0.02 mm thick aluminum foil was sandwiched between the rubber plate and the esophageal tissue
to prevent Raman scattered light from the rubber plate from being included in the measurements.

A linear or grid-like measurement grid was set up to include endoscopically diagnosed lesions in the
mucosa and the surrounding normal mucosa. Multiple measurement points were selected at 5 mm or 10
mm intervals depending on the shape of the clinically determined lesion. Raman scattered light
wavelengths were recorded from 19 or 6 locations at intervals of 200 pm in the vertical and horizontal
directions for each selected point depending on the feasibility. To prevent the sample from drying out,
distilled water was sprayed on the sample as necessary during the measurement.

A RS device (BaySpec Inc., San Jose, CA, United States) was used, with a computer-controlled stage,
an objective lens of 20 x magnification, a correction collar for near-infrared microscopy (LCPLN20XIR,
Olympus Corporation, Tokyo, Japan), and an excitation laser wavelength of 1064 nm. The
measurements were captured with a laser power of 200 mW and an exposure time of 10 s per point.
Pathologic System Software Version 1.0.1.0 (BaySpec, Inc., San Jose CA, United States) was used and
baseline correction was performed without smoothing the waveform. Examples of the Raman spectra of
the esophageal and gastric mucosa are shown in Figure 1.

Analysis

Fifteen types of Raman shifts corresponding to the constituent molecules of living tissues (Table 2) were
selected for the analysis. From the recorded Raman-scattered light waveforms, the scattered light
intensities of 15 types of Raman shifts were extracted, and the optimum combination matching the
range of squamous cell carcinoma (SCC) of the esophagus and gastric adenocarcinoma (AC) by
histopathological diagnosis was determined.

RESULTS

The study involved 16 patients, and 18 specimens were resected for histopathological analysis. The
results showed that five of the specimens were SCC of the esophagus, 10 were well-differentiated
tubular AC of the stomach, one was a gastric adenoma, and one was a gastric carcinoid tumor (NET G1)
Table 3).

( Rama)n spectra were recorded for all six esophageal and 12 gastric specimens. All combinations of the
scattered light intensities of the 15 Raman shifts were calculated to determine the combination that best
matched the range of cancer by histopathological diagnosis. In esophageal squamous cell cancer, the
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Table 2 Fifteen Raman shift parameters obtained from the raw tissues and the range of the shifts[7,9]

Number Assigned peak Shift start (cm) Shift end (cm™')
RS1 Phenylalanine C-C twist 611 631
RS2 Cholesterol 700 720
RS3 Tryptophane ring breath 751 771
RS 4 Tyrosine ring breath 830 850
RS5 Phenylalanine ring breath 993 1013
RS 6 Skeletal C-C 1060 1080
RS7 Nucleotide O-P-O 1091 1111
RS 8 Skeletal C-C stretch 1123 1143
RS9 Amide III beta-sheet 1244 1264
RS 10 Amide III delta (CH), 1275 1295
RS11 Amide III alpha-helix 1322 1342
RS 12 CH, stretch 1408 1428
RS 13 CHj; deformation 1448 1468
RS 14 Phenylalanine C=C 1596 1616
RS 15 Amide I alpha-helix 1647 1667

Table 3 Esophageal and gastric samples and histopathological diagnosis along with TNM classification

Sample number Patient Pathological diagnosis (UICC TNM classification)
Eso-1 50-year-old, female SCC, pTla (LPM)

Eso-2 65-year-old, male SCC, pTla (LPM)

Eso-3 61-year-old, male SCC, pTla (MM)

Eso-4 61-year-old, male SCC, pTis

Eso-5 61-year-old, male SCC, pTis

Eso-6 78-year-old, female SCC, pT1b (SM)

Sto-1 72-year-old, female Tubl, pTla

Sto-2 63-year-old, male Tubl>tub2, pT1b2

Sto-3 56-year-old, male Tubl, pT1bl

Sto-4 58-year-old, male Tubl, pT1bl

Sto-5 79-year-old, male Tubl, pT1bl

Sto-6 77-year-old, male Tubl, pTla

Sto-7 80-year-old, male Tubl, pT1bl

Sto-8 80-year-old, male Tubl, pTla

Sto-9 65-year-old, male Tubl, pTla

Sto-10 68-year-old, male Tubl, pTla

Sto-11 66-year-old, female Tubular adenoma

Sto-12 38-year-old, female Carcinoid tumor (NET G1), pT1b

Tubl: Well differentiated tubular adenocarcinoma. UICC: Union for International Cancer Control; SCC: Squamous cell carcinoma; TNM: Tumor node
metastasis.
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Table 4 Raman shift peaks observed in the esophageal and the gastric samples

Peak 1 Peak 2 Peak 3
Esophagus RS 8 RS1 RS 13
Stomach RS12 RS5 RS 15

Table 5 Cut-off ratios obtained from the esophagus and stomach samples

Cut-off 1 (peak 2/peak 1) Cut-off 2 (peak 3/peak 1)
Esophagus 0.65 2.0
Stomach 1.85 2.0

scattered light intensity of Skeletal C-C stretch was Peak 1, the scattered light intensity of Phenylalanine
C-C twist was Peak 2, the scattered light intensity of CH,; deformation was Peak 3 (Table 4), and Peak 2/
Peak 1 was defined as Cut-off 1. Peak 3/Peak 1 was defined as Cut-off 2 (Table 5). The site with more
than half of the measurement points having Cut-off 1 greater than 0.65 and Cut-off 2 greater than 2.0
was determined to be the best match for histopathological SCC of the esophagus (Figure 2).

For gastric AC, the scattered light intensity of the CH, stretch was Peak 1, Phenylalanine ring breadth
was Peak 2, and Amide I alpha helix was Peak 3 (Table 4). The ratio of Peak 2/Peak 1 was defined as
Cut-off 1 and Peak 3/Peak 1 was defined as Cut-off 2 (Table 5). The site with more than half of the
measurement points with Cut-off 1 greater than 1.85 and Cut-off 2 greater than 2.0 was determined to be
the best match for the histopathological diagnosis of gastric AC (Figure 3).

DISCUSSION

Patients with gastrointestinal cancers affecting the esophagus and stomach have symptoms, such as
difficulty in swallowing, heartburn, and fullness[6]. Contrast examination or endoscopy is often
performed in patients with a clinical evaluation suggestive of esophageal or gastric cancer[6]. Histopath-
ological evaluation of the tissues obtained via endoscopic biopsy can be used to confirm the diagnosis|3,
4,6]. In recent years, the accuracy of endoscopic finding-based diagnoses has dramatically improved.
One of the reasons for this is the better quality of images obtained through high-resolution camera
optics[3,6].

It is highly possible that the ability to diagnose cancer will improve further if it is feasible to depict
what cannot be delineated using conventional equipment by making the image richer in features.
Another reason is the use of image classification algorithms based on artificial intelligence[13,16,19]. By
recognizing and patterning endoscopic images using artificial intelligence, the existence of lesions is
clarified, and diagnosis by doctors is supported. Since the diagnosis using artificial intelligence
evaluates endoscopic images morphologically, it is possible to prevent the lesion from being overlooked
[13,16]. However, its diagnostic ability is not higher than that of an experienced doctor. Another
drawback is that diagnostic ability is greatly affected by the quality of the endoscopic image[5,9,14].

As mentioned above, the accuracy of endoscopic diagnosis of lesions in the gastrointestinal tract has
greatly improved; however, it is still at the morphological interpretation level[6,7]. Histopathological
diagnosis, which is the current definitive diagnostic method, is a form of morphological evaluation;
moreover, qualitative information that assists in morphological evaluation is required to improve
diagnostic accuracy beyond the existing practice. RS can be used to add qualitative information to the
morphological information[2,20]. Short et al[1] published a technique for diagnosing lung cancer using
bronchoscopy combined with RS. Lui et al[21] reported a method for diagnosing skin cancer using RS.
Krishna et al[22] reported a method for diagnosing oral cancer using RS. Jermyn et al[20] reported that
RS can be used to identify lesion areas during brain surgery. Furthermore, Bergholt et al[6] presented a
diagnostic technique for esophageal disease in the gastrointestinal tract using RS, and published
diagnostic techniques for gastric cancer[4]. Duraipandian et al[3] reported a diagnostic technique for
gastric cancer using RS. Molckovsky et al[2] reported a diagnostic technique for colon cancer using RS.
However, a standard method for analyzing living organisms and biological samples using RS is yet to
be developed.

In this study, we selected 15 Raman shifts corresponding to constituent molecules in living tissues.
The analysis results of the scattered light intensity of Raman shift of Skeletal C-C stretch, Phenylalanine
C-C twist, and CH, deformation in SCC of the esophagus, and Raman shift of CH, stretch,
Phenylalanine ring breadth, and Amide I alpha-helix in gastric AC. The results of the analysis of the
scattered light intensity of the shift were in good agreement with the range of morphological cancer
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Figure 2 Comparison of Raman spectroscopic analysis and pathological diagnosis of sample Eso [squamous cell carcinoma, pT1a(LPM)-
pT1b(SM)]. A: Eso-1; B: Eso-2; C: Eso-3; D: Eso-4; E: Eso-5; F: Eso-6.

diagnoses offered by histopathological evaluation. SCC of the esophagus and gastric AC are distinct
types of cancers with different biological characteristics. Therefore, a significant Raman shift is expected
to differ in the analysis conducted using RS. The technique presented in this study has the potential to
provide qualitative evaluation in addition to the morphological evaluation currently used. In particular,
it may offer valuable information regarding lesions that are challenging to assess using endoscopic or
histopathological diagnoses alone.

However, at some sites, the results of this technique did not match the histopathological diagnoses.
The limitations of this study include the small number of samples analyzed (n = 18), which included
both the esophagus and stomach. Hence, there is no doubt that more samples must be analyzed in the
future to confirm the accuracy of this technique. Using this technique, molecular information not solely
dependent on morphological interpretation can be obtained. Furthermore, it may indicate the degree of
mucosal abnormality from normal to cancerous. Evaluation of precancerous tissues may enable highly
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Figure 3 Comparison of Raman spectroscopic analysis and pathological diagnosis of sample Sto (well-differentiated tubular
adenocarcinoma, pT1a-pT1b1; tubular adenoma; carcinoid tumor, NET G1). A: Sto-1; B: Sto-2; C: Sto-3; D: Sto-4; E: Sto-5; F: Sto-6; G: Sto-7; H: Sto-
8; I Sto-9; J: Sto-10; K: Sto-11; L: Sto-12.
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accurate preventive medicine. We aim to further advance this research and establish a method for
predicting the current and future states of the gastrointestinal mucosa with high accuracy by clarifying
the correlation between the Raman-scattered light intensity and the tissue state at each Raman shift.

CONCLUSION

Based on the results, it was concluded that RS could accurately identify esophageal SCC and gastric AC
by analyzing the scattered light intensities of the 15 types of Raman shifts. The optimum combinations
of Raman shifts were identified as Peak 1, Peak 2, and Peak 3 for both cancer types, with specific cut-off
values for each peak. Although it is currently used in endoscopic treatment, the qualitative diagnosis of
lesions, risk of residual lesions, efc., can be confirmed in a short time by analyzing excised specimens,
and treatment can be provided as necessary.

ARTICLE HIGHLIGHTS

Research background
Cancer diagnosis plays an important role in patient management, many researchers focused on the

cancer detection, and novel, rapid, and label-free techniques are being developed for routine clinical
practice.

Research motivation

To address the issue of using Raman spectroscopy (RS) to evaluate biological samples is interference of
autofluorescence.
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Research objectives
Our study is to evaluate the use of Raman-scattered light spectrum for detecting endoscopically resected
specimens of esophageal squamous cell carcinoma (SCC) and gastric adenocarcinoma (AC).

Research methods

We created a Raman device, which is suitable for observing living tissues, and we attempted to acquire
Raman-scattered light spectra in endoscopically resected specimens of six esophageal tissues and 12
gastric tissues. Furthermore, we performed a correlation between the obtained Raman scattered light
spectra and histopathological diagnosis.

Research results

We obtained Raman scattered light spectra from all six esophageal and 12 gastric specimens
successfully, and developed an algorithm to identify the range of esophageal SCC and gastric AC with
an accuracy close to that of histopathological diagnoses.

Research conclusions

In this study, we utilized RS to rapidly detect cancer in resected esophageal and stomach specimens,
providing information beyond morphology.

Research perspectives
By providing detailed molecular level data, RS can provide a more comprehensive understanding of
disease processes and aid in accurate diagnosis.
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Abstract

BACKGROUND

It has been confirmed that three-dimensional (3D) imaging allows easier identi-
fication of bile duct anatomy and intraoperative guidance of endoscopic
retrograde cholangiopancreatography (ERCP), which reduces the radiation dose
and procedure time with improved safety. However, current 3D biliary imaging
does not have good real-time fusion with intraoperative imaging, a process meant
to overcome the influence of intraoperative respiratory motion and guide
navigation. The present study explored the feasibility of real-time continuous
image-guided ERCP.

AIM
To explore the feasibility of real-time continuous image-guided ERCP.

METHODS

We selected 2 3D-printed abdominal biliary tract models with different structures
to simulate different patients. The ERCP environment was simulated for the
biliary phantom experiment to create a navigation system, which was further
tested in patients. In addition, based on the estimation of the patient’s respiratory
motion, preoperative 3D biliary imaging from computed tomography of 18
patients with cholelithiasis was registered and fused in real-time with 2D fluoro-
scopic sequence generated by the C-arm unit during ERCP.

RESULTS
Continuous image-guided ERCP was applied in the biliary phantom with a
registration error of 0.46 mm * 0.13 mm and a tracking error of 0.64 mm * 0.24
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mm. After estimating the respiratory motion, 3D/2D registration accurately transformed
preoperative 3D biliary images to each image in the X-ray image sequence in real-time in 18
patients, with an average fusion rate of 88%.

CONCLUSION
Continuous image-guided ERCP may be an effective approach to assist the operator and reduce
the use of X-ray and contrast agents.

Key Words: Endoscopic retrograde cholangiopancreatography; Three-dimensional images; Registration;
Cholelithiasis; Hilar cholangiocarcinoma

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Three-dimensional imaging allows easier identification of bile duct anatomy and intraoperative
guidance of endoscopic retrograde cholangiopancreatography (ERCP). Continuous image-guided ERCP
may be an effective means to assist the operator and reduce the use of X-ray and contrast agents.
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INTRODUCTION

Endoscopic retrograde cholangiopancreatography (ERCP) was first described by McCune et al[1] at
George Washington University in 1968. Superselection of difficult bile ducts contributes to a higher
incidence of adverse events, as well as increased radiation exposure for patients and endoscopists[2,3].
Recent studies have shown that even low doses of radiation may induce carcinogenic effects[4]. The
radiation dose is one of the recommended quality indicators for ERCP[5,6]. Furthermore, injection of a
contrast medium is considered a risk factor for post-ERCP pancreatitis and cholangitis[7]. Therefore,
developing new technologies to enhance the efficacy and safety of ERCP is urgent.

Preoperative three-dimensional (3D) imaging is widely used for planning in interventional
radiosurgery. Three-dimensional computed tomography (3D-CT) has been utilized in transcatheter
arterial chemoembolization (TACE), and allows for better visualization of small vessels[8,9].
Transjugular intrahepatic portosystemic shunt (TIPS) combines preoperative 3D-CT images with images
taken at the time of intervention, and has demonstrated a significant reduction in operation times and
radiation doses[10]. Three-dimensional imaging is also beneficial in guiding therapeutic ERCP[11], as it
allows easier identification of bile duct anatomy and guides intraoperative navigation, reducing
necessary radiation dose and operation time with improved safety[11]. For example, biliary stent
placement via ERCP in the setting of indeterminate biliary stricture, the X-ray exposure time was
reduced from 8.1 min to 35.1 min. However, current 3D biliary imaging does not have good real-time
fusion with intraoperative images.

Here, we explored the feasibility of real-time continuous image-guided ERCP, which overcomes the
influence of intraoperative respiratory motion and provides an accurate navigation method.
Preoperative 3D-CT bile duct sequences were registered and fused with real-time 2D images from the C-
arm taken during ERCP; this strategy may improve the quality of ERCP.

MATERIALS AND METHODS
Study population

This was a single-centered prospective observational study of patients receiving ERCP at a tertiary care
hospital between July 2021 and March 2022. Twenty patients with cholelithiasis undergoing therapeutic
ERCP were recruited. Only patients with a preoperative 3D-CT sequence of the bile duct were eligible.
Dynamic 2D images of the bile duct generated by the fluoroscopic C-arm were obtained. Exclusion
criteria were: age < 18 y, poor general health, inability to tolerate basic or intravenous anesthesia,
uncontrollable coagulation disorder, anticoagulation therapy that could not be discontinued, altered
anatomy (e.g., Billroth II gastrectomy or Roux-en-Y anastomosis), pregnancy, and intraoperative
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Figure 1 Biliary phantom setup. A: Biliary model based on patient A; B: Biliary model based on patient B.

DOI: 10.3748/wjg.v29.i20.3157 Copyright ©The Author(s) 2023.

Figure 2 Surgical environment for endoscopic retrograde cholangiopancreatography phantom. A: Respiratory motion simulator; B: X-ray
fluoroscopy guidance in navigation.

Jaishideng®

placement of a biliopancreatic stent. Written informed consent was obtained from all patients. The study
was approved by the Ethics Committee of the Chinese People’s Liberation Army (PLA) General
Hospital (No. S2021-415-01) and was conducted per the Declaration of Helsinki.

Human biliary phantom

To verify the accuracy of our 3D/ 2D registration algorithm, we created 2 3D-printed biliary tract models
with different structures to simulate different patients. Enhanced CT scan data of 2 patients with biliary
dilatation were inputted into a 3D biomechanics research software tool (Visual 3D, Beijing, China). The
operator manually segmented the contours of the biliary tract to acquire surface models. The acquired
surface models were inputted into a Stratasys J750 3D printer (Markforged, Watertown, Massachusetts)
and printed using resin (Figure 1). The printed phantom was life-sized and hollow, allowing sphinc-
terotomes to enter. The phantom experiment was carried out in the PLA General Hospital operating
room (Figure 2). Unlike in clinical experiments, model experiments could be repeated many times to
simulate real intraoperative conditions to adjust the algorithm parameters.

CT and fluoroscopic imaging

An iopromide contrast medium (Ultravist 370; Bayer Healthcare, Leverkusen, Germany) was diluted to
visualize the biliary tract. All CT scans were performed in the Imaging Department of PLA General
Hospital (uCT 510; United Imaging Healthcare, Shanghai, China) with a slice thickness of 1.25 mm and
a tube voltage of 120 kV. Patients were asked to remain in the end-inspiratory state for CT scan. To
acquire the best alignment transformation, patients were asked to maintain the same pre-operative state
at the beginning of surgery. Then, fluoroscopy was performed and the image was defined as the best
matching frame. On the day of the ERCP procedure, the acquired CT scan data were imported into
Mimics (Materialise, Belgium) to reconstruct the 3D volume-render models of the biliary tract, liver,
gallbladder, and bone. All patients received intraoperative deep sedation. ERCP was performed using a
standard endoscope (Olympus Duodenoscope TJF260). When the guidewire was successfully superse-
lected in the bile duct and the contrast agent was injected into the duct, the C-arm system performed 1
consecutive respiratory cycle of fluoroscopy around the patient, producing approximately 20 images
which were transmitted in real time to our image navigation system.
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Figure 3 Phantom study of registration and fusion. A and E: Biliary phantom segmentation using computed tomography images; B and F: Biliary phantom
segmentation using X-ray fluoroscopy; C and G: Biliary lumen centerline extraction; D and H: Three-dimensional biliary model registered with the best matching frame
using X-ray fluoroscopy.
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Figure 4 Automatic segmentation of structures based on preoperative computed tomography. A and B: Biliary and skin phantoms of different
patients; C: Bone, liver, biliary tract, and gallbladder segmented by a three-dimensional UNet network based on preoperative computed tomography data.
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CT co-registration and fusion with the fluoroscopic image

During the registration between CT and X-ray fluoroscopic images, the CT image was aligned with X-
ray fluoroscopy through common features. For the biliary phantom, the registration fiducials were
extracted from the CT and X-ray images, respectively, to get rigid transformation, by which the 3D
biliary model segmented from CT was projected onto the X-ray fluoroscopic image to finish the overlap
of biliary roadmapping. The biliary ducts were observed with X-ray images without contrast agents
during model experimentation (Figure 3). After the 3D/2D registration was completed, the biliary ducts
segmented from CT were projected onto the X-ray image, and the validity of the registration was judged
according to the edge blending effect.

The bone, liver, gallbladder, and biliary tract were segmented by a 3D-UNet model based on pre-
operative CT data (Figure 4). Afterward, the Medical Imaging Interaction Toolkit was used to extract 2D
bone structures. Mimics software (Materialise, Leuven, Belgium) was used to extract 3D and 2D biliary
centerlines for analysis. Finally, 3D/2D registration based on bone structures was performed to achieve
effective fusion of the 3D biliary model and the best matching frame (Figure 3).

The respiratory motion of the patient during the operation affects fusion accuracy. Some researchers
have estimated the patient’s respiratory state by extracting diaphragm data in real time[12-15]. The
diaphragm-based method not only requires manual annotation, but also cannot guarantee real-time
performance, thus prolonging the operation time and increasing X-ray radiation exposure. The method
based on X-ray image centroid extraction was used in the current study to estimate the respiratory state
[9] and monitor the motion change between frames through X-ray image gray distribution. The
respiratory motion curve was acquired and used to complete continuous compensation for the
fluoroscopy sequence, and real-time biliary roadmapping projected onto X-ray fluoroscopy was
completed. This 3D/2D image registration technology is available in the current intraoperative imaging
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Figure 5 Registration and fusion on the best matching frame of the patient. A: Three- dimensional/two-dimensional registration based on bone during
endoscopic retrograde cholangiopancreatography; B: Overlay the biliary model on X-ray fluoroscopy through the transformation from bone registration.

system takes approximately 60 s. Our method has a fast calculation speed and is convenient to operate,
features that aid in real-time navigation.

Data collection

Quantitative data included the registration error and the tracking error (TE). The registration error was
calculated as the mean square error (MSE) between the projection of the 3D and 2D centerline. After
finishing respiratory compensation and projecting, the mean MSE was set as the TE. Qualitative
parameters included image quality and real-time fusion rates for both preoperative and intraoperative
images.

Definitions

Image-guided ERCP: Image quality was defined as “good” if the 3D-CT and fluoroscopic images of the
bile duct filled by a contrast medium were visible. The outcome of real-time fusion rates was assessed
by the degree to which the bile duct in the fluoroscopic mode matched perfectly with the 3D-CT biliary
imaging.

Statistical analysis
Data were assessed for normality, and appropriate descriptive statistics were calculated and expressed

as mean * standard deviation (SD) and frequency (percentages). Data were analyzed using SPSS version
22 (IBM Corp., Armonk, NY, United States).

RESULTS

Image-guided ERCP had a mean registration error of 0.46 mm #* 0.13 mm and a TE of 0.64 mm + 0.24
mm. For patients, the biliary model was projected onto the X-ray based on 3D/2D registration
(Figure 5), and the respiratory motion curve was estimated through a continuous X-ray fluoroscopy
sequence (Figure 6). Continuous biliary roadmapping guidance was acquired (Figure 7). Our navigation
system was performed in the operating room (Figure 8), and it provided image-based guidance in
multiple patients (Figure 9). Image quality was good in all 18 cases and CT to X-ray fluoroscopic image
registration and fusion were technically feasible, with an average fusion rate of 88% (Supplementary
material).

DISCUSSION

In the current study, continuous image guidance for ERCP based on 3D/2D registration was evaluated,
and we found that this strategy may be an effective means of real-time localization of the bile duct.

The prognosis of hilar cholangiocarcinoma (HCCA) is extremely poor, and surgery is the only radical
treatment modality. However, most patients present with an unresectable tumor or cholangitis, high
bilirubin, and insufficient volume of the residual liver; as such, biliary drainage by ERCP is often best
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Figure 6 Example of the estimated respiratory state over an 18.8 s X-ray fluoroscopic image sequence.
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Figure 7 Real-time navigation of image-guided endoscopic retrograde cholangiopancreatography. A: Beginning of inhalation; B: During
inhalation; C: End of inhalation; D: During exhalation; E: End of exhalation.

DOI: 10.3748/wjg.v9.ii0.3157 Copyright ©The Author(s) 2023.

Figure 8 Image-guided endoscopic retrograde cholangiopancreatography navigation system.
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available treatment. Previous studies have shown the benefit of 3D imaging in guiding difficult ERCP
procedures[11]. Preoperative 3D-CT, magnetic resonance cholangiopancreatography, magnetic
resonance virtual endoscopy, or intraoperative 3D-CT of the cone beam have all provided adequate
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Figure 9 Additional examples of real-time image guidance navigation. A-D: Beginning of the inhalation; E-H: During the inhalation; I-L: End of the
inhalation.

guidance for biliary stenting in patients with HCCA, but do not achieve real-time fusion of 3D images
with 2D fluoroscopic images or display guidewire or sphincterotomes in three dimensions[16-19]. Our
technology can obtain 3D models of the biliary duct, tumor, and hilar vessels through preoperative
magnetic resonance imaging/CT segmentation. The registration between preoperative 3D models and
intraoperative 2D X-ray images was completed based on the centerlines of the biliary ducts, and 3D
models were projected onto X-ray images for display. Meanwhile, based on the respiratory
compensation method, a continuous fusion between 3D models and the X-ray image sequences was
achieved, and real-time guidance was realized through graphics processing unit acceleration. We
believe that our method may provide physicians with more visual information during surgery and
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Figure 10 Comparison between two methods with respect to respiratory state estimation. A: Centroid of the X-ray image; B: Diaphragm of the X-
ray image; C: Example of the estimated respiratory state over a 4.4 s X-ray image sequence.
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effectively improve the operability of the intervention.

The present study reports real-time fusion of preoperative 3D-CT images with the 2D fluoroscopic
images during ERCP. The radiation dose required for the registration between 3D-CT and fluoroscopic
image can be considered negligible compared with the total radiation dose for difficult ERCP
procedures. In addition, image registration was completed in an average time of 1 min, with a minimal
overall increase in total operation time. Therefore, with the real-time visual aid during ERCP, it is likely
that less radiation, contrast medium, and operative time may be required during the navigation.

Furthermore, our methods estimated the respiratory state better than the classical diaphragm
extraction method[17]. Since the diaphragm is incomplete or invisible during ERCP in some patients,
the applicability and robustness of our method are better based on image gray distribution.
Furthermore, this method can achieve a more accurate estimation of the respiratory state of the biliary
tract, thus ensuring better fusion of 3D-CT and 2D X-ray images. The main reason for this is that the
respiratory motion of the diaphragm can reflect well upon the upper edge of the liver, but cannot
directly represent the motion of the biliary tract. Experimental results also proved that our method is
more accurate for biliary motion estimation of patients under free breathing. Compared with the TE of
the diaphragm-based method, based on our cholangiography image fusion results, TE was relatively
low (1.68 mm * 0.34 mm vs 0.64 mm * 0.24 mm), providing more accurate guidance. As shown in
Figure 10, the respiratory state estimation based on our method was smoother and closer to the true
breathing curve, which ensures the stability of image-guided navigation. Moreover, our method is
simpler and faster to compute and process intraoperative X-ray fluoroscopic image sequences in real-
time. Conversely, the diaphragm-based method requires real-time segmentation of the diaphragm
whether manual or network methods are used, which represents a complex task and ultimately leads to
an increase in operation time and radiation dose.

There are further implications of our technology in the context of other minimally invasive
procedures such as TACE, TIPS, and spine surgery[8-10,20]. Coronavirus disease-2019 (COVID-19) had
devastating impacts on healthcare system operations. The pandemic disrupted normal workflow of
spine surgeries, restricting and postponing elective procedures[20]. This disruption may have resulted
in the prolonged impairment of patients who were forced to postpone their procedures. Minimally
invasive surgery and perioperative telemedicine are inevitable trends in spine surgery after COVID-19.
Spine surgery is usually completed under the guidance of X-ray images, and physicians need to
conceive the 3D structure of the patient’s spine based on clinical experience. The spine is different from
the soft liver and there is no respiratory interference; however, the similarity of the structure between
the joints and the overall length makes surgery more difficult to perform only under the guidance of X-
ray images. Meanwhile, the increase in operation time has also caused longer waiting periods for
treatment. Our method can extract the 3D spine structure from preoperative CT and complete 3D/2D
registration through the bone structure line, achieving the fusion of 3D information with intraoperative
X-ray images. This technology could help physicians better localize lesions and enhance visual
perception of depth. Fusion of 3D/2D imaging could also help physicians, especially those with
insufficient clinical experience, to observe the patient’s spine structure more intuitively and improve
surgical efficiency. In summary, the number of spinal surgeries increased following COVID-19 and has
continued to rise; our technology may help the hospital to perform more operations and allow patients
to receive timely and effective treatment.

COVID-19 has also been associated with an increased risk for ischemic and hemorrhagic strokes[21],
conditions often treated with a vascular intervention procedure very similar to TACE that is achieved by
embolizing the vessels connected to the aneurysm. Unlike liver vessels, intracranial vessels are not
affected by respiratory motion and remain static with the use of X-ray images for guidance. However,
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intracranial vessels are generally thin and have multiple branching structures, and thus the risks
associated with intracranial surgery are high. Surgeons require more clinical experience to ensure the
accuracy of the surgery; otherwise, they may injure other blood vessels or tissues and cause secondary
harm to the patient. Our technology can extract data regarding blood vessels connected to the lesion (
e.g., aneurysm) before the surgery and guide the surgeon intraoperatively through high-precision
registration and fusion. Given the risk of intracranial vascular intervention procedures, our technology
could display the vessels around the catheter and render them in different colors to remind the surgeon
to be cautious, thus benefiting the safety of the procedure. We believe that our technology may have
potential clinical value in treating cerebrovascular diseases and could precisely treat ischemic and
hemorrhagic strokes associated COVID-19.

CONCLUSION

Our image-guided ERCP strategy was fully validated in models that may be useful in cannulating
specific biliary ducts in patients with complex biliopancreatic diseases such as HCCA. However, clinical
studies are still needed to determine if this new approach could improve technical success while
reducing radiation exposure and contrast agent administration during ERCP.
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giopancreatography (ERCP), reducing the radiation dose and procedure time while increasing overall
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To explore the feasibility of real-time continuous image-guided ERCP.
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Continuous image-guided ERCP was applied in the biliary phantom with low registration and tracking
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Research perspectives
Clinical studies are needed to determine if this image-guided ERCP strategy could improve technical
success while reducing radiation exposure and contrast agent administration during ERCP.
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Abstract

BACKGROUND
The efficacy of conversion therapy for patients with unresectable hepatocellular
carcinoma (HCC) is a common clinical concern.

AIM

To analyse the prognostic factors of overall survival (OS) in patients with
unresectable HCC who received conversion therapy.

METHODS

One hundred and fifty patients who met the inclusion criteria were enrolled and
divided into a training cohort (n = 120) and a validation cohort (n = 30). Using the
independent risk factors in the training cohort, a nomogram model was
constructed to predict OS for patients treated with transarterial chemoembol-
ization following hepatic resection. The nomogram was internally validated with
the bootstrapping method. The predictive performance of nomogram was
assessed by Harrell’s concordance index (C-index), calibration plot and time-
dependent receiver operating characteristic curves and compared with six other
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conventional HCC staging systems.

RESULTS

Multivariate Cox analysis identified that albumin, blood urea nitrogen, gamma-glutamyl
transpeptidase to platelet ratio, platelet to lymphocyte ratio, macrovascular invasion and tumour
number were the six independent prognostic factors correlated with OS in nomogram model. The
C-index in the training cohort and validation cohort were 0.752 and 0.807 for predicting OS, which
were higher than those of the six conventional HCC staging systems (0.563 to 0.715 for the training
cohort and 0.458 to 0.571 for the validation cohort). The calibration plots showed good consistency
between the nomogram prediction of OS and the actual observations of OS. Decision curve
analyses indicated satisfactory clinical utility. With a total nomogram score of 196, patients were
accurately classified into low-risk and high-risk groups. Furthermore, we have deployed the
model into online calculators that can be accessed for free at https://ctmodelforunresect-
ablehcc.shinyapps.io/DynNomapp/.

CONCLUSION

The nomogram achieved optimal individualized prognostication of OS in HCC patients who
received conversion therapy, which could be a useful clinical tool to help guide postoperative
personalized interventions and prognosis judgement.

Key Words: Hepatocellular carcinoma; Conversion therapy; Nomogram; Inflammation; Transarterial
chemoembolization

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We developed and validated a prognostic nomogram based on inflammation-related biomarkers
for patients with unresectable hepatocellular carcinoma after conversion therapy. The proposed conversion
therapy model shows increased accuracy, good clinical utility, and better prognostic performance
compared with conventional staging systems. Based on the total predictive risk scores, the patients were
classified into two groups: low-risk (score < 196) and high-risk group (score > 196), to guide
postoperative adjuvant interventions and follow-ups. Furthermore, we have made this prognostic
nomogram online for free use (https://ctmodelforunresectablehcc.shinyapps.io/DynNomapp/).

Citation: Wu JL, Luo JY, Jiang ZB, Huang SB, Chen GR, Ran HY, Liang QY, Huang MS, Lai LS, Chen JW.
Inflammation-related nomogram for predicting survival of patients with unresectable hepatocellular carcinoma
received conversion therapy. World J Gastroenterol 2023; 29(20): 3168-3184

URL: https://www.wjgnet.com/1007-9327/full/v29/i20/3168.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i120.3168

INTRODUCTION

Hepatocellular carcinoma (HCC), the most common type of primary liver cancer, ranks as the sixth most
prevalent malignancy and third leading cause of cancer-related deaths worldwide[1]. More so than
other cancers, hepatitis B virus (HBV) infection is a hallmark of HCC, with 70%-90% of diagnoses
occurring with a background of cirrhosis in highly prevalent Asian countries[2]. Hepatic resection (HR)
is deemed the most efficacious therapeutic option for patients diagnosed with early to intermediate
stages of HCC. Unfortunately, the majority of Chinese patients with HCC are diagnosed at intermediate
or advanced stages with massive or multifocal lesions. Nevertheless, HR is possible for a minority of
carefully selected patients with the help of a “conversion therapy” strategy, which refers to conversion
of an unresectable HCC to achieve adequate tumour shrinkage and downstaging to undergo HR.
However, only a limited number of meticulously screened patients with intermediate or advanced stage
HCC qualify for HR.

As per the Barcelona Clinic Liver Cancer (BCLC) staging system, transarterial chemoembolization
(TACE) is recommended as the first-line treatment for intermediate stage HCC and has been extensively
investigated and widely acknowledged as an effective approach for conversion therapy[3]. Previous
studies have demonstrated that HR after local treatments, such as TACE, hepatic artery infusion
chemotherapy and radiotherapy with or without other systemic therapeutic measures, can improve
tumour shrinkage as well as downstaging. Moreover, these treatments have been shown to enhance
patient survival rates without causing significant complications[4-7]. While TACE could potentially
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provide surgical options to previously ineligible HCC patients, its high incidence of short-term
recurrence remains a significant challenge for conversion therapy. Meanwhile, active conversion
strategies to increase the volume of future liver remnant and planning for patients who cannot achieve
RO resection are worth greater consideration. Thus, the development of a validated clinical risk score
based on preoperative indices to assess those at high risk of recurrence and death may help formulate
optimal management strategies and prevent disease progression.

Links between inflammation and the development of cancer are well established, and HCC is one of
the most classic inflammation-linked tumours. During liver inflammation, inflammatory cells and
mediators are present before hepatocarcinogenesis and prompt the malignant activity of cancer cells.
Additionally, a persistent cancer-related inflammatory microenvironment leads to immune suppression,
which promotes the development of HCC[8]. Recently, numerous previous studies have indicated that
preoperative inflammatory biomarkers can be capable of predicting HCC prognosis after HR[9,10]. A
previous study by Wang et al[9] assessed the prognostic value of inflammation-related markers prior to
surgery and demonstrated their high effectiveness in predicting survival after surgical resection of
HCC. In addition, the researchers concluded that two inflammation-related markers, gamma-glutamyl
transpeptidase (GGT) to platelet ratio (GPR) and neutrophil to lymphocyte ratio (NLR), were
independently associated with prognosis. However, it is unclear whether preoperative inflammatory
biomarkers have a high efficacy in predicting the overall survival (OS) of unresectable HCC patients
following conversion therapy.

Nomograms have recently been used as an easy-to-operate predictive tool in HCC and have
compared favorably to traditional tumour staging systems[10,11]. However, studies focusing on inflam-
matory biomarkers for the prognosis of HCC treated with TACE following HR are rare. Therefore, the
aim of this study was to develop a conversion therapy model (CT model) that combined clinical factors,
tumour radiologic features, inflammation biomarkers and TACE strategy for prognosis in patients with
unresectable HCC successfully treated with conversion therapy. A browser-based calculator was
developed to conveniently help guide individualized follow-up. A precise estimation of OS prognosis
can assist clinical surgeons in selecting more appropriate therapeutic measures for recurrent patients
through risk-benefit analysis.

MATERIALS AND METHODS
Study population and design

This study was conducted in accordance with the Declaration of Helsinki and approved by the Institu-
tional Review Board of Ethical Committee of the Third Affiliated Hospital of Sun Yat-sen University
(No. [12023-027). Due to the retrospective design of this study, written informed consent from patients
was waived. Consecutive Chinese adult individuals with pathologically confirmed primary
unresectable HCC who were treated with TACE following HR in our institution from January 2011 to
July 2020 were enrolled. The inclusion criteria were as follows: (1) Age between 18 years and 80 years;
(2) pathologically proven HCC; and (3) unresectable HCC according to the Chinese expert consensus
and acceptance of TACE as the conventional therapy following HR[3]. The exclusion criteria were as
follows: (1) Extrahepatic metastasis; (2) history of other malignancies; (3) previous anticancer therapy;
(4) current or recent system infection disease and incomplete clinical data; and (5) death or loss to
follow-up within 30 d after resection. One hundred fifty patients from our center were included in this
study and randomly assigned to a training cohort (n = 120) and a validation cohort (n = 30). The flow
chart of patient selection is shown in Supplementary Figure 1.

Data collection and preoperative examination

For each patient, the following clinical parameters were collected: (1) Preoperative patient characteristics
(age, sex, factor of HCC, aetiology of HCC, ascites, and Child-Pugh class); (2) TACE technique [conven-
tional-TACE (cTACE) or drug eluting bead-TACE (DEB-TACE)] and number of TACE treatments; (3)
baseline laboratory data, including alpha fetoprotein (AFP) level, white blood cell count, haemoglobin
level, platelet count, neutrophil count, lymphocyte ratio, monocyte ratio, neutrophil ratio, aspartate
aminotransferase (AST) level, alanine aminotransferase level, GGT level, albumin (ALB) level, total
bilirubin level, blood urea nitrogen (BUN) level, serum creatinine level, urea level and prothrombin
time (PT); (4) inflammation biomarkers, including GPR, NLR, lymphocyte to monocyte ratio, prognostic
nutritional index, platelet to lymphocyte ratio (PLR), systemic immune inflammation index, neutrophil
times GGT-to-lymphocyte ratio, AST to platelet ratio index, AST to neutrophil ratio index, and AST (the
detailed formulas of inflammation biomarkers are summarized in Supplementary Table 1); (5) baseline
tumour radiologic features [tumour number, largest tumour diameter, tumour capsule, macrovascular
invasion (MVI)]; and (6) surgical factors (resection margin and blood transfusion).

TACE procedure and HR

The ¢cTACE or DEB-TACE procedure was performed according to our previously reported protocol[12].
Repeated TACE was implemented according to a multidisciplinary treatment board (consisting of
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interventional radiologists, liver surgeons, and medical oncologists) during the follow-up periods and
after in-depth discussion with the patient. HR was performed according to the liver surgeons’
assessment that the unresectable HCC had transformed into radically operable HCC. HR was
performed by clinicians who possessed more than ten years of experience in hepatectomy. Under
general anesthesia, HR was conducted through an L-shaped laparotomy or bilateral subcostal incision
with a midline extension. Intraoperative ultrasound (US) was performed as standard practice to assess
tumor burden, liver remnant, and resection margin[13]. Curative resection was defined as complete
remove of all tumor nodules with no residual tumor margin (RO resection), which was confirmed
through pathological examination.

Follow-up and assessment

All patients were monitored in the first month post HR, then at three-month intervals for the first two
years, and bi-annual assessments thereafter. During each follow-up, routine blood tests, liver function
tests, AFP and imaging examinations (abdominal contrast-enhanced magnetic resonance imaging and
computed tomography) were performed. Follow-up ended in July 2022. OS was described as the period
from the initial TACE treatment to death attributable to any cause, and patients alive at the end of
follow-up were recorded as censored.

Statistical analysis

The statistical analyses were conducted using R software (Version 4.2.1, http:/ /www.r-project.org).
Categorical variables are presented as n (%) and were compared using the chi-square test or Fisher’s
exact test. Continuous variables are reported as the mean + SD, compared by Student’s ¢ test, or median
(interquartile range, IQR), compared by the Mann-Whitney U test. We determined the optimal cut-off
value for continuous variables and inflammation biomarkers, except AFP and tumour diameter, based
on the outcome of OS among all patients, using the “surv_cutpoint” function form the “survminer” R
package. OS was calculated using the Kaplan-Meier method, and the log-rank test was used to construct
survival curves. Univariate and multivariate Cox proportional hazard regression were conducted to
select the independent factors of OS. All factors with P < 0.1 in univariate Cox regression were selected
for multivariate Cox regression. The nomograms were created using multivariate analysis in the
training cohort. The final model selection for the nomograms was determined by a backwards step-
down process with the Akaike information criterion.

The predictive performance was measured by the concordance index (C-index) and time-dependent
area under the curve (AUC). To assess the clinical utility of the nomogram, decision curve analysis
(DCA) was performed by quantifying the net benefits relative-e to six other conventional HCC staging
systems (including BCLC[14], American Joint Committee on Cancer Tumour-Node-Metastasis eighth
edition (AJCC TNM 8%)[15], China liver cancer staging (CNLC)[16], Japan integrated staging (JIS)[17],
Cancer of the Liver Italian Program (CLIP)[18] and Okuda staging system[19]). The total score of
nomogram was used to categorize patients into low-risk and high-risk groups using X-tile[20]. A 2-
sided P value of less than 0.05 in multivariate Cox regression was considered statistically significant.

RESULTS

Baseline characteristics

A total of 150 patients were recruited in this study and randomly divided into training (n = 120) and
validation (n = 30) cohorts in an 8:2 ratio. The baseline characteristics of patients in the training and
validation cohorts are summarized in Table 1. Among all patients, the mean age was 52.1 years (SD:
11.9), 128 (85.3%) patients were male, and 134 (89.3%) patients were HBsAg positive. Regarding TACE
techniques, a total of 100 (66.7%) patients received cTACE therapy. In terms of surgical aspects, a
resection margin larger than 1 cm was present in 133 patients (88.7%). Fifty-two patients (34.7%)
required a blood transfusion during the perioperative period. The median size of the largest intrahepatic
tumours was 62.5 mm (range: 10.0-191.0), and 100 (66.7%) were larger than 5.0 cm. More than half of the
patients (n = 96, 64.0%) were with solitary tumour. Tumour radiologic features showed that well-
defined tumour capsule, satellite nodules, and MVI were observed in 110 (73.3%), 36 (24.0%) and 68
(45.3%) patients, respectively. There were no statistically significant differences in baseline clinicopatho-
logical features between the training and validation cohorts.

Overall survival

In this study, the median follow-up was 31.5 (range: 4.0-112.0) months. The median survival of the
entire cohort was 54 [95% confidence interval (CI): 42-95] mo (Figure 1A). The 1-, 2-, and 3-year OS rates
for the training and validation cohorts were 87.5%, 49.3%, 44.2%, and 83.3%, 66.7%, 53.3%, respectively
(Figure 1B and C). There was no significant difference observed in OS between the training and
validation cohorts [mean OS 37.9 (range, 4-112) mo vs 38.0 (range, 5-93 mo, P = 0.7].
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Table 1 Demographics and clinical characteristics of hepatocellular carcinoma patients

Variables Training cohort (n = 120) Validation cohort (n = 30) Overall cohort (n = 150) P value
Patient factors
Age [yr, mean 51.5 (12.1) 54.4 (10.9) 52.1 (11.9) 0.419
(SD)]
Sex, male/female 104/16 (86.7% /13.3%) 24/6 (80.0%/20.0%) 128/22 (85.3%/14.7%) 0.526
Etiology, 109/11 (90.8%/9.2%) 25/5 (83.3%/16.7%) 134/16 (89.3%/10.7%) 0.39
HBV/other
Ascites, yes/no  20/100 (16.7% /83.3%) 7/23(23.3%/76.7%) 27/123 (18.0%/82.0%) 0.559
Child-Pugh, A/B  114/6 (95.0%/5.0%) 29/1 (96.7%/3.3%) 143/7 (95.3%/4.7%) 1
Laboratory parameters
AFP (ng/mL, < 68/52 (56.7%/43.3%) 15/15 (50.0% /50.0%) 83/67 (55.3%/44.7%) 0.652
200/> 200)
HGB [g/dL, 139 (72, 838) 139 (100, 162) 139 (72, 838) 0.714
median (min,
max)]
PLT [count, x 10° 197 (70, 950) 189 (97, 370) 192 (70, 950) 0.873
/L, median (min,
max)]
AST [U/L, 36.0 (2, 471) 33.0 (16, 251) 35.0 (2, 471) 0.925
median (min,
max)]
ALT [U/L, 34.0 (9, 423) 29.0 (12, 329) 34.0 (9, 423) 0.541
median (min,
max)]
ALB (g/L,<35/> 18/102 (15.0%/85.0%) 2/28 (6.7%/93.3%) 20/130 (13.3%/86.7%) 0.368
35)
TB [pmol/L, 125 (3.2,28.2) 12.9 (4.3, 30.9) 12.7 (3.2, 30.9) 0.996
median (min,
max)]
GGT [U/L, 59.5 (15, 435) 57.0 (22, 375) 59.0 (15, 435) 0.987
median (min,
max)]
BUN (mmol/L, < 109/11 (90.8%/9.2%) 26/4 (86.7%/13.3%) 135/15 (90.0%/10.0%) 0.734
6.7/>6.7(
Creatinine 77.6 (23, 218) 74.0 (43, 110) 77.0 (23, 218) 0.263
[pmol /L, median
(min, max)]
UA [pmol/L, 335 (172, 680) 329 (143, 572) 334 (143, 680) 0.899
median (min,
max)]
PT [s, median 13.6 (11.1, 16.5) 13.6 (12.1, 15.6) 13.6 (11.1, 16.5) 0.212
(min, max)]
Tumor factors
Tumor number  80/22/18 (66.7% /18.3%/15.0%) 16/7/7 (53.3%//23.3%/23.3%) 96/29/25 (64.0%/19.3%/16.7%)
(1/2/23)
Tumor size (cm,  39/81 (32.5%/67.5%) 11/19 (36.7%/63.3%) 50/100 (33.3%/66.7 %) 0.829
<5/>5)
MVI, yes/no 55/65 (45.8% /54.2%) 13/17 (43.3% /56.7%) 68/82 (45.3%/54.7%) 1
Tumor capsule,  29/91 (24.2%/75.8%) 11/19 (36.7%/ 63.3%) 40/110 (26.7%/73.3%) 0.249
ill-defined / well-
defined
Satellite nodules, 26/94 (21.7%/78.3%) 10/20 (33.3%/66.7 %) 36/114 (24.0%/76.0%) 0.272
yes/no
Surgical factors
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TACE (c- 79/41 (65.8%/34.2%) 21/9 (70.0%/30.0%) 100/50 (66.7% /33.3%) 0.829

TACE/DEB-

TACE)

Resection Margin 13/107 (10.8% /89.2%) 4/26 (13.3%/86.7%) 17/133 (11.3%/88.7 %) 0.949

(cm, <1/21)

Blood 38/82 (31.7%/68.3%) 14/16 (46.7%/53.3%) 52/98 (34.7%/65.3%) 0.184

transfusion,

yes/no

Conventional staging system

AJCC (I/11/11I) 42/20/58 (35.0%/16.7%/48.3%) 10/4/16 (33.3%/13.3% /53.3%) 52/24/74 (34.7%/16.0%/49.3%) 0.889

BCLC (A/B/C)  31/35/54 (25.8%/29.2% /45.0%) 10/7/13 (33.3%/23.3%/43.3%) 41/42/67 (27.3%/28.0% /44.7 %) 0.678

CNLC (I/11/10I)  47/19/54 (39.2%/15.8% /45.0%) 12/5/13 (40.0%/16.7% /43.3%) 59/24/67 (39.3%/16.0% /44.7 %) 1

Okuda (I/II/II)  65/54/1 (54.2%/45.0% /0.8 %) 15/15/0 (50.0% /50.0% /0%) 80/69/1 (53.3%/46.0% /0.7 %) 0.749

JIS(0/1/2/3/4) 1/42/55/21/1 0/10/12/8/0 1/52/67/29/1 0.716
(0.8%/35.0%/45.8% /17.5% /0.8 %) (0%/33.3%/40.0% /26.7%/0%) (0.7%/34.7%/44.7% /19.3% /0.7 %)

CLIP 27/28/35/21/9 7/7/9/4/3 34/35/44/25/12 0.962

0/1/2/3/4) (22.5%/23.3%/29.2%/17.5% /7.5%) (23.3%/23.3%/30.0%/13.3%/10.0%) (22.7%/23.3%/29.3%/16.7% /8.0%)

Inflammation index

GPR (£0.38/> 66/54 (55.0% /45.0%) 18/12 (60.0% /40.0%) 84/66 (56.0% /44.0%) 0.773

0.38)

LMR (£2.39/> 26/94 (21.7%/78.3%) 6/24 (20.0%/80.0%) 32/118 (21.3%/78.7%) 1

2.39)

NLR (£2.00/> 60/60 (50.0% /50.0%) 16/14 (53.3% /46.7 %) 76/74 (50.7% /49.3%) 0.903

2.00)

PLR (< 84.38/> 35/85(29.2%/70.8%) 13/17 (43.3%/56.7 %) 48/102 (32.0%/68.0%) 0.204

84.38)

NrLR (< 644.61/> 106/14 (88.3%/11.7%) 28/2(93.3%/6.7%) 134/16 (89.3%/10.7%) 0.643

644.61)

APRI (£0.30/> 91/29 (75.8%/24.2%) 20/10 (66.7%/33.3%) 111/39 (74.0% /26.0%) 0.429

0.30)

ANRI (£4.76/>  10/110 (8.3%/91.7%) 4/26 (13.3%/86.7 %) 14/136 (9.3%/90.7 %) 0.623

4.76)

ALRI (£41.96/> 97/23 (80.8%/19.2%) 24/6 (80.0%/20.0%) 121/29 (80.7%/19.3%) 1

41.96)

PNI (£52.62/> 93/27 (77.5%/22.5%) 22/8 (73.3%/26.7%) 115/35 (76.7%/23.3%) 0.809

52.62)

SII (<336.22/> 48/72 (40.0%/60.0%) 13/17 (43.3%/56.7 %) 61/89 (40.7%/59.3%) 0.901

336.22)

AFP: An alpha fetoprotein; HGB: Hemoglobin; PLT: Platelet; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; GGT: Gamma-glutamyl
transpeptidase; ALB: Albumin; TBIL: Total bilirubin; BUN: Blood urea nitrogen; UA: Uric acid; PT: Prothrombin time; MVI: Microvascular invasion; TACE:
Transarterial chemoembolization; cTACE: Conventional TACE; DEB-TACE: Drug-eluting beads TACE; GPR: Gamma-glutamyl transpeptidase to platelet
ratio; LMR: Lymphocyte to monocyte ratio; NLR: Neutrophil to lymphocyte ratio; PLR: Platelet to lymphocyte ratio; NrLR: Neutrophil times GGT-to-
lymphocyte ratio; APRI: Aspartate aminotransferase to platelet ratio index; ANRI: AST to neutrophil ratio index; ALRI: AST to lymphocyte ratio index;
PNI: Prognostic nutritional index; SII: Systemic immune-inflammation index.

Independent risk factors and development of the prognostic nomogram

Univariate and multivariate Cox regression analyses were performed in 120 patients from the training
cohort to determine the risk factors associated with OS (Supplementary Table 2). As previously
described, the optimal cutoff values for inflammation biomarkers were recorded (Supple-
mentary Table 3). Briefly, multivariate analysis identified that preoperative ALB level, BUN level, GPR,
PLR, MVI and tumour number were independent risk factors associated with OS (Figure 2). All of these
significant independent factors of OS were incorporated into the nomogram (Figure 3A). In addition, a
mobile online tool was built to facilitate clinical application, available at https://ctmodelforunresect-
ablehcc.shinyapps.io/DynNomapp/ (Figure 3B).
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Figure 1 Overall survival for unresectable hepatocellular carcinoma patients accepted conversion therapy. A: Entire cohort; B: Training cohort;

C: Validation cohort.
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Figure 2 Forest plot for multivariance cox analysis of overall survival in the training cohort. CI: Confident interval; MVI: Macrovascular invasion;
ALB: Albumin; BUN: Blood urea nitrogen; GPR: Gamma-glutamyl transpeptidase to platelet ratio; PLR: Platelet to lymphocyte ratio.

Validation of the prediction CT model
Bootstrapping with 1000 resamples in the primary training cohort revealed good predictive
performance for OS, resulting in a C-index of 0.752 (95%CI: 0.688-0.815). The AUC in predicting the 1-,
2-, and 3-year OS rates were 0.779 (95%CI: 0.0.646-0.912), 0.801 (95%CI: 0.693-0.908) and 0.839 (95%CI:
0.748-0.931) in the training cohort and 0.872 (95%CI: 0.682-0.951), 0.892 (95%CI: 0.753-0.974) and 0.876
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Figure 3 Conversion therapy model for unresectable hepatocellular carcinoma patients accepted conversion therapy. A: A constructed
nomogram for predicting 1-, 2-, 3-year overall survival; B: Screenshot of the online individualized prediction tool based on the overall survival nomogram model. OS:
Overall survival; MVI: Macrovascular invasion; BUN: Blood urea nitrogen; GPR: Gamma-glutamyl transpeptidase to platelet ratio; PLR: Platelet to lymphocyte ratio.

(95%CI: 0.727-0.962) in the validation cohort, respectively (Figure 4A and B). Accordingly, the C-index
in the validation cohort reached 0.807 (95%ClI: 0.705-0.908), while the calibration plot for the probability

of OS at1, 2, and 3 years depicted a favorable concordance between the predicted and actual outcomes
(Figure 4C).
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Figure 4 The receiver operating characteristic curves, calibration curve and decision curve analysis curves of the model. A and B: Receiver
operating characteristic for overall survival in the training (A) and validation cohort (B), respectively; C: Calibration curve plots of nomogram for predicting 1-year, 2-
year and 3-year probability of survival in the training cohort. OS: Overall survival; AUC: Area under the curve.
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Comparison of model predictive performance

The discrimination power of the nomogram and common staging systems were compared by the C-
index and time-dependent AUC (1, 2, and 3 years). In both the training and validation cohorts, the
predictive performance of the CT model was superior to that of the other six conventional HCC staging
systems (P < 0.01, Figure 5A and B, Supplementary Table 4). DCA indicated a good net benefit
compared with six other conventional HCC staging systems at 1, 2 and 3 years after conversion therapy
in the training cohort (Figure 5C-E).

Risk stratification based on nomogram scores and prognostic assessment

The patients were categorized into two groups based on their overall predictive risk score: Low risk
(score < 196) and high risk (score > 196). The distribution of clinical features and corresponding risk
scores in each patient are presented in Figure 6A. The OS curves exhibited significant discrimination
between the low-risk and high-risk groups among the entire (P < 0.001), training (P < 0.001) and
validation (P = 0.041) cohorts (Figure 6B-D). Additionally, given that inflammation biomarkers are
associated with postoperative prognosis, we found that high values of both GPR and PLR were
significantly correlated with worse prognostic outcomes in patients after conversion therapy. The low-
GPR group exhibited higher 1-, 2-, and 3-year OS rates compared to the high-GPR group (0.93, 0.69, and
0.54 vs 0.79, 0.55, and 0.36, P = 0.038). Similarly, the low-PLR group demonstrated greater 1-, 2-, and 3-
year OS rates in contrast to the high-PLR group (0.92, 0.73, and 0.58 vs 0.84, 0.58, and 0.40, P = 0.01)
(Figure 7A and B). Besides, individuals who exhibited MVI demonstrated an inferior prognosis in
contrast to those without vascular invasion (Figure 7C).

DISCUSSION

Conversion therapy is a new therapeutic strategy for individuals diagnosed with HCC at an advanced
stage and who may not initially be suitable for radical surgery. Several studies have shown that patients
with unresectable HCC who underwent conversion following surgical excision have a much longer OS
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Figure 5 Comparison of model predictive performance in predicting overall survival. A: Comparison of concordance index between conversion
therapy (CT) model and traditional staging systems in the training cohort; B: Comparison of time-dependent areas under receiver operating characteristic curve
between CT model and other staging systems in the training cohort; the decision curve analysis curve compared the clinical practicability of the CT model and other
six conventional hepatocellular carcinoma staging systems; C-E: 1-year (C), 2-year (D) and 3-year (E) survival benefit in the training cohort. AUC: Areas under
receiver operating characteristic curve; CT: Conversion therapy; CNLC: China liver cancer staging; CLIP: Cancer of the Liver ltalian Program; JIS: Japan integrated
staging; BCLC: Barcelona Clinic Liver Cancer; AJCC: American Joint Committee on Cancer.
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than those who received palliative treatments such as TACE[3,6,21]. Furthermore, 5-year survival rates
for patients with unresectable HCC after conversion therapy (25%-57%) are comparable to those for
patients with resectable HCC (30%-60%)[22]. Previous studies have developed prognostic models using
preoperative factors to predict postoperative outcomes of early-stage HCC patients after curative
resection that achieved good results[9-11], but it remains unclear in the CT model. In this study, we
developed and validated a CT model that could accurately predicts prognosis for patients with
unresectable HCC treated with TACE following HR.

The nomogram demonstrated great accuracy in predicting conversion therapy outcomes of patients
with unresectable HCC. The nomogram developed in our study achieved AUC of 0.779, 0.801, and 0.839
in the training cohort and 0.872, 0.892 and 0.876 in the validation cohort, which were superior to those of
the other six conventional HCC staging systems. DCA was also performed and revealed that the
nomograms have good clinical utility in patients with unresectable HCC who received the CT model.

Using the nomogram score, clinicians can classify unresectable HCC patients into low- and high-risk
groups. Effective postoperative therapeutic management and intensive clinical follow-up can be guided
for high-risk individuals following this strategy. Additionally, a web-based dynamic nomogram
provides a well-calibrated tool for predicting future clinical outcomes.
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Figure 6 A Heatmap presents the distribution of corresponding risk score and clinical feature in each patient within high and low risk groups. A: It shows that the patients in low-risk group have more favourable prognosis;
B-D: Kaplan-Meier survival curves for patients with low and high risk stratified by the total nomogram score in the entire cohort (B), training cohort (C), and validation cohort (D). 2P < 0.05, °P < 0.01, °P < 0.001 was considered significant. ALB: Albumin;

MVI: Macrovascular invasion; BUN: Blood urea nitrogen; GPR: Gamma-glutamyl transpeptidase to platelet ratio; PLR: Platelet to lymphocyte ratio; CNLC: China liver cancer staging; CLIP: Cancer of the Liver Italian Program; JIS: Japan integrated
staging; BCLC: Barcelona Clinic Liver Cancer; AJCC: American Joint Committee on Cancer.

The present study combined liver and renal function factors, tumour burden and inflammation
biomarkers (six significantly independent predictors: ALB, BUN, MVI, tumour number, GPR, and PLR)
to establish a more comprehensive model and construct a nomogram CT model that could accurately
predict the prognosis for patients with unresectable HCC after conversion therapy. Our findings are
consistent with research in previous HCC populations that lower ALB level, MVI presence and multiple
tumours were risk factors for long-term survival in patients with unresectable HCC with the CT model
[10,23-26].

In terms of clinical utility, the prediction ability of the CT model was significantly improved
compared with that of six conventional staging systems (AJCC TNM 8", CNLC, JIS, CLIP, Okuda, and
BCLC staging systems) in both the training and validation cohorts (Figure 5). The conventional staging
systems mainly contain factors that may only take certain aspects of the tumour into consideration.
Previous studies have noted that inflammatory biomarker combination scores have promising
prognostic values in predicting patient survival for different HCC stages in various therapeutic
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Figure 7 Kaplan-Meier survival curves for patients with different level of gamma-glutamyl transpeptidase to platelet ratio, platelet to

lymphocyte ratio, macrovascular invasion, and blood urea nitrogen in the entire cohort. A: Gamma-glutamy! transpeptidase to platelet ratio; B:
Platelet to lymphocyte ratio; C: Macrovascular invasion; D: Blood urea nitrogen.
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modalities[27,28], indicating that combining these potential indicators would greatly improve the
model’s predictive abilities. Meanwhile, the AUC for the prediction of the 1-, 2-, and 3-year OS rates
reached 0.755, 0.750, and 0.838 in the training cohort when we only used clinical information (MVI, ALB,
tumour number and BUN) to develop a model, and they were unable to perform robustly in the
validation cohort (Supplementary Figure 2). Hence, we constructed a nomogram CT model with clinical
information (ALB, BUN, MVI, tumour number) and inflammation biomarkers (PLR and GPR).

PLR and GPR have been reported to be risk indicators of prognosis for OS in previous studies[10,29].
Meanwhile, high GPR was also proven to be an independent risk factor for HCC development and
recurrence[30-32]. Our findings indicate that the high-PLR (> 84.38) and high-GPR (> 0.38) groups had
significantly lower 12-, 24-, and 36-mo survival rates. Since inflammatory factors in the tumor microen-
vironment are crucial for HCC therapies, this information can assist clinicians in devising follow-up
regimens and postoperative therapies for HCC patients at high or low risk of tumor recurrence after
hepatectomy.

We also found that BUN was an independent prognostic factor in this study. Renal function
impairment represents a clinically significant event in cirrhosis patients[33]. Preoperative renal
dysfunction with high levels of BUN may lead to the development of major complications such as
intractable ascites and spontaneous bacterial peritonitis (SBP). Moreover, the development of
hepatorenal impairment is strongly associated with circulatory dysfunction, which can lead to various
complications such as complicated or refractory ascites, SBP, hyponatremia and hepatorenal syndrome,
and a high risk of mortality[34]. In clinical practice, serum creatinine concentration is generally used to
assess kidney function in patients with liver diseases, which is also a major prognostic factor of cirrhosis
included in the Model for End-Stage Liver Disease. However, several reports have shown that BUN
levels have greater prognostic accuracy than serum creatinine concentrations[35-37]. In this study, our
findings also showed that high BUN levels were related to worse liver function stage and poor OS
outcomes (Figure 7D). Further research is needed to better understand this factor in advanced HCC and
better classify and manage patients after conversion therapy.

While this nomogram CT model performed well, we do acknowledge a few potential limitations to
this study. First, the nomogram was formulated based on a relatively small sample size obtained from
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our single institution, which unavoidably led to selection bias. Further prospective and multicenter
cohorts are required to evaluate its performance. Second, statistical power may be limited because
several routine clinical variables were not included in our study. Because our study was retrospective,
there were variations in performance score, body mass index, dosage and type of injected drugs during
TACE, as well as postoperative treatments, among patients. To further bolster our findings, it is
necessary to conduct larger and multicenter prospective cohorts. Hence, we will undertake additional
research that incorporates more complete clinicopathological information, treatment details, and
postoperative treatment modalities to improve the predictive performance of our model. Third, this
study was mainly based on HBV-infected patients. Our results may not be applicable in different
geographic regions and aetiologies. Fourth, systematic bioinformatic analyses were not included in this
nomogram, which showed excellent predictive ability for early-stage HCC patients[38,39]. We will
therefore develop a robust prognostic model that integrates both clinical parameters and multi-omics
biomarkers to facilitate an understanding of HCC from a biological perspective and contribute to
tailoring therapeutic strategies. Despite these limitations, we believe that our work is meaningful for
individualized management in HCC patients following conversion therapy.

CONCLUSION

We developed and validated a prognostic nomogram combined with inflammation biomarkers for
patients with unresectable HCC after conversion therapy. The proposed CT model shows increased
accuracy, good clinical utility, and better prognostic performance than conventional staging systems.
Furthermore, we have uploaded this prognostic nomogram online for free use (https://ctmodelforunre-
sectablehcc.shinyapps.io/ DynNomapp/).

ARTICLE HIGHLIGHTS

Research perspectives

Larger and multicentre prospective cohorts were required to further strengthen our results. We will
conduct further investigation that incorporates more complete clinicopathological information,
treatment details, and postoperative treatment modalities to improve the predictive performance of our
model.

Research conclusions

The nomogram achieved optimal individualized prognostication of OS in HCC patients who received
conversion therapy. It could be a useful clinical tool to help guide postoperative personalized
interventions and prognosis judgement.

Research results

Multivariate Cox analysis identified that albumin, blood urea nitrogen, gamma-glutamyl transpeptidase
to platelet ratio, platelet to lymphocyte ratio, macrovascular invasion and tumour number were the six
independent prognostic factors correlated with OS in nomogram model. The C-indices in the training
cohort and validation cohort were 0.752 and 0.807 for predicting OS, which were higher than those of
the six conventional HCC staging systems (0.563 to 0.715 for the training cohort and 0.458 to 0.571 for
the validation cohort). We have deployed the model into online calculators that are freely available at
https:/ / ctmodelforunresectablehcc.shinyapps.io/ DynNomapp/.

Research methods

All patients met the inclusion criteria were enrolled and divided into training and a validation cohort.
Using the independent risk factors in the training cohort, nomogram models were constructed to predict
OS for patients treated with transarterial chemoembolization following HR. The nomograms were
internally validated with the bootstrapping method. The predictive performance of the nomograms was
assessed by Harrell’s concordance index, calibration plot and time-dependent receiver operating charac-
teristic curves and compared with six other conventional HCC staging systems.

Research objectives
To develop a nomogram to help guide postoperative personalized interventions and prognosis
judgement.

Research motivation
To investigate the prognostic factors of overall survival (OS) in patients with unresectable HCC who
received conversion therapy.
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Research background

Hepatocellular carcinoma (HCC) is the sixth most common malignancy and the third leading cause of
cancer-related mortality worldwide. Hepatic resection (HR) is the best therapeutic option for patients
with early- and some intermediate-stage HCC. Unfortunately, the majority of Chinese patients with
HCC are diagnosed at intermediate or advanced stages with massive or multifocal lesions. HR is
possible for a minority of carefully selected patients with the help of a “conversion therapy” strategy,
which refers to conversion of an unresectable HCC to achieve adequate tumour shrinkage and
downstaging to undergo HR.
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Abstract

BACKGROUND
Irritable bowel syndrome (IBS) is the most prevalent gastrointestinal disorder in

May 28,2023 | Volume?29 | Issue20 |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v29.i20.3185
mailto:sofie.ingdam.halkjaer@regionh.dk

Halkjeer SI et al. FMT in IBS: A meta-analysis

Jaishideng®

developed countries and reduces patients” quality of life, hinders their ability to work, and
increases health care costs. A growing number of trials have demonstrated an aberrant gut
microbiota composition in IBS, also known as ‘gut dysbiosis’. Fecal microbiota transplantation
(FMT) has been suggested as a treatment for IBS.

AIM
To assess the efficacy and safety of FMT for the treatment of IBS.

METHODS

We searched Cochrane Central, MEDLINE, EMBASE and Web of Science up to 24 October 2022 for
randomised controlled trials (RCTs) investigating the effectiveness of FMT compared to placebo
(including autologous FMT) in treating IBS. The primary outcome was the number of patients with
improvements of symptoms measured using a validated, global IBS symptoms score. Secondary
outcomes were changes in quality-of-life scores, non-serious and serious adverse events. Risk
ratios (RR) and corresponding 95%CI were calculated for dichotomous outcomes, as were the
mean differences (MD) and 95%CI for continuous outcomes. The Cochrane risk of bias tool was
used to assess the quality of the trials. GRADE criteria were used to assess the overall quality of
the evidence.

RESULTS

Eight RCTs (484 participants) were included in the review. FMT resulted in no significant benefit
in IBS symptoms three months after treatment compared to placebo (RR 1.19, 95%ClI: 0.68-2.10).
Adverse events were reported in 97 participants in the FMT group and in 45 participants in the
placebo group (RR 1.17, 95%ClI: 0.63-2.15). One serious adverse event occurred in the FMT group
and two in the placebo group (RR 0.42, 95%ClI: 0.07-2.60). Endoscopic FMT delivery resulted in a
significant improvement in symptoms, while capsules did not. FMT did not improve the quality of
life of IBS patients but, instead, appeared to reduce it, albeit non significantly (MD -6.30, 95%ClI: -
13.39-0.79). The overall quality of the evidence was low due to moderate-high inconsistency, the
small number of patients in the studies, and imprecision.

CONCLUSION
We found insufficient evidence to support or refute the use of FMT for IBS. Larger trials are
needed.

Key Words: Fecal microbiota transplantation; Irritable bowel syndrome; Meta-analysis; Systematic review

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We did not find evidence to support the use of fecal microbiota transplantation (FMT) for
irritable bowel syndrome (IBS) patients outside of clinical trials in this systematic review and meta-
analysis. We report possible beneficial effects when FMT is delivered by endoscopy (colonoscopy or
gastroscopy). FMT appears to be safe compared to placebo in patients with IBS, regardless of route of
administration. Further randomised clinical trials are necessary to clarify the effect, if any, of FMT in IBS.
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INTRODUCTION

Irritable bowel syndrome (IBS) is the most prevalent gastrointestinal disorder in developed countries,
affecting around 11% of the adult population[1]. The condition reduces patients” quality of life, hinders
their ability to work, and increases health care costs[2,3]. A diagnosis of IBS is based on symptoms,
assessed using the Rome criteria, that include abdominal pain and altered bowel habits combined with
the absence of organic or structural causes[4]. The criteria have changed over time and the most recent
are the Rome IV criteria[5]. IBS can be sub-categorised as diarrhoea-predominant, constipation-
predominant, mixed, or unclassified[5]. In most patients, IBS is chronic, with symptoms that fluctuate
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over time.

The pathogenic mechanisms underlying IBS remain more or less unknown. Genetics[6,7], dietary
habits[8], post-infectious conditions[9] and psychological mechanisms[10] are all suspected to be
involved. In recent years an increasing number of trials have demonstrated an aberrant gut microbiota
composition in IBS[11-14], although not all trials report this aberration and descriptions of it vary
between studies[15]. The microbial pathophysiology of IBS remains unknown.

Treating IBS poses a challenge; the syndrome probably represents a heterogeneity of disease
mechanisms, which makes it difficult to develop effective therapeutic strategies[16]. Understanding the
causes of gut dysbiosis in IBS is crucial[17]. Some trials indicate that probiotics and prebiotics can
reduce the symptoms of IBS[18,19]. Fecal microbiota transplantation (FMT) might be an effective
therapeutic intervention in IBS[16,20].

FMT is the transfer of stool from a healthy donor to a patient[21]. FMT has been described as far back
as the fourth century in China[22]. In modern times, the first published FMT treatment is from 1958,
when it was used successfully in four patients with pseudomembranous colitis[23]. Pseudomembranous
colitis is now known to be caused by Clostridioides difficile infection (CDI). Based on subsequent placebo-
controlled studies, FMT is now accepted in daily clinical practice for the treatment of recurrent CDI[24].
In addition, FMT is being investigated as a treatment option in a range of other diseases, e.g., metabolic
syndrome, inflammatory bowel diseases, hepatic encephalopathy and multiple sclerosis[25]. The most
promising results with FMT, apart from treating recurrent CDI, are for the treatment of inflammatory
bowel disease[26-28].

FMT donors can be healthy relatives or anonymous donors. The advantages of the latter are the
possibility of selecting donors with a high microbiota diversity and to store screened donor stool in
freezers, to be made use of for multiple patients[29]. A European consensus report recommends that
donors are chosen based on detailed information about illnesses with a presumed link to intestinal
dysbiosis and rigorous testing of faecal and blood samples to avoid the transfer of infectious diseases
[30].

FMT can be delivered in several ways, including through upper or lower endoscopic procedures, or
by a gastro-duodenal or a rectal tube[31]. Additionally, capsules can release the stool in the small
intestines and have been used successfully for the treatment of CDI[32-34]. In the treatment of recurrent
CD], the highest cure rates have been reported with repeated treatments delivered through lower
endoscopy[35]; FMT has proven highly effective and patients are willing to undergo the treatment[36].

The microbial pathophysiology of IBS is not clearly understood, as microbiota alterations in IBS could
either be a cause of the disease or a consequence of intestinal secretion and motility altered by IBS[37].
The prevailing hypothesis is that FMT might correct the dysbiosis associated with IBS[38,39], leading to
a reversal or improvement of symptoms. Gut dysbiosis in IBS is characterised by a lower diversity of
bacteria in the microbiota and abnormal proportions of specific bacteria as compared to the microbiota
of healthy individuals[37,40]. In IBS and in other patient groups, FMT has resulted in increased bacterial
diversity[41,42] and the coexistence of donor and recipient microbiota strains up to one year after
treatment[43-45]. However, this is a new and developing field of study and the long-term effects of FMT
on the microbiota remain largely unknown, not least of all because donor stools contain many things
other than bacteria.

There is increasing evidence for a connection between gut dysbiosis and IBS[46,47]. The adminis-
tration of FMT by various methods has been described in published case reports and abstracts, as
compiled in an earlier review[48]. A number of smaller trials have examined the effect of FMT on IBS
specifically[49-57], and several randomised controlled trials (RCTs), using different methods of adminis-
tration, have been published with mixed results[43,44,58-63]. The effect of FMT can be difficult to assess
due to the absence of reliable outcome measures and high placebo response rates[64]. The short- and
long-term safety of FMT in patients with IBS is currently unclear.

The objectives of this systematic review were to examine the benefits and harms of FMT vs placebo
(including autologous FMT, i.e., a participant’s own faecal material) for the treatment of patients with
IBS.

MATERIALS AND METHODS

We conducted a systematic review and meta-analysis following the recommendations from the
Cochrane Handbook for Systematic Reviews of Interventions[65]. The systematic review was registered
a priori as a protocol[66].

We included RCTs comparing FMT to placebo for the treatment of IBS, regardless of publication
status and language of publication. For cross-over trials only data from the first intervention were used.
For multi-arm trials only the data from intervention groups relevant to the review were used. We
excluded trials with quasi-random designs and cluster RCTs. Trials with mixed disease populations
were excluded.

Trials were included if their participants were diagnosed with IBS by a physician or according to
accepted, symptom-based diagnostic criteria, such as the Rome III or IV criteria[67] (Supple-
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mentary Table 1). We only included trials that had follow-up after FMT for one week or more.
Participants were included regardless of their gender and age.

FMT could be administered in different ways and at different frequencies as there was no
standardised procedure. Therefore, we included trials irrespective of FMT procedure, in terms of the
quantity of faeces used, the form of faeces (fresh or frozen), the route of administration, the frequency of
treatment (i.e., single vs multiple infusions) and donor selection (relatives or not). Only trials that used
the whole gut microbiome from the donor were included. Trials that used a placebo, or autologous FMT
as a placebo, were included. Trials that used selective microbial communities were excluded.

Primary outcomes

The primary outcome was the proportion of patients experiencing an improvement of symptoms
(patient-reported), as measured by a validated, global IBS symptoms score (e.g., IBS severity scoring
system), as defined by each trial’s organisers.

Secondary outcomes

Secondary outcomes were the change in quality of life, as measured by a validated quality of life
assessment, e.g., IBS-specific quality-of-life (IBS-QoL), the proportion of patients with non-serious
adverse events and serious adverse events according to International Conference on Harmonization-
Good Clinical Practice, and dropouts due to adverse events. Outcomes were measured after three and
six months.

Literature search

We searched Cochrane Central, MEDLINE, EMBASE and Web of Science. No language or publication
date restrictions were applied to the searches. The detailed search strategy is provided in Supplement-
ary Table 2.

We searched the following sources from the inception of each database up until 24 October 2022 and
placed no restrictions on the language of publication (Supplementary Table 2): Cochrane Central (via the
Ovid Evidence-Based Medicine Reviews Database, from inception); MEDLINE (via Ovid from 1946);
and EMBASE (via Ovid from 1974).

We also searched for ongoing trials on ClinicalTrials.gov (https:/ /clinicaltrials.gov/) and the World
Health Organisation International Clinical Trials Registry Platform (https:/ /trialsearch.who.int/).

The reference lists of all trials identified were then scanned for additional relevant trials. We also
contacted the first authors of published and ongoing trials to request recent data or additional data, as
needed.

Data collection and analysis

Two independent authors performed the study selection (BL, SIH). Disagreements were resolved by
consensus using a third author (AMP). The search results were first screened by title and abstract and
subsequently excluded if found non-relevant; the remaining results were screened by full text. Data
were extracted independently by two investigators (BL, SIH). Any discrepancies were resolved by
consensus using a third author (LLG). An attempt to contact the corresponding author by e-mail was
made if data were not available.

A data extraction protocol was developed based on the Cochrane Consumers and Communication
Review Group’s data and results template and refined accordingly[68]. The following information was
extracted from each trial: (1) Author, year of publication, trial design, and study site (country); (2) the
mean or median (SD or IQR) change in symptoms, as measured by IBS scoring systems, at the end of the
trial; (3) the mean or median (SD or IQR) change in quality of life, as measured by IBS quality of life
scoring systems; (4) treatment description (including route of administration, mixed or single donor and
fresh or frozen transplant); (5) reported non-serious adverse events and serious adverse events; and (6)
dropouts due to adverse events.

Assessment of risk of bias in the studies

The risk of bias was independently assessed by two investigators (BL, FC) using the Cochrane risk of
bias tool[69] and the following seven domains were assessed: random sequence generation, allocation
concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete
outcome data, selective reporting, and other sources of bias (Supplementary Table 3).

The risk of bias for each domain was rated as either “high’, “unclear’ or ‘low’. We classified the overall
risk of bias in the trials as low if all the bias domains were classified as being at low risk of bias; we
classified the overall risk as high if one or more of the bias domains were classified as having an unclear
or high risk of bias. Any disagreement was solved by consensus using a third author (LLG).

Data synthesis

We compared the fixed-effects and random-effects estimates of the intervention effect. If the estimates
were similar, we assumed that any small-study effects had a minimal impact on the intervention effect
estimate. If the random-effects estimate showed a larger statistical effect, we re-evaluated whether it
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was reasonable to conclude that the intervention was more effective in the smaller trials. If the larger
trials appeared to be conducted with greater methodological rigour, or were conducted in circumstances
more typical of the use of the intervention in practice, we reported the results of meta-analyses only
from the larger trials.

Based on predictable clinical heterogeneity, we expected that several analyses would show, at a
minimum, moderate heterogeneity (I* > 30%). For random-effects models precision decreases, and
confidence intervals widen, with increasing heterogeneity. We therefore expected the random-effects
model would provide the most conservative (and thus a more accurate) estimate of the intervention
effect. As such, we planned to report the results of our analyses based on meta-analyses of random-
effects models.

Subgroup and sensitivity analysis

We conducted a number of subgroup analyses: fresh vs frozen FMT; quantity of FMT; route of adminis-
tration (upper gastrointestinal tract (e.g., capsulated, nasogastric, nasoduodenal, gastric tube) vs colonic (
e.g., rectal)); type of donor (single vs mixed); frequency of administration (single vs multiple); IBS
subtypes (diarrhoea-predominant, constipation-predominant, or mixed type).

Statistical analyses

We combined data from individual trials for meta-analysis when the interventions, patient groups, and
outcomes were sufficiently similar, using the Review Manager version 5.4.1. Risk ratios (RR) were
calculated for dichotomous outcomes with 95%CI. For continuous outcomes, we calculated the mean
difference (MD) if all studies reported their outcomes using the same scale, and standardised MD with
95%Cl if the studies used different scales to report their outcomes. We extracted data for all randomised
participants and all participants with missing outcome data. Missing data were described, including
dropouts and reasons for dropout, as reported by the authors.

Heterogeneity was assessed through a systematic examination of forest plots and quantified by
calculating I? values. The classification of heterogeneity levels was established using the subsequent
thresholds: 0%-40% (insignificant), 40%-60% (moderate), 60%-80% (substantial), and > 80% (consid-
erable). Additionally, the P value for the chi-squared test was included in the evaluation[66].

The outcomes reported in protocols were compared with published trial reports. In addition, for
direct meta-analyses with at least 10 randomised clinical trials, we assessed reporting biases through
regression analyses and visual inspection of funnel plots from the pairwise meta-analyses.

Assessing the certainty of the evidence

We used the GRADE approach to evaluate the overall certainty of the evidence and we followed the
recommendations of the Cochrane Handbook for Systematic Reviews of Interventions[65]. We classified
the certainty of evidence as “high’, ‘moderate’, ‘low’, or ‘very low’.

High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.

Moderate certainty: We are moderately confident in the effect estimate; the true effect is likely to be
close to the estimate of the effect, but there is a possibility that it is substantially different.

Low certainty: Our confidence in the effect estimate is limited; the true effect may be substantially
different from the estimate of the effect.

Very low certainty: We have very little confidence in the effect estimate; the true effect is likely to be
substantially different from the estimate of the effect.

RESULTS

Trial selection

A search conducted on 24 October 2022 identified 2067 records, which were imported for screening into
the computer program Covidence (https:/ /www.covidence.org/). Of these records, 840 were removed
as duplicates. We screened the titles and abstracts of the remaining 1227. We excluded 1160 reports as
non-relevant. In total, 67 records met the criteria for full-text review.

After reading the full texts, we excluded 45 as they did not fulfil our eligibility criteria. The remaining
22 texts, originating from eight different trials, were included in our systematic review (Figure 1)[43,44,
58-63].

Supplementary Table 2 contains the complete set of search terms used in each electronic database.

A summary of the trials can be found in Table 1; a full description of them is provided in
Supplementary Table 4.
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Table 1 Characteristics of randomised controlled trials of faecal microbiota transplantation for treating irritable bowel syndrome

Trial Sample IBS Inclusion Frequency and Placebo Number
Ref. . Country o route of FMT-content Pretreatment
design size subtypes criteria .. . content of donors
administration
Aroniadis RCT, United 48 (25 1BS-D Moderate-to- 3 d of 25 oral 3 x 25 frozen Non-toxic PPI for three One donor
etal[59],  crossover States FMT vs severe IBS capsules capsules (0.38 g brown days for one
2019 23 symptoms donor pigment patient
placebo) (IBS-SSS > stool/capsule) (four
175) (Openbiome) different
donors)
El-Salhy  RCT, 3 Norway 164 All Moderate-to- ~ Single treatment Once 30 g or 60 Autologous None One donor
etal[60],  parallel (54/30  subtypes  severe IBS via gastroscope  gram of frozen faeces
2020 groups gram symptoms to distal feces in sterile
FMT, (IBS-SSS > duodenum saline solution
55/60 175)
gram
FMT, 55
placebo)
Halkjeer RCT, 2 Denmark 51 (25 All Moderate-to- 12 d of 25 oral 25 FMT Saline, Bowel Donor mix
etal[43],  parallel FMT, 26  subtypes severe IBS capsules capsules (one  glycerol cleansing from four
2018 groups placebo) symptoms daily dose and food donors
(IBS-SSS > containing colouring
175) approximately ~ E150
12 g frozen
faecal material)
Holster et  RCT, 2 Sweden 16 (8 All IBS with Single treatment 30 g frozen Autologous Bowel Two
al[61], parallel FMT,8  subtypes  small via colonoscopy  stool in sterile  feces cleansingand ~ donors
2019 groups placebo) amounts of to the caecum saline and 4 mg (three
butyrate- glycerol loperamide patients
producing received
bacteria stool from
donor 1,
the
remaining
five from
donor 2)
Holvoet  RCT, 2 Belgium 62 (43 IBS-D and Refractory Single treatment  Fresh feces Autologous Bowel Two
etal[44],  parallel FMT, 19 1IBS-M IBS with via nasojejunal  mixed with feces cleansing donors
2021 groups placebo) failure of at ~ administration  saline
least three
conventional
IBS therapies
Johnsen et RCT, 3 Norway 83 (26 IBS-D and Moderate-to- Single treatment 50-80 g fresh or Autologous Bowel Donor mix
al[62], parallel fresh IBS-M severe IBS administered frozen feces feces cleansing and  from two
2018 groups FMT, 29 symptoms into the caecum  mixed with 8 mg donors
frozen (IBS-SSS > via colonoscopy  saline and loperamid
FMT, 28 175) glycerol
placebo)
Lahtinen  RCT, 2 Finland 51 (25 IBS-D, Patients who  Single treatment 30 g frozen Autologous Bowel One donor
etal[58],  parallel FMT, 26 IBS-M and remained administered suspension feces cleansing
2020 groups placebo) IBS-U symptomatic  into the caecum
despite via colonoscopy
receiving
conventional
treatment
Singh etal RCT, 4 United 23 (11 IBS-D IBS-SSS>150 Single treatment Capsule Glycerol Bowel Six donors
[63],2022  parallel States FMT, 12 or >175 with 19 oral contain 0.75 with brown cleansing (unknown
groups placebo) capsules frozen fecal coloring if donors
filtrate) agent were
(Openbiome) mixed)

FMT: Fecal microbiota transplantation; IBS: Irritable bowel syndrome; IBS-C: Constipation-predominant irritable bowel syndrome; IBS-D: Diarrhoea-

predominant irritable bowel syndrome; IBS-M: Mixed irritable bowel syndrome; IBS-U: Unclassified irritable bowel syndrome; RCT: Randomised

controlled trials; PPI: Proton pump inhibitors.
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Study design and setting
We included eight trials that were published between 2018 and 2022[43,44,58-63]. These were either
single-centre trials[44,60-63] or multicentre trials[43,58,59] and were conducted in Belgium[44],
Denmark[43], Finland[58], Norway[60,62], Sweden[61] and the United States[59,63].
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Figure 1 PRISMA flow diagram for the literature search.
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All participants in the trials were diagnosed with IBS by a physician and according to accepted,
symptom-based diagnostic criteria (e.g., the Rome criteria)[5]. Participants in the Lahtinen et al[58] trial
were diagnosed by a gastroenterologist, Aroniadis et al[59], Halkjeer et al[43], Holster et al[61], Holvoet et
al[44], Johnsen et al[62] and Singh et al[63] all used the Rome III criteria; El-Salhy et al[60] used the Rome
IV criteria.

Four trials included participants with moderate-to-severe IBS symptoms, indicated by a score of 175
or more on the IBS severity scoring system (IBS-55S)[43,59,60,62]. We are unsure whether Singh et al[63]
used a score of 150 or 175 or more on the IBS-SSS, as both are referred to in their article. The remaining
three trials used other criteria: Holster et al[61] only included participants with small amounts of
butyrate-producing bacteria in faecal samples, Holvoet et al[44] included participants with refractory
IBS who had experienced failure of at least three conventional IBS therapies, and Lahtinen et al[58]
included participants who remained symptomatic despite receiving conventional treatment.

The trials differed in the IBS subtypes they investigated. All subtypes were included in the trials
conducted by El-Salhy et al[60], Halkjeer et al[43] and Holster et al[61]. Aroniadis et al[59] and Singh et al
[63] included only diarrhoea-predominant participants. Holvoet et al[44] and Johnsen et al[62] included
diarrhoea-predominant or mixed participants. Lahtinen et al[58] included diarrhoea-predominant,
mixed or un-subtyped participants.

Characteristics of the interventions
All eight trials used faeces from healthy donors for the FMT. Supplementary Table 5 describes their
inclusion and exclusion criteria for donors.

The route of administration varied between the trials. Three trials used colonoscopy[58,61,62], one
used gastroscopy[60], one used the nasojejunal route[44] and three used oral capsules[43,59,63].

The frequency of administration varied between trials. El Salhy et al[60], Holster et al[61], Holvoet et al
[44], Johnsen et al[62], Lahtinen et al[58] and Singh et al[63] administered FMT just once. Aroniadis et al
[59] administered a total of three doses across three consecutive days. Halkjeer et al[43] administered a
total of 12 doses across 12 consecutive days.

The volume of FMT administered ranged from approximately 100 mL in the El-Salhy et al[60] trial to
300 mL in the Holvoet ef al[44] trial. The faecal quantity varied from 30 g[58,61] to 50-80 g[62]. The
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capsule trials used approximately 28.5 g of minimally processed faecal matter[59], 14.25 frozen faecal
filtrate[63] and faecal matter derived from approximately 600 g of faeces[43]. Holvoet ef al[44] used fresh
FMT transplant, Johnsen et al[62] used both fresh and frozen FMT transplant, while the remaining trials
used frozen FMT transplants[43,58-61,63].

Two trials used a single donor for all FMT treatments[58,60]. Holster et al[61], Holvoet et al[44] and
Johnsen et al[62] used two donors. Aroniadis et al[59] used four donors, where each participant received
a FMT from one donor. Singh et al[63] used six donors, where each participant received a FMT from one
donor. Halkjeer et al[43] used a FMT donor mix from four donors.

Six trials included bowel cleansing before transplantation[43,44,58,61-63]. Two trials used loperamide
before endoscopy to retain the transplant[61,62]. One trial used proton pump inhibitors (PPI) for the
three days prior to the transplantation[59].

Five trials used autologous faeces as an alternative to placebo for the comparison group[44,58,60-62].
In the capsule trials, Aroniadis et al[59] and Singh et al[63] used placebo capsules with a non-toxic,
brown pigment and Halkjeer et al[43] used placebo capsules made from saline, glycerol and food
colouring E150.

Risk of bias in the studies
A summary of the risk of bias assessments is reported in Figure 2 and bias assessments for the
individual trials are reported in Supplementary Table 4.

Overall, none of the studies had a high risk of bias in any of the seven dimensions considered.
However, five of the eight trials[44,58,00,62,63] had an unclear bias for the blinding of outcomes, and
four out of eight[43,58,60,61] had a similarly unclear bias in terms of how they reported the handling of
incomplete data. In both cases this unclear bias was primarily due to a lack of information.

Effects of the interventions
A summary of the findings is provided in Table 2 for comparing FMT and placebo in treating IBS. We
did not assess publication bias as this review only consisted of eight trials. Furthermore, we chose to
report the random-effect models’ results despite some of the fixed-effect models being found significant
as we did not find any larger trial that was more methodologically rigorous. The significant outcomes of
the fixed-effect models were most likely due to the small number of trials available in each analysis and
their high heterogeneity.

The GRADE rating for the certainty of the evidence examined was low due to moderate-high
inconsistency, small numbers of patients and imprecision.

Primary outcomes
Improvement of symptoms: Eight randomised trials, comprising 484 participants, examined whether
IBS symptoms improved after three months. Six trials defined improvement of symptoms as a decrease
in IBS-SSS of 50 or more[43,44,59,60,63], while Johnson et al[62] defined it as a decrease of more than 75
points. Holster et al[61] used the gastrointestinal symptom rating scale-IBS and defined improvement as
a change of more than 30%. Sixty-four percent (185/290) of FMT participants experienced an
improvement of symptoms after three months compared to 42% (82/194) in the placebo group. A meta-
analysis showed there was no significant difference between FMT and placebo (RR 1.19, 95%CI: 0.68-
2.10, P =0.54, I* = 82%; Figure 3).

Three trials (99 participants) reported on the improvement of symptoms after six months. Thirty per
cent (14/47) of FMT participants saw an improvement of their symptoms after six months compared to
38% (20/52) of the placebo group (RR 0.88, 95%CI: 0.33-12.39, P = 0.8, I = 51%; Figure 3).

Secondary outcomes
Adverse events: Seven trials, comprising 450 participants, reported on the proportion of participants
who experienced adverse events. Thirty-five per cent (97/274) of the FMT group experienced an adverse
event compared to 26% (45/176) of the placebo group (RR 1.17, 95%CI: 0.63-2.15, P = 0.62, I* = 69%;
Figure 4).

32l"he II)lOSt frequent adverse events reported in the trials were mild and transient symptoms of the
gastrointestinal system.

Serious adverse events: All eight trials, comprising 501 participants, provided data for serious adverse
events. A serious adverse event was reported once in a FMT group and twice in placebo groups. In the
FMT group, 0.33 per cent (1/302) reported a serious adverse event, compared to 1% (2/199) in the
placebo group (RR 0.42, 95%CI: 0.07-2.60, P = 0.35, I* = 0%; Supplementary Figure 1).

Holvoet et al[44] reported that one participant from the placebo group committed suicide 10 d after
the transplantation procedure. Aroniadis ef al[59] reported one participant from the placebo group was
admitted to hospital during week 20 of the trial with acute cholecystitis. Johnsen ef al[62] reported that
one participant from the FMT group was admitted to hospital after the FMT procedure due to transient
vertigo and nausea.
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Table 2 Summarised findings for comparing fecal microbiota transplantation with placebo for the treatment of irritable bowel syndrome

Anticipated absolute

effects Relative ~ Number of Certainty of
Outcomes and A :
timeframe . Effect effect participants  the evidence Comments
Effectin . ;
lacebo  difference with (95%Cl)  (trials) (GRADE)
P FMT (95%Cl)
Improvement of 42 per 100 8 or more per 100 RR 1.19 484 (8 RCTs) ++--' Low Improvement of symptoms as measured by a
symptoms after (from 13 or fewer (0.68-2.10) validated global IBS symptoms score (e.g., IBS-
three months to 46 or more) SSS scale from 0, no symptoms, to 500,
maximum symptoms) (as defined by each trial)
Improvement of 38 per 100 5 or fewer per 100 RR 0.88 99 (3 RCTs) ++- Low Improvement of symptoms as measured by a
symptoms after six (from 25 or fewer (0.33-2.39) validated global IBS symptoms score (e.g., IBS-
months to 52 or more) SSS scale from 0, no symptoms, to 500,
maximum symptoms) (as defined by each trial)
Adverse events 26 per 100 4 or more per 100 RR1.17 450 (7 RCTs) ++—"Low Common adverse events were mild and self-
prior to end of trial (from 10 or fewer (0.63-2.15) limiting gastrointestinal symptoms

to 30 or more)

Serious adverse 1per100 1 orfewer per 100 RR 0.42 501 (8 RCTs) ++-' Low Serious adverse events included one suicide

events prior to end (from 1 or fewer  (0.07-2.60) (placebo), cholecystitis (placebo), and one

of trial to 2 or more) admission to the hospital due to discomfort after
the FMT procedure

Dropouts due to 1per100 1 orfewer per 100 RR 0.24 502 (8 RCTs) ++--" Low Dropouts due to adverse events include one

adverse events (from 1 or fewer  (0.03-2.17) suicide (placebo) and one for discomfort after

prior to end of trial to 1 or more) the FMT procedure (placebo)

Improvement in NA NA MD -6.30 (- 406 (7 RCTs) ++-"Low Improvement of quality of life as measured by a

QoL scores after 13.39 to validated scale IBS-QoL, where 34 items are

three months 0.79) summed and averaged for a total score and then

transformed to a 0-100 scale for interpretation
(high scores indicate better IBS-QoL)

'Downgraded two levels due to considerable inconsistency (I* = 82%) and imprecision (267 events).

“Downgraded two levels due to moderate inconsistency (I* = 51%) and serious imprecision (34 events).

3Downgraded two levels due to substantial inconsistency (I* = 69%) and imprecision (142 events).

*Downgraded two levels due to serious imprecision (three events) and wide confidence interval.

*Downgraded two levels due to serious imprecision (two events) and wide confidence interval.

®Downgraded two levels due to moderate inconsistency (I* = 45%), heterogeneous method, and a small number of participants.

Patients or population: Participants diagnosed with irritable bowel syndrome according to a physician’s opinion or an accepted, symptom-based diagnostic
criteria. Settings: Inpatient and outpatient. Intervention: Fecal microbiota transplantation. Comparison: Placebo (or autologous feces). FMT: Fecal
microbiota transplantation; IBS: Irritable bowel syndrome; SSS: Symptom severity score; QOL: Quality of life measure; MD: mean difference; NA: Not
available; RR: Risk ratio.

Dropouts due to adverse events: Eight trials, comprising 502 participants, reported on dropouts due to
adverse events; there were none in the FMT groups, but two instances in the placebo groups. None (0/
302) of the FMT groups had dropouts due to adverse events compared to 1% (2/200) in the placebo
group (RR 0.24, 95%CI: 0.03-2.17, P = 0.2, I* = 0%; Supplementary Figure 2).

Holster et al[61] reported that one participant from the placebo group discontinued the trial after the
FMT procedure due to discomfort. The dropout due to an adverse event in Holvoet et al[44] was the
suicide occurring 10 d after the transplantation procedure in the placebo group.

QoL measurements
Seven trials, comprising 406 participants, reported on QoL outcomes. There were no significant

differences between the FMT and placebo treatment groups; however, there was a slightly favorable
effect seen in the placebo groups (MD -6.30, 95%ClI: -13.39 to 0.79, P = 0.08, I> = 45%; Figure 5).

Subgroup analyses

Planned subgroup analyses included fresh vs frozen transplant, quantity of transplant, route of adminis-
tration, type of donor (single vs mixed donor), frequency of administration and subtype of IBS (
Supplementary Figures 3-8, Figure 6).

Overall, we found that endoscopic delivery (colonoscopy and upper endoscopy) of the FMT
improved IBS-SSS after three months (RR 1.56, 95%CI: 1.04-2.34, P = 0.03, I> = 0% and RR 3.03, 95%CI:
1.92-4.80, P < 0.00001, I* = 13%; Figure 6). Furthermore, administering a single, large dose of FMT
resulted in a greater improvement of the IBS-SSS, while increasing the dose across several treatments
was comparable to a placebo (Supplementary Figures 4 and 6). None of the other subgroup analyses
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Figure 2 Risk of bias assessments for the trials reviewed.

FMT Placebo Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.1.1 Overall at three months
Aroniadis 2019 1" 22 14 23 14.8% 0.82[0.48, 1.40] —}-
El-Salhy 2020 91 109 13 55 151% 3.53[2.18,5.72] ———
Halkjeer 2018 8 22 19 24 143% 0.46[0.25, 0.83] ———
Holster 2019 (1) 2 8 1 8 4.8% 2.00[0.22,17.89) —
Holvoet 2021 24 43 5 19 127% 2.12[0.95,4.71) .
Johnsen 2018 36 55 12 28 152% 1.53[0.96 , 2.44] o
Lahtinen 2020 1 23 1" 26 141% 1.13[0.61,2.10] ——
Singh 2022 (2) 2 8 7 M1 91% 0.39 (0.1, 1.41] N
Subtotal (95% CI) 290 194 100.0% 1.19 [0.68, 2.10] ‘
Total events: 185 82
Heterogeneity: Tau? = 0.49; X° = 38.62, df = 7 (P< 0.00001); = 82%
Test for overall effect: Z = 0.61 (P = 0.54)
1.1.2 Overall at six months
Halkjeer 2018 7 22 15 23 516% 0.49[0.25, 0.96] -
Holster 2019 2 8 0 8 101% 5.00[0.28 , 90.18] _
Lahtinen 2020 5 17 5 21 38.3% 1.24[0.43 , 3.57] —
Subtotal (95% ClI) 47 52 100.0% 0.88 [0.33, 2.39] -
Total events: 14 20
Heterogeneity: Tau?=0.38; X =4.11,df=2 (P=0.13); P=51%
Test for overall effect: Z = 0.25 (P= 0.80)

001 01 1 10 100

Footnotes

(1) Holster et al.'s 3 month data is asssessed at 2 months

(2) Singh et al.'s 3 months data is assessed at week 10

Favours [control]

Favours [FMT]
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Figure 3 Forest plot of randomised controlled trials of fecal microbiota transplantation for treating irritable bowel syndrome:
Improvement of symptoms after three and six months. FMT: Fecal microbiota transplantation.

demonstrated an effect of FMT over placebo.
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FMT Placebo Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
2.1.1 Overall
El-Salhy 2020 60 109 9 55 21.0% 3.36 [1.81, 6.26] —-—
Halkjaer 2018 22 23 15 26 24.8% 1.66[1.18, 2.33] -
Holster 2019 4 8 7 8 19.3% 0.57[0.27 , 1.20] —et
Holvoet 2021 1 43 0 19 3.3% 1.36 [0.06 , 32.03] _
Johnsen 2018 2 57 3 30 8.5% 0.35[0.06 , 1.99] —_—
Lahtinen 2020 7 23 10 26 18.6% 0.79[0.36 , 1.74] ——
Singh 2022 1 " 1 12 4.5% 1.09[0.08 , 15.41] —_—
Subtotal (95% CI) 274 176  100.0% 1.17 [0.63, 2.15] ’
Total events: 97 45
Heterogeneity: Tau? = 0.36; X° =19.31, df = 6 (P = 0.004); = 69%
Test for overall effect: Z = 0.49 (P =0.62)

Test for subgroup differences: Not applicable

001 0.1 10 100
Favours [control] Favours [FMT]
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Figure 4 Forest plot of randomised controlled trials of fecal microbiota transplantation for treating irritable bowel syndrome: Adverse
events. FMT: Fecal microbiota transplantation.

FMT Placebo Mean difference Mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Difference from baseline to at three months
Aroniadis 2019 -10 2617 22 -14 2476 23 137% 4.00[-10.90, 18.90] —t—
El-Salhy 2020 -1199 1912 109 2 18.44 55 27.7% -13.99[-20.04 ,-7.94) =
Halkjeer 2018 988 2989 25 2346 2595 26 132% -13.58[-28.97,1.81] —
Holster 2019 (1) -10 2981 8 62 2491 8 58% -3.80[-30.72,23.12) ——
Holvoet 2021 1237 2346 43 2459 2648 19 15.0% -12.22[-26.04,1.60] —t
Lahtinen 2020 748 2549 23 592 2665 26 14.0% 1.56[-13.05,16.17] ——
Singh 2022 (2) 154 208 8 94 18.4 11 10.7% 6.00[-12.05, 24.05] ——
Subtotal (95% CI) 238 168 100.0% -6.30 [-13.39, 0.79] ¢
Heterogeneity: Tau? = 37.73; X’ =10.88, df = 6 (P=0.09), P= 45%
Test for overall effect: Z = 1.74 (P=0.08)
3.1.2 Difference from baseline to at six months
Halkjeer 2018 7.77 30.54 25 2057 2929 26 49.9% -12.80([-29.23, 3.63] —
Lahtinen 2020 635 2689 23 4.95 317 26 501% 1.40[-15.01,17.81] ——
Subtotal (95% CI) 48 52 100.0% -5.69 [-19.61,8.22] ‘
Heterogeneity: Tau* = 30.62; Y= 1.44, df =1 (P=0.23); P = 30%
Test for overall effect: Z = 0.80 (P=0.42)

Test for subgroup differences: XQ =0.01,df=1(P=0.94), P=0%

Footnotes

_1 -

5 50 100
Favours [control] Favours [FMT]

(1) Holster et al.'s 3 month data is asssessed at 2 months
(2) Singh et al.'s 3 month data is asssessed at week 10
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Figure 5 Forest plot of randomised controlled trials of fecal microbiota transplantation for treating irritable bowel syndrome: Quality-of-
life scores after three and six months.
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DISCUSSION

This review systematically examined the benefits and harms of FMT vs placebo or autologous FMT for
the treatment of patients with IBS. Our main objective was to assess the efficacy of FMT for the
improvement of symptoms in patients with IBS.

This review combined findings from eight randomised clinical trials that assessed the efficacy of FMT
in 465 IBS patients. We found no significant difference in the improvement of symptoms in the FMT
groups compared to the placebo groups (P = 0.54). The meta-analysis suggests a favorable, but non-
significant, effect on quality of life in patients treated with placebo.

In general, placebo response rates are high in IBS patients. Placebo response estimates in prior meta-
analyses range from 16% to 72%[64,70]. Likewise, bowel cleansing might contribute to symptom
improvement; however, its effects on the microbiota seem to be transient[71,72].

FMT appears to be safe, with mild and self-limiting gastrointestinal symptoms like nausea,
constipation, diarrhoea, and stomach pain - all of which are common IBS symptoms. This conclusion
was also reached in a previous review assessing FMT for the treatment of inflammatory bowel disease
[73]. EMT was not associated with serious adverse events in the treatment of IBS; three such events were
reported in total (two in the placebo group and one in the FMT group) and none were considered to be
related to the treatment.
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FMT Placeo
Study or Subgroup Events Total Events Total

Weight M-H, Random, 95%Cl

Risk ratio

Risk ratio
M-H, Random, 95%ClI

1.4.1 By colonoscopy at three months

Holster 2019 2 8 1 8 3.4% 2.00[0.22, 17.89] _—
Johnsen 2018 36 55 12 28 741% 1.53[0.96 , 2.44] .
Lanhtinen 2020 1" 23 5 17 225% 1.63[0.69, 3.81] e
Subtotal (95%Cl) 86 53 100.0% 1.56 [1.04, 2.34] ‘

Total events: 49 18

Heterogeneity: Tau® =0.00; X~ =0.07, df =2 (P=0.97); P=0%

Test for overall effect: Z=2.17 (P=0.03)

1.4.2 By colonoscopy at six months

Holster 2019 2 8 0 8 1.9% 5.00[0.28 , 90.18] —_—t
Lahtinen 2020 5 17 5 21 88.1% 1.24[0.43 , 3.57)

Subtotal (95%Cl) 25 29 100.0% 1.46 [0.54 , 3.95] t
Total events: 7 5

Heterogeneity: Tau? = 0.00; Xz =0.83,df=1(P=0.36); P=0%

Test for overall effect: Z=0.74 (P=0.46)

1.4.3 By upper endoscopy at three months

El-Salhy 2020 91 109 13 55 701% 3.53[2.18,5.72] -
Holvoet 2021 24 43 5 19 29.9% 212[0.95,4.71] -—
Subtotal (95%Cl) 152 74 100.0% 3.03 [1.92, 4.80] ‘
Total events: 115 18

Heterogeneity: Tau? = 0.02; X°=1.15,df=1 (P=0.28); P = 13%

Test for overall effect: Z = 4.74 (P < 0.00001)

1.4.4 By capsule at three months

Aroniadis 2019 1" 22 14 23 47.4% 0.82[0.48 , 1.40] S
Halkjeer 2018 8 22 19 24 411% 0.46[0.25, 0.83] -
Singh 2022 (1) 2 8 7 1 115% 0.39[0.11,1.41] — 1
Subtotal (95%Cl) 52 58 100.0% 0.59 [0.38, 0.93] ‘

Total events: 21 40

Heterogeneity: Tau? = 0.04; X=261,df=2 (P=0.27); P=23%

Test for overall effect: Z=2.25 (P=0.02)

1.4.5 By capsule at six months

Halkjeer 2018 7 22 15 23 100.0% 0.49[0.25, 0.96] -.-
Subtotal (95%Cl) 22 23 100.0% 0.49 [0.25, 0.96] ‘

Total events: 7 15

Heterogeneity: Not applicable

Test for overall effect: Z = 2.07 (P=0.04)

Test for subgroup differences: X = 33.32, df = 4 (P < 0.00001), P = 88.0% 0.01 0:1 10 100

Footnotes

Favours [control] Favours [FMT]

(1) Singh et al.'s 3 months data is assessed at week 10
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Figure 6 Forest plot of randomised controlled trials of fecal microbiota transplantation for treating irritable bowel syndrome:
Improvement of symptoms after three and six months (route of administration subgroup analysis). FMT: Fecal microbiota transplantation.
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In general, the results from the trials used for this review were highly heterogeneous. Therefore, it is
possible that the absence of a positive overall effect is simply the result of how different the trials were
from one another. The trials had pronounced differences in their selection processes for participants and
donors, the routes of administration, the transplant quantities, and the frequency of administration.
These differences make it difficult to draw conclusions about FMT as a treatment for IBS.

There is scientific evidence to support the hypothesis that FMT may be beneficial for patients with
IBS. Observational trials have reported that IBS patients have reduced diversity or aberrant microbiota
composition when compared to healthy controls[74]. Altered gut microbiota is also referred to as
‘microbiota dysbiosis” and has been connected with disturbances in the microbiota gut-brain axis
signaling[75]. Furthermore, other modulating agents targeting the microbiota, such as specific probiotic
strains and antibiotics, have had demonstrable effects in IBS patients[76]. However, the underlying
causes and mechanisms of dysbiosis in IBS and other diseases remain largely unknown. It has yet to be
determined whether dysbiosis is a cause or a consequence of IBS, and even a “healthy” microbiome has
yet to be satisfactorily defined.

All eight trials included in this review reported on changes in gut microbiota after FMT. Aroniadis ef
al[59], El-Salhy et al[60], Halkjeer et al[43], Lahtinen et al[58] and Singh et al[63] reported that participants
receiving FMT saw changes in their gut microbiota that made their profiles more like the donors, when
compared to placebo participants. Johnsen et al[62] reported these data in a later publication with the
same outcome[77]. Holster et al[61] reported that microbiota diversity was not significantly affected by
either FMT or placebo (autologous FMT). Holvoet et al[44] reported that responders to FMT had a
higher baseline microbial diversity compared to those whose FMT treatment failed.

The possible effects, both positive and negative, of autologous FMT as placebo should be borne in
mind.
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In the treatment of recurrent CDI, the highest cure rates have been reported with repeated treatments
delivered through lower endoscopy, but delivery through capsules is also highly effective[35,78]. In
contrast, in IBS, FMT administered via upper or lower endoscopy, rather than capsules, has resulted in
significant improvements in IBS-SSS. While much research has focused on FMT capsules[79], it is
possible that the engraftment of the donor microbiota is better accomplished through endoscopic
methods in IBS patients. Future RCTs in IBS patients that examines the combination of different routes
of delivery for strain engraftment could be very interesting. Such studies would also contribute towards
a more comprehensive understanding of microbial engraftment dynamics, which is currently lacking. A
recent, systematic meta-analysis with shotgun metagenomic results showed that receiving FMT from
multiple routes (for example, both via colonoscopy and capsules during the same treatment) resulted in
increased engraftment[80]. Likewise, El-Salhy et al[81] present additional data from their trial and argue
for using super donors since the efficacy of FMT appears to be donor-dependent. This argument needs
further corroboration. Finally, data about patient and donor diets could prove relevant when
determining the optimal patient-donor match[82].

The findings of this review have limited applicability and generalisability. More trials are needed to
investigate whether FMT is a beneficial treatment strategy for IBS. Several aspects of the methods used
in these trials could have influenced the effect of FMT, such as the route of administration, duration and
interval between treatments, and the quantity of faecal microbiota transplanted to the patient. Despite
the subgroup analyses we conducted as part of this review, firm conclusions cannot be drawn due to the
small number of events and participants in the trials. Nonetheless, the results do suggest a possible
beneficial effect in delivering FMT by endoscopy (colonoscopy or gastroscopy) over other routes.

Most of the patients in the trials we reviewed had moderate-to-severe IBS and were diagnosed
according to the Rome III criteria. The newest, Rome IV criteria are more rigorous and it is not clear
whether the greater homogeneity of IBS study populations they encourage will affect the efficacy of
FMT. We recommend that future trials use the Rome IV criteria.

Additional investigations of microbiota, both when selecting patients of interest and after
interventions, are needed in order to establish the precise mechanism of action of FMT as a potential
treatment for IBS.

CONCLUSION

We did not find evidence to support the use of FMT for IBS patients outside of clinical trials in this
systematic review and meta-analysis. We report a possible beneficial effect when delivering FMT by
endoscopy (colonoscopy or gastroscopy). FMT appears to be safe, when compared to placebo, in
patients with IBS, regardless of route of administration. Further randomised clinical trials are necessary
in order to determine the effect of FMT in IBS.

ARTICLE HIGHLIGHTS

Research background

Irritable bowel syndrome (IBS) is a widespread gastrointestinal disorder accompanied by chronic
abdominal pain and altered bowel habits. Gut microbiota disturbances have been linked to the
pathophysiology of IBS, with fecal microbiota transplantation (FMT) emerging as a potential treatment
strategy.

Research motivation
Manipulating gut microbiota composition via FMT could offer a promising avenue for IBS treatment,
warranting further investigation into its efficacy and safety.

Research objectives
This review and meta-analysis aimed to evaluate the effectiveness and safety of FMT for treating IBS.

Research methods
A comprehensive search of Cochrane Central, MEDLINE, EMBASE, and Web of Science to identify
randomised controlled trials (RCT) comparing FMT to placebo or autologous FMT in IBS patients.
Primary outcome was improvement of symptoms, while secondary outcomes were quality-of-life scores
and adverse events.

Research results
Our analysis incorporated data from eight RCTs with 484 participants. FMT did not result in significant
improvement of symptoms when compared to placebo after three months, and no significant
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improvement in quality of life was observed. Subgroup analysis indicated that endoscopic FMT delivery
led to symptom improvement, whereas FMT capsules did not. FMT was found to be safe.

Research conclusions
This systematic review and meta-analysis do not support FMT as a treatment for IBS outside of clinical
trials. Nevertheless, FMT was found to be safe.

Research perspectives

Large-scale, RCTs are needed to confirm or refute these findings. Investigating the potential significance
of combining different FMT delivery routes for strain engraftment could provide a more comprehensive
understanding of microbial engraftment dynamics in IBS patients.
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Abstract

BACKGROUND

Crohn’s disease represents a challenge for patients concerned with the modified
diet regimen as well as practitioners who seek the best nutritional therapy.
Crohn’s disease can alter the body’s ability to digest food and to absorb nutrients,
resulting in severe vitamin deficiencies, malnutrition and sometimes life-
threatening complications. However, a comprehensive bibliometric analysis is
lacking to map the current links between nutrition and Crohn’s disease in terms of
the number of citations, geographic distribution and growth trends of public-
ations.

AIM
To introduce the current state of research as well as hotspots in the field of
nutrition and Crohn’s disease from a bibliometric standpoint.

METHODS

We searched the Scopus database and selected the relevant literature on nutrition
and Crohn’s disease that met the inclusion criteria. We analyzed the publication
trends and research hotspots by using video object segmentation viewer software.

RESULTS

We included 1237 publications. The number of documents published each year
has increased steadily. The United States and the University of Otago, Christ-
church, have had the highest productivity, with 208 (16.81%) and 29 (2.34%)
documents, respectively. The “role of exclusive enteral nutrition for complicated
Crohn’s disease” and “manipulation of the gut microbiota as a key target for

May 28,2023 | Volume?29 | Issue20 |


https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v29.i20.3203
mailto:saedzyoud@yahoo.com

Shakhshir M et al. Diet and nutrition in Crohn’s disease

Jaishideng®

Crohn’s disease” were the major research areas in 2016-2021, and they could be extensively invest-
igated in the future. Meanwhile, research on “malnutrition in patients with Crohn’s disease”
appeared to be an area that attracted more research attention before 2016.

CONCLUSION

This is the first bibliometric analysis to map the knowledge structure and trends regarding
nutrition in Crohn’s disease research over the past two decades. The results provide a compre-
hensive summary and identification of the frontiers of nutrition and Crohn’s disease-related
research, which may be used as a resource by researchers in the field.

Key Words: Nutrition; Diet; Crohn’s disease; Bibliometric; Microbiota; Malnutrition

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: There is much interest in using nutrition therapy approaches to treat Crohn’s disease, while the
current state of knowledge is still inadequate to make general recommendations. Therefore, a bibliometric
analysis of the global trend in research on nutrition and Crohn’s disease was conducted. This study
outlines the current state of research themes and hotspots in nutrition and Crohn’s disease research
because no bibliometric research has been conducted to determine worldwide trends in nutrition and
Crohn’s disease. This facilitates researchers and healthcare providers in identifying potential future
research directions.

Citation: Shakhshir M, Zyoud SH. Global research trends on diet and nutrition in Crohn’s disease. World J
Gastroenterol 2023; 29(20): 3203-3215

URL: https://www.wjgnet.com/1007-9327/full/v29/i20/3203.htm
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INTRODUCTION

Crohn’s disease is a relapsing transmural inflammatory disease of the gut with an unclear etiology; it
involves acute attacks followed by periods of remission[1,2]. Crohn’s disease can affect the entire
gastrointestinal tract, from the mouth to the anus[3]. However, the disease affects the terminal ileum
and the colon in most cases, which can result in complications such as stenosis, abscesses and fistula[4].
The prevalence rate of Crohn’s disease ranges from 0.6 to 322 per 100000 people[5].

Malnutrition is frequently visible in approximately 65%-75% of patients with Crohn’s disease[6].
Malabsorption, gut dysbiosis, small intestinal bacterial overgrowth and symptoms such as weight loss,
reduced dietary intake, deficiency of individual nutrients or many nutrients are just a few of the
mechanisms that can be related to Crohn’s disease-related malnutrition[7,8]. In this case, nutrition,
which may take the form of dietary adjustments, parenteral nutrition, or enteral nutrition, plays an
important role in treating Crohn’s disease[7,9,10]. Parenteral nutrition is a type of nutrition support that
is given through an intravenous line. It is used when the digestive tract cannot properly absorb
nutrients. In severe cases of Crohn’s disease, where the digestive tract is severely damaged, parenteral
nutrition may be necessary[7,11]. Furthermore, enteral nutrition is a type of nutrition support that is
given through a feeding tube. It can help reduce inflammation and promote healing of the digestive
tract. Enteral nutrition may be used as a primary treatment for Crohn’s disease or as a supplement to
other treatments[7,11].

There is much interest in using nutritional approaches to control and reduce the symptoms of
Crohn’s disease and to increase the remission time. Nevertheless, there is insufficient scientific support
to give health care providers more options regarding dietary therapies. As a result, we performed a
bibliometric analysis of the global trends in research on nutrition and Crohn’s disease. We summarize
the current state of research themes and hotspots in nutrition and Crohn’s disease to look for global
trends. Our findings will make it easier for researchers and newcomers to understand the current state
of the field, to strategize future goals in research and to identify potential future research directions.

MATERIALS AND METHODS

Data sources
We conducted a shortlisted quantitative analysis with an approach based on previously published
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scientific outputs to characterize the development of research on nutrition and Crohn’s disease over the
past two decades. On December 30, 2022, we searched the Scopus database for studies that had been
published between 2002 and 2021. The Scopus database is often an essential source of information for
bibliometric research and evaluations of scientific publications[12]. Numerous successful bibliometric
studies have been performed using the Scopus database as a data source[13-17].

Search strategy

We used relevant publications on nutrition[18,19] and Crohn’s disease[20] to choose keywords to search
the Scopus database and to identify studies. Each of the chosen keywords relates to nutrition, and we
used them as an entry for the “Article Title” field. Due to the possibility that the title/abstract/keyword
search would retrieve unnecessary papers, we searched the titles with specific limits to reduce false-
positive results[21-24]. When writing the keywords, we used asterisks (*) and quote marks to narrow
and broaden the search scope. The keywords we used were nutrt* or nutrient* or diet* or eat* or
feeding-pertain to nutrition or diet per se rather than other related terminology such as specific names or
classes of dietary compounds. Furthermore, we searched all terms related to Crohn’s disease in the
“ Article Title” and/or “Abstract” fields.

Bibliometric indicators

We imported the retrieved data into Microsoft Excel so that we could analyze and tabulate it. We
retrieved relevant bibliometric data (such as the number of articles published per year, the types of
documents retrieved, countries/regions, institutions, funding agencies, journals and their impact factors
(IF), citation patterns and the h-index) for research publications related to nutrition and Crohn’s disease.
We used descriptive statistics to analyze our findings. The Impact Index Per Article that is being shown
refers to the top 10 papers with the highest number of citations, which were obtained from the Reference
Citation Analysis (RCA, https:/ /referencecitationanalysis.com/). RCA is a citation analysis database that

is open and covers multiple disciplines. The company is located in Pleasanton, CA 94566, United States
[25-27].

Data visualization

We analyzed and visualized the data by using VOSviewer software version 1.6.8, a free online tool[28-
30]. The software generated visualization maps that displayed the most commonly occurring keywords
in the retrieved publications. The size of the node in each map represented the frequency of a particular
keyword, indicating the relevance and popularity of the corresponding topic in the field. Based on these
maps, the hot topics in the field were identified, revealing the areas that received the most attention and
research focus. This analysis provided valuable insights into the current trends and research directions
in the field, which can be used to guide future research and inform the decision-making processes. In
addition, visualization maps were used to determine international collaboration. VOSviewer can
determine the extent of the collaboration between two countries by considering the width of the
connecting line and the total number of publications.

RESULTS

Analysis of publication trends

There were 1237 publications on nutrition and Crohn’s disease published between 2002 and 2021. The
documents recovered were of 9 types, mainly research articles (n = 791; 63.95%), followed by reviews (n
= 285; 23.04%). The total number of publications by year is shown in Figure 1. The number of public-
ations per year increased from 28 in 2002 to 123 in 2021.

Analysis of the country distribution

The publications were from authors representing 108 countries/regions. The top 10 active countries are
shown in Table 1. The top 10 countries contributed 905 (73.16%) of the recovered documents. Among
the eligible countries, the United States had the highest number of publications (n = 208, 16.81%),
followed by the United Kingdom (n = 192, 15.52%), China (n = 109, 8.81%), Japan (n = 98, 7.92%), and
Canada (n = 88, 7.11%). Furthermore, we analyzed countries that had more than 20 publications on
nutrition and Crohn’s disease. Based on our findings from 18 eligible countries, the United States, the
United Kingdom, and Canada are the central countries with links to other countries (Figure 2).

Contributions of institutions

Based on the number of publications, Table 2 includes the top 10 institutions that have produced public-
ations on nutrition and Crohn’s disease. The University of Otago, Christchurch (New Zealand), has had
the highest scientific production (n = 29, 2.34%), followed by Tel Aviv University (Israel), with 25
publications (2.02%). Massachusetts General Hospital (United States) and Jinling Hospital (China) have
the third highest production (n = 22, 1.78%).

WJG | https://www.wjgnet.com 3205 May 28,2023 | Volume?29 | Issue20 |


https://referencecitationanalysis.com/

Shakhshir M et al. Diet and nutrition in Crohn’s disease

Table 1 Top 10 productive countries/regions involved in nutrition and Crohn’s disease from 2002 to 2021

Ranking Country No. of documents %
1%t United States 208 16.81
ond United Kingdom 192 15.52
3 China 109 8.81
4 Japan 98 7.92
5th Canada 88 7.11
6™ Germany 73 5.90
7 Spain 71 5.74
gth Italy 70 5.66
9th France 67 5.42
10" Poland 61 4.93

Table 2 Top 10 productive institutions ranked by the number of publications

Ranking Institute Country No. of documents %

1% University of Otago, Christchurch New Zealand 29 2.34
ond Tel Aviv University Israel 25 2.02
el Massachusetts General Hospital United States 22 1.78
31 Jinling Hospital China 22 1.78
5th UNSW Sydney Australia 21 1.70
6™ Harvard Medical School United States 20 1.62
7 University of Glasgow United Kingdom 19 1.54
7t Sydney Children’s Hospital, Randwick Australia 19 1.54
gth Medical School of Nanjing University China 18 1.46
9th University of Washington United States 18 1.46

Analysis of funding agencies

We identified 274 (22.15%) articles that were part of financed projects. The United States funding
agencies were the most active in this field, with the National Institute of Diabetes and Digestive and
Kidney Diseases (n = 34, 2.75%) being the most active. This was followed by the National Institutes of
Health (n = 30, 2.43%), the National Natural Science Foundation for China Diseases (1 = 30, 2.43%) and
the Crohn’s and Colitis Foundation (n = 20, 1.62%) (Table 3).

Journal analysis

The top 10 journals that have published the most articles concerning nutrition and Crohn’s disease are
listed in Table 4 with their IF in 2022. Nutrients was the most productive journal, with 57 documents
contributing to 4.61% of the total publications, followed by Inflammatory Bowel Diseases (n = 55, 4.45%),
Alimentary Pharmacology and Therapeutics (n = 39, 3.15%), Clinical Nutrition (n =29, 2.34%), and the Journal
of Pediatric Gastroenterology and Nutrition (n =29, 2.34%).

Citation analysis

There was an average of 29.46 citations per document, for a total of 36444 citations. The h-index of the
retrieved documents was 93. A total of 183 (14.8%) of the retrieved documents did not have citations,
but 83 had been cited > 100 times. The top 10 articles were cited 3912 times[31-40]. There was a wide
range in the total number of citations for these publications, from 310 to 603 (Table 5). The impact index
per article for the top 10 most cited articles varied between 10.4 and 70.6 (Table 5).

Keyword analysis of research hotspots
The co-occurrence network map of author keywords with at least 10 occurrences is displayed in
Figure 3. Of the 1589 keywords, 43 met the threshold and were mainly concentrated in three aspects: (1)
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Table 3 Top 10 funding agencies involved in nutrition and Crohn’s disease from 2002 to 2021

Ranking  Funding agencies Country No. of publication %

1 National Institute of Diabetes and Digestive and Kidney Diseases United States 34 2.75
Z National Institutes of Health United States 30 2.43
g The National Natural Science Foundation of China China 30 243
4th Crohn’s and Colitis Foundation United States 20 1.62
5th Medical Research Council United Kingdom 16 1.29
6™ AbbVie United States 12 0.97
6™ National Cancer Institute United States 12 0.97
gth Canadian Institutes of Health Research Canada 10 0.81
9th Japan Society for the Promotion of Science Japan 10 0.81
gth National Center for Research Resources United States 10 0.81
gth Nestlé Health Science Switzerland 10 0.81
gt Pfizer United States 10 0.81

Table 4 Ten most productive journals involved in nutrition and Crohn’s disease from 2002 to 2021

Ranking Journallsource title No. of documents % IF'

1 Nutrients 57 461 6.706
ond Inflammatory Bowel Diseases 55 4.45 7.290
3rd Alimentary Pharmacology and Therapeutics 39 3.15 9.524
4th Clinical Nutrition 29 234 7.643
4th Journal of Pediatric Gastroenterology and Nutrition 29 2.34 3.288
6™ Digestive Diseases and Sciences 24 1.94 3.487
7 Journal of Crohns and Colitis 22 1.78 10.020
7 World Journal of Gastroenterology 22 1.78 5.374
gth Gastroenterology 17 1.37 33.883
gt Nutrition in Clinical Practice 17 1.37 3.204

YJournal Citation Reports (Clarivate, 2022). IF: Impact index.

The “role of exclusive enteral nutrition (EEN) for complicated Crohn’s disease” (red cluster); (2)
“manipulation of the gut microbiota as a key target for Crohn’s disease” (green cluster); and (3)
“malnutrition in patients with Crohn’s disease” (blue group).

We then divided the keywords by specific colors based on the average number of times they
appeared in all publications (Figure 4). The blue color represents prior research (before 2016), while
more recent studies are indicated by the yellow color (after 2018). Keywords in the groups of “role of
EEN for complicated Crohn’s disease”; and “manipulation of the gut microbiota as a key target for
Crohn’s disease” were the major areas in 2016-2021, and they could be extensively considered in the
future. Meanwhile, research on “malnutrition in patients with Crohn’s disease” appeared to be a
research area that attracted more attention before 2016.

DISCUSSION

This bibliometric analysis represents a comprehensive shortlisted overview of nutrition and Crohn’s
disease research. In the last decade, there has been significant growth in worldwide research interest in
this topic. The steady scientific progress over time shows that “manipulation of the gut microbiota as a
key target for Crohn’s disease” and “EEN for complicated Crohn’s disease” are promising clinical
approaches that should receive more investigation.
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Table 5 Top 10 articles on total citations

. Impact
. . . Cited | P
Ranking Title Source title index per Ref.
by .
article
1% “Dietary intake and risk of developing inflammatory bowel American Journal of 603 29.2 Hou et al[31], 2011
disease: A systematic review of the literature” Gastroenterology
pL “Inflammation, Antibiotics, and Diet as Environmental Cell Host and Microbe 449 70.6 Lewis et al[37], 2015
Stressors of the Gut Microbiome in Pediatric Crohn’s Disease”
3rd “Diet-induced dysbiosis of the intestinal microbiota and the Nutrients 425 36.5 Brown et al[32], 2012
effects on immunity and disease”
4th “Differentiating ulcerative colitis from Crohn disease in Journal of Pediatric 377 213 North American Society for
children and young adults: Report of a Working Group of the ~ Gastroenterology and Pediatric Gastroenterology,
North American Society for Pediatric Gastroenterology, Nutrition Hepatology, and Nutrition[33],
Hepatology, and Nutrition and the Crohn’s and Colitis 2007
Foundation of America”
5t “Enteral nutritional therapy for induction of remission in Cochrane Database of 371 10.4 Zachos et al[34], 2007
Crohn’s disease” Systematic Reviews
6™ “A prospective study of long-term intake of dietary fiber and  Gastroenterology 358 38.1 Ananthakrishnan et al[39], 2013
risk of Crohn'’s disease and ulcerative colitis”
7 “Polymeric Diet Alone Versus Corticosteroids in the Treatment Clinical Gastroen- 342 184 Borrelli et al[38], 2006
of Active Pediatric Crohn’s Disease: A Randomized Controlled  ferology and
Open-Label Trial” Hepatology
gth “ESPEN guideline: Clinical nutrition in inflammatory bowel Clinical Nutrition 341 489 Forbes et al[35], 2017
disease”
gth “Western diet induces dysbiosis with increased e coli in Gut 336 38.4 Martinez-Medina et al[40], 2014
CEABAC10 mice, alters host barrier function favouring AIEC
colonization”
10" “Fine and ultrafine particles of the diet: Influence on the Proceedings of the 310 13.3 Lomer et al[36], 2002
mucosal immune response and association with Crohn’s Nutrition Society
disease”
The impact index per article is presented based on Reference Citation Analysis (https:/ /referencecitationanalysis.com/).
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Figure 1 Growth trends of publications on nutrition and Crohn's disease from 2002 to 2021.
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The research found that the United States is the dominant country in this field, potentially due to
various factors. These factors could include a higher prevalence of Crohn’s disease in Western Europe
and North America, where the disease affects 100 to 300 per 100000 people[5]. Other reasons may
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Figure 2 Network visualization map depicting international collaboration in research related to nutrition and Crohn’s disease during

2002-2021.

involve the country’s investment in research, a diverse range of researchers in the field, access to well-
resourced research environments, and a well-trained workforce. Researchers may profit from their
country’s economic success, which may provide financial assistance and travel chances. This finding is
consistent with past studies that have shown the United States to be the top in research productivity[41-
43]. Nonetheless, it is critical to remember that research productivity is only one component of scientific
research. Other elements, such as research impact and societal ramifications, should be included when
assessing the overall success of a research field or country.

Studying collaboration networks can offer useful insights into research partnerships and help
pinpoint essential collaborators in a particular field. The United States and the United Kingdom have a
distinct advantage in this regard because of their greater economic resources and scientific investments.
Both countries have invested significantly in research and development, establishing world-class
research institutions and universities. Additionally, they have implemented policies to foster global
scientific and technological collaboration, leading to the formation of robust networks of researchers and
institutions worldwide. Furthermore, these countries’ substantial funding and resources enable them to
attract the best talent globally, which has facilitated scientific progress and innovation. The extensive
cooperation and collaboration among researchers in these countries have resulted in diverse and strong
networks that are crucial in addressing complex scientific challenges[44-47].

We may gain insight into the areas of interest and potential future research directions in this field by
analyzing the cooccurrence of the keywords. Its key terms often refer to the most important aspects of a
publication; the threshold was met by 43 of the 1589 keywords retrieved from the authors” keywords.
Therefore, it is helpful to define important concepts and create a framework for nutrition and Crohn’s
disease studies by analyzing the associated keywords.

One of the main research hotspots in our study was the role of EEN for complicated Crohn’s disease.
Enteral nutrition is the preferred feeding route in the induction of remission of active Crohn’s disease, as
it is a minimally invasive procedure with low risk. On the other hand, enteral nutrition has a beneficial
effect on the gut microbiota and intestinal inflammation. Therefore, enteral nutrition has several
advantages over parenteral nutrition: It can maintain enterohepatic circulation, reduce the inflammatory
response, decrease bacterial overgrowth and translocation and avoid intravenous access complications
[4]. EEN was first used in the 1970s and has been established over the last 20 years as an effective
nutritional therapy that induces mucosal healing in approximately 80% of patients and provides 100%
of daily nutrition requirements from high-energy artificial supplements and modified feeds with
probiotics, amino acids, and fatty acids[48]. On the other hand, a prospective study showed that 3 mo of
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Figure 3 Analysis of the co-occurrence network of authors’ keywords. Keywords of the authors with at least 10 occurrences were analyzed.
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EEN could effectively relieve stenosis[4,49]. However, there is still variation in the use of EEN in
different parts of the world. In addition, enteral nutrition and oral nutrition supplements are rarely
recommended by doctors as first-line therapies, so much research is needed to address the uncertainty
and barriers around the use of enteral nutrition globally[50,51].

Another research hotspot is the “manipulation of the gut microbiota as a key target of Crohn’s
disease”. The intestinal microbiota is an important factor in developing irritable bowel disease. Long-
standing inflammation in Crohn’s disease can cause small intestinal bacterial overgrowth due to
intestinal stenosis, leading to fibrosis, scarring and contraction in both the transverse and longitudinal
directions. Bacterial overgrowth is enabled by reduced intestinal secretion of soluble immunoglobulin A
(sIgA), which permits an increase in adherence and pathogenicity of bacteria that form the normal gut
microbiome, particularly Escherichia coli, Klebsiella spp. and Pseudomonas spp., and a decrease in
protective bacterial strains such as Lactobacillus and Bifidobacterium spp., resulting in diarrhea,
abdominal pain and distension, weight loss and fatigue. Bacterial overgrowth acts as a snare due to the
increased risk of mucosal inflammation, bacterial translocation, and sepsis, so many experimental
studies are needed to assess the effectiveness of probiotic supplements and palatability in patients to
achieve clarity and standardization of therapy[52,53].

Another research hotspot is “malnutrition in patients with Crohn’s disease”. The prevalence of
malnutrition and nutritional deficiencies in patients with Crohn’s disease is high because inflammation
induces a catabolic response with endogenous proteolysis. Researchers have found weight loss due to
decreased fat and muscle mass in 65%-75% of hospitalized patients; anemia due to iron, folic acid and
vitamin B12 deficiency in 60%-80% of patients; and negative nitrogen balance in approximately 70% of
patients[54]. Protein-energy malnutrition is common due to increased energy and nutrient needs, partic-
ularly in acute attacks, in addition to cytokine-induced anorexia, nausea, diarrhea, reduced dietary
intake, malabsorption, and food-drug interactions. Protein requirements will depend on the disease
phase. An increased requirement will be essential only in the catabolic stage and for septic and severe
undernutrition in the active Crohn’s disease phase. Screening for malnutrition is essential to select
patients with the highest risk and develop the appropriate care plan. In addition, malnutrition is rarely
treated as an additional disease, especially in low- and middle-income countries. Therefore, more
studies are needed to manage and control this life-threatening issue[55].
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Figure 4 Co-occurrence overlay visualization of the authors’ keywords. Yellow highlights indicate the most recent keywords.
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One of the most important techniques for assessing the impact of an article or demonstrating its
recognition is citation analysis[56,57]. It is possible to determine which study areas have received the
most attention from the scientific community by analyzing the most cited papers. Those interested in
becoming authorities on nutrition-related studies of Crohn’s disease should become familiar with the
most widely referenced works. We found several articles on the connections between nutrition and
Crohn’s disease[31-40] that highlighted a number of subtopics that are closely related to the aforemen-
tioned hotspots. For example, the article on this subject that has been cited the most has 603 references
and was published in the American Journal of Gastroenterology. High dietary intakes of total lipids,
omega-6 fatty acids, polyunsaturated fatty acids, and meat were associated with an elevated risk of
Crohn’s disease, according to this systematic analysis[31]. Conversely, fruit and high-fiber diets were
linked to a lower risk of developing Crohn’s disease[31]. The article by Lewis et al[37], published in Cell
Host and Microbe, was the second most cited. This study established that fungi are involved in the
dysbiosis of Crohn’s disease in addition to bacteria. Inflammation, exposure to antibiotics, and dietary
modifications contribute to dysbiosis in different ways by altering the composition of the gut microbiota
[37]. These results shed light on the therapeutic options for Crohn’s disease by showing that dysbiosis
develops from independent influences of diet, inflammation, and antibiotics[37]. The third most cited
paper was published in Nutrients[32]. The study presented proof that the microbiota structure in the
intestines can influence the likelihood of developing chronic illnesses in the gastrointestinal tract,
including celiac disease, Crohn’s disease, ulcerative colitis, and irritable bowel syndrome. Nevertheless,
the enduring advantages of probiotics and prebiotics are still uncertain, despite their potential as
efficacious treatments for inflammatory disease symptoms[32].

Research strengths and limitations

Our study has several strengths. We systematically reviewed the literature on nutrition and Crohn’s
disease. Our findings offer a comprehensive and quantitative analysis of the most important articles
related to nutrition and Crohn’s disease. We have also acknowledged the important contributions that
have been made to the development and progress of this specialized field. However, our study has
several limitations. First, we only searched Scopus and we did not include data from other databases,
such as PubMed, Web of Science, and Google Scholar. This approach could have led to the exclusion of
papers relevant to the investigated topic. Second, the research strategy has certain errors, even though it
has been validated. Consequently, researchers should keep in mind that both false-positive and false-
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negative results could have been included. Nevertheless, we believe that the use of title searches
significantly reduces research errors. Third, regarding the credibility of the data gathered for our study,
the precision and completeness of the keywords we used have a considerable impact. Hence, certain
significant and influential articles could have been left off the representative list because the titles of
those articles could contain specific types of nutrition or diet.

CONCLUSION

We employed bibliometric techniques to gather 1237 articles on nutrition and Crohn’s disease that were
published from January 2002 to December 2021. Our findings highlight a network of collaboration
among countries, institutions, journals and funding agencies, shedding light on the latest trends and
areas of interest in the field of emerging nutrition and Crohn’s disease. Research in this area has been
increasing steadily over the past decade. The United States and the United Kingdom are the leading
contributors to this field, with the highest number of publications and a strong emphasis on interna-
tional cooperation. The “role of EEN for complicated Crohn’s disease” and “manipulation of the gut
microbiota as a key target for Crohn’s disease” are the current research hotspots. This bibliometric study
provides a detailed analysis of nutrition and Crohn’s disease research, which can serve as a resource for
academics and policymakers in this field.

ARTICLE HIGHLIGHTS

Research background
Crohn’s disease symptoms can include abdominal pain, diarrhea, fatigue, and weight loss. While
Crohn’s disease has no cure, there are techniques to control symptoms, including food and nutrition.

Research motivation
Assessing the current status of research and hotspots in nutrition and Crohn’s disease is critical for
identifying knowledge gaps and informing future research paths.

Research objectives
Using bibliometric analysis, the purpose of this study is to provide an overview of the current state of
nutrition and Crohn’s disease research.

Research methods

We conducted a thorough and rigorous analysis utilizing SciVerse Scopus to identify relevant material
on nutrition and Crohn’s disease. Next, we used VOSviewer software to examine prevalent areas of
study and publishing patterns in related domains.

Research results

Over the past 20 years, there has been a rise in cross-border partnerships and interdisciplinary studies
concerning the relationship between nutrition and Crohn’s disease. Currently, the key areas of research
in this field are the use of exclusive enteral nutrition for complicated cases of Crohn’s disease and the
manipulation of the gastrointestinal microbiome.

Research conclusions

There has been no bibliometric analysis of nutrition and Crohn’s disease research in the last two
decades. This study provides a complete assessment of the knowledge structure and developments in
this topic. As such, the findings are a helpful resource for academics because they provide a detailed
assessment and emphasize the frontiers of nutrition and Crohn’s disease research.

Research perspectives

The purpose of this research is to identify current trends and focus areas in the field of nutrition and
Crohn’s disease to guide future research and treatment practice. Using bibliometric analysis, this study
provides a comprehensive assessment of the relevant literature, assisting researchers and clinicians in
staying up to date on the most recent advances in this field.

ACKNOWLEDGEMENTS

The author thanks An-Najah National University Hospital for all administrative assistance during the

WJG | https://www.wjgnet.com 3212 May 28,2023 | Volume?29 | Issue20 |



Jaishideng®

Shakhshir M et al. Diet and nutrition in Crohn’s disease

implementation of the project.

FOOTNOTES

Author contributions: Zyoud SH designed the study, collected the data, analyzed the data, made major contributions
to the manuscript’s literature search and interpretation, and drafted the manuscript; Shakhshir M made major
contributions to the manuscript’s literature search and interpretation and made revisions to the initial draft; all
authors provided a critical review and approved the final manuscript before submission.

Conflict-of-interest statement: The authors have no financial disclosures or conflicts of interest to declare.

PRISMA 2009 Checklist statement: The authors have read the PRISMA 2009 Checklist, and the manuscript was
prepared and revised according to the PRISMA 2009 Checklist.

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: Palestine
ORCID number: Muna Shakhshir 0000-0002-6213-8457; Sa'ed H Zyoud 0000-0002-7369-2058.

S-Editor: Chen YL
L-Editor: Filipodia
P-Editor: Yu HG

REFERENCES

1 GBD 2017 Inflammatory Bowel Disease Collaborators. The global, regional, and national burden of inflammatory
bowel disease in 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study
2017. Lancet Gastroenterol Hepatol 2020; 5: 17-30 [PMID: 31648971 DOI: 10.1016/S2468-1253(19)30333-4]

Danese S, Parigi TL, Peyrin-Biroulet L, Ghosh S. Defining difficult-to-treat inflammatory bowel disease: why and how.

Lancet Gastroenterol Hepatol 2021; 6: 520-522 [PMID: 34019799 DOI: 10.1016/S2468-1253(21)00141-2]

3 Jairath V, Feagan BG. Global burden of inflammatory bowel disease. Lancet Gastroenterol Hepatol 2020; 5: 2-3 [PMID:
31648974 DOI: 10.1016/S2468-1253(19)30358-9]

4 Adamji M, Day AS. An overview of the role of exclusive enteral nutrition for complicated Crohn’s disease. /nfest Res
2019; 17: 171-176 [PMID: 30508476 DOI: 10.5217/ir.2018.00079]

5 Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, Panaccione R, Ghosh S, Wu JCY, Chan FKL, Sung
1JY, Kaplan GG. Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: a systematic
review of population-based studies. Lancet 2017; 390: 2769-2778 [PMID: 29050646 DOI:
10.1016/S0140-6736(17)32448-0]

6 Scaldaferri F, Pizzoferrato M, Lopetuso LR, Musca T, Ingravalle F, Sicignano LL, Mentella M, Miggiano G, Mele MC,
Gaetani E, Graziani C, Petito V, Cammarota G, Marzetti E, Martone A, Landi F, Gasbarrini A. Nutrition and IBD:
Malnutrition and/or Sarcopenia? A Practical Guide. Gastroenterol Res Pract 2017; 2017: 8646495 [PMID: 28127306
DOI: 10.1155/2017/8646495]

7 Caio G, Lungaro L, Caputo F, Zoli E, Giancola F, Chiarioni G, De Giorgio R, Zoli G. Nutritional Treatment in Crohn’s
Disease. Nutrients 2021; 13 [PMID: 34066229 DOI: 10.3390/nul13051628]

8 Mentella MC, Scaldaferri F, Pizzoferrato M, Gasbarrini A, Miggiano GAD. Nutrition, IBD and Gut Microbiota: A
Review. Nutrients 2020; 12 [PMID: 32235316 DOI: 10.3390/nu12040944]

9 de Castro MM, Pascoal LB, Steigleder KM, Siqueira BP, Corona LP, Ayrizono MLS, Milanski M, Leal RF. Role of diet
and nutrition in inflammatory bowel disease. World J Exp Med 2021; 11: 1-16 [PMID: 33585174 DOI:
10.5493/wjem.v11.il.1]

10 Verburgt CM, Ghiboub M, Benninga MA, de Jonge WJ, Van Limbergen JE. Nutritional Therapy Strategies in Pediatric
Crohn’s Disease. Nutrients 2021; 13 [PMID: 33450982 DOI: 10.3390/nul13010212]

11 Roncoroni L, Gori R, Elli L, Tontini GE, Doneda L, Norsa L, Cuomo M, Lombardo V, Scricciolo A, Caprioli F,
Costantino A, Scaramella L, Vecchi M. Nutrition in Patients with Inflammatory Bowel Diseases: A Narrative Review.
Nutrients 2022; 14 [PMID: 35215401 DOI: 10.3390/nu14040751]

12 Baas J, Schotten M, Plume A, Cote G, Karimi R. Scopus as a curated, high-quality bibliometric data source for academic
research in quantitative science studies. Quantitative Science Studies 2020; 1: 377-386 [DOIL: 10.1162/gss_a 00019]

13 Keighobadi M, Nakhaei M, Sharifpour A, Khasseh AA, Safanavaei S, Tabaripour R, Aliyali M, Abedi S, Mehravaran H,
Banimostafavi ES, Fakhar M. A Bibliometric Analysis of Global Research on Lophomonas Spp. in Scopus (1933-2019).
Infect Disord Drug Targets 2021; 21: 230-237 [PMID: 32718299 DOI: 10.2174/1871526520666200727153142]

14 Beovich B, Olaussen A, Williams B. A bibliometric analysis of paramedicine publications using the Scopus database:

N

WJG | https://www.wjgnet.com 3213 May 28,2023 | Volume?29 | Issue20 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0002-6213-8457
http://orcid.org/0000-0002-6213-8457
http://orcid.org/0000-0002-7369-2058
http://orcid.org/0000-0002-7369-2058
http://www.ncbi.nlm.nih.gov/pubmed/31648971
https://dx.doi.org/10.1016/S2468-1253(19)30333-4
http://www.ncbi.nlm.nih.gov/pubmed/34019799
https://dx.doi.org/10.1016/S2468-1253(21)00141-2
http://www.ncbi.nlm.nih.gov/pubmed/31648974
https://dx.doi.org/10.1016/S2468-1253(19)30358-9
http://www.ncbi.nlm.nih.gov/pubmed/30508476
https://dx.doi.org/10.5217/ir.2018.00079
http://www.ncbi.nlm.nih.gov/pubmed/29050646
https://dx.doi.org/10.1016/S0140-6736(17)32448-0
http://www.ncbi.nlm.nih.gov/pubmed/28127306
https://dx.doi.org/10.1155/2017/8646495
http://www.ncbi.nlm.nih.gov/pubmed/34066229
https://dx.doi.org/10.3390/nu13051628
http://www.ncbi.nlm.nih.gov/pubmed/32235316
https://dx.doi.org/10.3390/nu12040944
http://www.ncbi.nlm.nih.gov/pubmed/33585174
https://dx.doi.org/10.5493/wjem.v11.i1.1
http://www.ncbi.nlm.nih.gov/pubmed/33450982
https://dx.doi.org/10.3390/nu13010212
http://www.ncbi.nlm.nih.gov/pubmed/35215401
https://dx.doi.org/10.3390/nu14040751
https://dx.doi.org/10.1162/qss_a_00019
http://www.ncbi.nlm.nih.gov/pubmed/32718299
https://dx.doi.org/10.2174/1871526520666200727153142

Shakhshir M et al. Diet and nutrition in Crohn’s disease

Jaishideng®

26

27

34

40

2010-2019. Int Emerg Nurs 2021; 59: 101077 [PMID: 34571451 DOIL: 10.1016/j.ienj.2021.101077]

Morandi G, Guido D, Tagliabue A. A bibliometric study of scientific literature on the dietary therapies for epilepsy in
Scopus. Nutr Neurosci 2015; 18: 201-209 [PMID: 24628043 DOI: 10.1179/1476830514Y.0000000118]

Zahri KNM, Zulkharnain A, Sabri S, Gomez-Fuentes C, Ahmad SA. Research Trends of Biodegradation of Cooking Oil
in Antarctica from 2001 to 2021: A Bibliometric Analysis Based on the Scopus Database. Int J Environ Res Public Health
2021; 18 [PMID: 33669826 DOI: 10.3390/ijerph18042050]

Kanmodi KK, Nwafor JN, Salami AA, Egbedina EA, Nnyanzi LA, Ojo TO, Duckworth RM, Zohoori FV. A Scopus-
Based Bibliometric Analysis of Global Research Contributions on Milk Fluoridation. Int J Environ Res Public Health
2022; 19 [PMID: 35886086 DOI: 10.3390/ijerph19148233]

Zyoud SH, Shakhshir M, Abushanab AS, Al-Jabi SW, Koni A, Shahwan M, Jairoun AA, Abu Taha A. Mapping the
global research landscape on nutrition and the gut microbiota: Visualization and bibliometric analysis. World J
Gastroenterol 2022; 28: 2981-2993 [PMID: 35978868 DOIL: 10.3748/wjg.v28.125.2981]

Zyoud SH, Al-Jabi SW, Koni A, Shakhshir M, Shahwan M, Jairoun AA. Mapping the landscape and structure of global
research on nutrition and COVID-19: visualization analysis. J Health Popul Nutr 2022; 41: 25 [PMID: 35689295 DOI:
10.1186/s41043-022-00304-y]

Shen JL, Zhou Z, Cao JS, Zhang B, Hu JH, Li JY, Liu XM, Juengpanich S, Li MS, Feng X. Biologic therapy for Crohn’s
disease over the last 3 decades. World J Clin Cases 2022; 10: 594-606 [PMID: 35097085 DOI: 10.12998/wjcc.v10.i2.594]
Sweileh WM. Analysis and mapping of global research publications on shift work (2012-2021). J Occup Med Toxicol
2022; 17: 22 [PMID: 36514070 DOI: 10.1186/512995-022-00364-0]

Sweileh WM. Global research activity on mathematical modeling of transmission and control of 23 selected infectious
disease outbreak. Global Health 2022; 18: 4 [PMID: 35062966 DOI: 10.1186/512992-022-00803-x]

Sweileh WM. Global research publications on irrational use of antimicrobials: call for more research to contain
antimicrobial resistance. Global Health 2021; 17: 94 [PMID: 34429128 DOI: 10.1186/512992-021-00754-9]

Sweileh WM. Substandard and falsified medical products: bibliometric analysis and mapping of scientific research.
Global Health 2021; 17: 114 [PMID: 34556126 DOI: 10.1186/512992-021-00766-5]

Wang JL, Ma YJ, Ma L, Ma N, Guo DM, Ma LS. Baishideng’s Reference Citation Analysis database announces the first
Article Influence Index of multidisciplinary scholars. World J Clin Cases 2022; 10: 10391-10398 [PMID: 36312463 DOI:
10.12998/wjcc.v10.i29.10391]

Wang JL, Ma YJ, Ma L, Ma N, Guo DM, Ma LS. Baishideng’s Reference Citation Analysis database announces the first
Journal Article Influence Index of 101 core journals and a list of high-quality academic journals in gastroenterology and
hepatology. World J Gastroenterol 2022; 28: 5383-5394 [PMID: 36312837 DOI: 10.3748/wjg.v28.137.5383]

Wang JL, Ma YJ, Ma L, Ma N, Guo DM, Ma LS. Baishideng’s Reference Citation Analysis database announces the first
Journal Article Influence Index of 104 core journals and a list of high-quality academic journals in orthopedics. World J
Orthop 2022; 13: 891-902 [PMID: 36312521 DOI: 10.5312/wjo.v13.110.891]

Van Eck NJ, Waltman L. Text mining and visualization using VOSviewer. 2011. [cited 21 March 2023]. Available from:
https://arxiv.org/ftp/arxiv/papers/1109/1109.2058.pdf

van Eck NJ, Waltman L. VOSviewer manual. 2013. [cited 21 March 2023]. Available from: https://
www.researchgate.net/publication/265012369 VOSviewer Manual

van Eck NJ, Waltman L. Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics
2010; 84: 523-538 [PMID: 20585380 DOI: 10.1007/s11192-009-0146-3]

Hou JK, Abraham B, El-Serag H. Dietary intake and risk of developing inflammatory bowel disease: a systematic review
of the literature. Am J Gastroenterol 2011; 106: 563-573 [PMID: 21468064 DOI: 10.1038/ajg.2011.44]

Brown K, DeCoffe D, Molcan E, Gibson DL. Diet-induced dysbiosis of the intestinal microbiota and the effects on
immunity and disease. Nutrients 2012; 4: 1095-1119 [PMID: 23016134 DOI: 10.3390/nu4081095]

North American Society for Pediatric Gastroenterology Hepatology and Nutrition; Colitis Foundation of America,
Bousvaros A, Antonioli DA, Colletti RB, Dubinsky MC, Glickman JN, Gold BD, Griffiths AM, Jevon GP, Higuchi LM,
Hyams JS, Kirschner BS, Kugathasan S, Baldassano RN, Russo PA. Differentiating ulcerative colitis from Crohn disease
in children and young adults: report of a working group of the North American Society for Pediatric Gastroenterology,
Hepatology, and Nutrition and the Crohn’s and Colitis Foundation of America. J Pediatr Gastroenterol Nutr 2007; 44:
653-674 [PMID: 17460505 DOI: 10.1097/MPG.0b013e3180556313]

Zachos M, Tondeur M, Griffiths AM. Enteral nutritional therapy for induction of remission in Crohn’s disease. Cochrane
Database Syst Rev 2007; CD000542 [PMID: 17253452 DOI: 10.1002/14651858.CD000542.pub2]

Forbes A, Escher J, Hébuterne X, Ki¢k S, Krznaric Z, Schneider S, Shamir R, Stardelova K, Wierdsma N, Wiskin AE,
Bischoff SC. ESPEN guideline: Clinical nutrition in inflammatory bowel disease. Clin Nutr 2017; 36: 321-347 [PMID:
28131521 DOI: 10.1016/j.clnu.2016.12.027]

Lomer MC, Thompson RP, Powell JJ. Fine and ultrafine particles of the diet: influence on the mucosal immune response
and association with Crohn’s disease. Proc Nutr Soc 2002; 61: 123-130 [PMID: 12002786 DOI: 10.1079/pns2001134]
Lewis JD, Chen EZ, Baldassano RN, Otley AR, Griffiths AM, Lee D, Bittinger K, Bailey A, Friedman ES, Hoffmann C,
Albenberg L, Sinha R, Compher C, Gilroy E, Nessel L, Grant A, Chehoud C, Li H, Wu GD, Bushman FD. Inflammation,
Antibiotics, and Diet as Environmental Stressors of the Gut Microbiome in Pediatric Crohn’s Disease. Cell Host Microbe
2015; 18: 489-500 [PMID: 26468751 DOI: 10.1016/j.chom.2015.09.008]

Borrelli O, Cordischi L, Cirulli M, Paganelli M, Labalestra V, Uccini S, Russo PM, Cucchiara S. Polymeric diet alone vs
corticosteroids in the treatment of active pediatric Crohn’s disease: a randomized controlled open-label trial. Clin
Gastroenterol Hepatol 2006; 4: 744-753 [PMID: 16682258 DOI: 10.1016/j.cgh.2006.03.010]

Ananthakrishnan AN, Khalili H, Konijeti GG, Higuchi LM, de Silva P, Korzenik JR, Fuchs CS, Willett WC, Richter JM,
Chan AT. A prospective study of long-term intake of dietary fiber and risk of Crohn’s disease and ulcerative colitis.
Gastroenterology 2013; 145: 970-977 [PMID: 23912083 DOI: 10.1053/j.gastro.2013.07.050]

Martinez-Medina M, Denizot J, Dreux N, Robin F, Billard E, Bonnet R, Darfeuille-Michaud A, Barnich N. Western diet

WJG | https://www.wjgnet.com 3214 May 28,2023 | Volume?29 | Issue20 |


http://www.ncbi.nlm.nih.gov/pubmed/34571451
https://dx.doi.org/10.1016/j.ienj.2021.101077
http://www.ncbi.nlm.nih.gov/pubmed/24628043
https://dx.doi.org/10.1179/1476830514Y.0000000118
http://www.ncbi.nlm.nih.gov/pubmed/33669826
https://dx.doi.org/10.3390/ijerph18042050
http://www.ncbi.nlm.nih.gov/pubmed/35886086
https://dx.doi.org/10.3390/ijerph19148233
http://www.ncbi.nlm.nih.gov/pubmed/35978868
https://dx.doi.org/10.3748/wjg.v28.i25.2981
http://www.ncbi.nlm.nih.gov/pubmed/35689295
https://dx.doi.org/10.1186/s41043-022-00304-y
http://www.ncbi.nlm.nih.gov/pubmed/35097085
https://dx.doi.org/10.12998/wjcc.v10.i2.594
http://www.ncbi.nlm.nih.gov/pubmed/36514070
https://dx.doi.org/10.1186/s12995-022-00364-0
http://www.ncbi.nlm.nih.gov/pubmed/35062966
https://dx.doi.org/10.1186/s12992-022-00803-x
http://www.ncbi.nlm.nih.gov/pubmed/34429128
https://dx.doi.org/10.1186/s12992-021-00754-9
http://www.ncbi.nlm.nih.gov/pubmed/34556126
https://dx.doi.org/10.1186/s12992-021-00766-5
http://www.ncbi.nlm.nih.gov/pubmed/36312463
https://dx.doi.org/10.12998/wjcc.v10.i29.10391
http://www.ncbi.nlm.nih.gov/pubmed/36312837
https://dx.doi.org/10.3748/wjg.v28.i37.5383
http://www.ncbi.nlm.nih.gov/pubmed/36312521
https://dx.doi.org/10.5312/wjo.v13.i10.891
https://arxiv.org/ftp/arxiv/papers/1109/1109.2058.pdf
https://www.researchgate.net/publication/265012369_VOSviewer_Manual
https://www.researchgate.net/publication/265012369_VOSviewer_Manual
http://www.ncbi.nlm.nih.gov/pubmed/20585380
https://dx.doi.org/10.1007/s11192-009-0146-3
http://www.ncbi.nlm.nih.gov/pubmed/21468064
https://dx.doi.org/10.1038/ajg.2011.44
http://www.ncbi.nlm.nih.gov/pubmed/23016134
https://dx.doi.org/10.3390/nu4081095
http://www.ncbi.nlm.nih.gov/pubmed/17460505
https://dx.doi.org/10.1097/MPG.0b013e31805563f3
http://www.ncbi.nlm.nih.gov/pubmed/17253452
https://dx.doi.org/10.1002/14651858.CD000542.pub2
http://www.ncbi.nlm.nih.gov/pubmed/28131521
https://dx.doi.org/10.1016/j.clnu.2016.12.027
http://www.ncbi.nlm.nih.gov/pubmed/12002786
https://dx.doi.org/10.1079/pns2001134
http://www.ncbi.nlm.nih.gov/pubmed/26468751
https://dx.doi.org/10.1016/j.chom.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16682258
https://dx.doi.org/10.1016/j.cgh.2006.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23912083
https://dx.doi.org/10.1053/j.gastro.2013.07.050

Jaishideng®

41

42

46

47

48

49

w
[\

53

54

Shakhshir M et al. Diet and nutrition in Crohn’s disease

induces dysbiosis with increased E coli in CEABAC10 mice, alters host barrier function favouring AIEC colonisation. Gut
2014; 63: 116-124 [PMID: 23598352 DOI: 10.1136/gutjnl-2012-304119]

Zyoud SeH, Shakhshir M, Abushanab AS, Koni A, Shahwan M, Jairoun AA, Al-Jabi SW. Global research trends on the
links between insulin resistance and obesity: a visualization analysis. Translational Medicine Communications 2022;7: 18
[DOI: 10.1186/s41231-022-00124-6]

Zyoud SH, Al-Jabi SW, Amer R, Shakhshir M, Shahwan M, Jairoun AA, Akkawi M, Abu Taha A. Global research trends
on the links between the gut microbiome and cancer: a visualization analysis. J Trans! Med 2022; 20: 83 [PMID:
35148757 DOI: 10.1186/s12967-022-03293-y]

Yang J, Deng Y, Cai Y, Liu Y, Peng L, Luo Z, Li D. Mapping trends and hotspot regarding gastrointestinal microbiome
and neuroscience: A bibliometric analysis of global research (2002-2022). Front Neurosci 2022; 16: 1048565 [PMID:
36466165 DOI: 10.3389/fnins.2022.1048565]

Dusdal J, Powell JJW. Benefits, Motivations, and Challenges of International Collaborative Research: A Sociology of
Science Case Study. Science and Public Policy 2021; 48: 235-245 [DOI: 10.1093/scipol/scab010]

Widmer RJ, Widmer JM, Lerman A. International collaboration: promises and challenges. Rambam Maimonides Med J
2015; 6: €0012 [PMID: 25973264 DOI: 10.5041/RMMJ.10196]

Moradi R, Zargham-Boroujeni A, Soleymani MR. Factors related to the international research collaboration in the health
area: A qualitative study. J Educ Health Promot 2020; 9: 267 [PMID: 33282972 DOI: 10.4103/jehp.jehp 497 20]
Meifiner F, Weinmann C, Vowe G. Understanding and Addressing Problems in Research Collaboration: A Qualitative
Interview Study From a Self-Governance Perspective. Front Res Metr Anal 2021; 6: 778176 [PMID: 35224422 DOI:
10.3389/frma.2021.778176]

Ashton JJ, Gavin J, Beattie RM. Exclusive enteral nutrition in Crohn’s disease: Evidence and practicalities. Clin Nutr
2019; 38: 80-89 [PMID: 29398336 DOI: 10.1016/j.clnu.2018.01.020]

Fuchigami T, Ohgushi H, Imamura K, Yao T, Omae T, Watanabe H, Nakano H. Effects of total parenteral nutrition on
colonic lesions in Crohn’s disease: radiographic and endoscopic study. Gastroenterol Jpn 1982; 17: 521-529 [PMID:
6819178 DOI: 10.1007/BF02779129]

Viani K. Parenteral and enteral nutrition for pediatric oncology in low- and middle-income countries. Indian J Cancer
2015; 52: 182-184 [PMID: 26853395 DOI: 10.4103/0019-509X.175837]

Di Caro S, Fragkos KC, Keetarut K, Koo HF, Sebepos-Rogers G, Saravanapavan H, Barragry J, Rogers J, Mehta SJ,
Rahman F. Enteral Nutrition in Adult Crohn’s Disease: Toward a Paradigm Shift. Nutrients 2019; 11 [PMID: 31540038
DOI: 10.3390/nu11092222]

Wu L, Estrada O, Zaborina O, Bains M, Shen L, Kohler JE, Patel N, Musch MW, Chang EB, Fu YX, Jacobs MA,
Nishimura MI, Hancock RE, Turner JR, Alverdy JC. Recognition of host immune activation by Pseudomonas aeruginosa.
Science 2005; 309: 774-777 [PMID: 16051797 DOI: 10.1126/science.1112422]

Spitz J, Hecht G, Taveras M, Aoys E, Alverdy J. The effect of dexamethasone administration on rat intestinal
permeability: the role of bacterial adherence. Gastroenterology 1994; 106: 35-41 [PMID: 8276206 DOI:
10.1016/s0016-5085(94)94155-6]

Lochs H, Dejong C, Hammarqvist F, Hebuterne X, Leon-Sanz M, Schiitz T, van Gemert W, van Gossum A, Valentini L;
DGEM (German Society for Nutritional Medicine), Liibke H, Bischoff S, Engelmann N, Thul P; ESPEN (European
Society for Parenteral and Enteral Nutrition). ESPEN Guidelines on Enteral Nutrition: Gastroenterology. Clin Nutr 2006;
25:260-274 [PMID: 16698129 DOI: 10.1016/j.clnu.2006.01.007]

Han PD, Burke A, Baldassano RN, Rombeau JL, Lichtenstein GR. Nutrition and inflammatory bowel disease.
Gastroenterol Clin North Am 1999; 28: 423-443, ix [PMID: 10372275 DOI: 10.1016/s0889-8553(05)70063-7]

Moed HF. Citation analysis in research evaluation. Springer Science & Business Media. 2006. [cited 21 March 2023].
Available from: https://link.springer.com/book/10.1007/1-4020-3714-7#book-header

Aksnes DW, Langfeldt L, Wouters P. Citations, Citation Indicators, and Research Quality: An Overview of Basic
Concepts and Theories. SAGE Open 2019; 9: 21582440198 [DOI: 10.1177/2158244019829575]

WJG | https://www.wjgnet.com 3215 May 28,2023 | Volume?29 | Issue20 |


http://www.ncbi.nlm.nih.gov/pubmed/23598352
https://dx.doi.org/10.1136/gutjnl-2012-304119
https://dx.doi.org/10.1186/s41231-022-00124-6
http://www.ncbi.nlm.nih.gov/pubmed/35148757
https://dx.doi.org/10.1186/s12967-022-03293-y
http://www.ncbi.nlm.nih.gov/pubmed/36466165
https://dx.doi.org/10.3389/fnins.2022.1048565
https://dx.doi.org/10.1093/scipol/scab010
http://www.ncbi.nlm.nih.gov/pubmed/25973264
https://dx.doi.org/10.5041/RMMJ.10196
http://www.ncbi.nlm.nih.gov/pubmed/33282972
https://dx.doi.org/10.4103/jehp.jehp_497_20
http://www.ncbi.nlm.nih.gov/pubmed/35224422
https://dx.doi.org/10.3389/frma.2021.778176
http://www.ncbi.nlm.nih.gov/pubmed/29398336
https://dx.doi.org/10.1016/j.clnu.2018.01.020
http://www.ncbi.nlm.nih.gov/pubmed/6819178
https://dx.doi.org/10.1007/BF02779129
http://www.ncbi.nlm.nih.gov/pubmed/26853395
https://dx.doi.org/10.4103/0019-509X.175837
http://www.ncbi.nlm.nih.gov/pubmed/31540038
https://dx.doi.org/10.3390/nu11092222
http://www.ncbi.nlm.nih.gov/pubmed/16051797
https://dx.doi.org/10.1126/science.1112422
http://www.ncbi.nlm.nih.gov/pubmed/8276206
https://dx.doi.org/10.1016/s0016-5085(94)94155-6
http://www.ncbi.nlm.nih.gov/pubmed/16698129
https://dx.doi.org/10.1016/j.clnu.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/10372275
https://dx.doi.org/10.1016/s0889-8553(05)70063-7
https://link.springer.com/book/10.1007/1-4020-3714-7#book-header
https://dx.doi.org/10.1177/2158244019829575

World Journal of
Gastroenterology

Submit a Manuscript: https:/ /www.f6publishing.com World | Gastroenterol 2023 May 28; 29(20): 3216-3221
DOI: 10.3748 /wijg.v29.i20.3216 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

CASE REPORT

Inflammatory myofibroblastic tumor of the pancreatic neck
misdiagnosed as neuroendocrine tumor: A case report

Jia-Bei Liu, Qian-Biao Gu, Peng Liu

Specialty type: Gastroenterology Jia-Bei Liu, Department of Radiology, The First Affiliated Hospital of Hunan Normal
and hepatology University, Hunan Provincial People’s Hospital, Changsha 410005, Hunan Province, China

Provenance and peer review: Qian-Biao Gu, Peng Liu, Department of Radiology, The First Affiliated Hospital of Hunan
Unsolicited article; Externally peer Normal University (Hunan Provincial People’s Hospital), Changsha 410005, Hunan Province,
reviewed. China

Peer-review model: Single blind Corresponding author: Peng Liu, MD, Chief Doctor, Department of Radiology, The First
Affiliated Hospital of Hunan Normal University (Hunan Provincial People’s Hospital), No. 61
Peer-review report’s scientific Jiefang West Road, Changsha 410005, Hunan Province, China. Ipradiology@163.com

quality classification

Grade A (Excellent): 0
Grade B (Very good): B, B Abstract

Grade C (Good): C BACKGROUND
Grade D (Fair): 0 Inflammatory myofibroblastic tumor (IMT) is a relatively rare tumor. The global
Grade E (Poor): 0 incidence of IMT is less than 1%. There is no specific clinical manifestation. It

. usually occurs in the lungs, but the pancreas is not the predilection site.
P-Reviewer: Kamer E, Turkey;

Kumar M, India; Yarmahmoodi F, CASE SUMMARY

Iran We present a case of a male patient, 51 years old, who was diagnosed with a
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examination. As he had no clinical symptoms and the mass was relatively small,
he did not undergo treatment. However, the mass was found to be larger on
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CONCLUSION
Pancreatic IMT is relatively rare and easily misdiagnosed. We can better under-
stand and correctly diagnose this disease by this case report.
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Core Tip: Inflammatory myofibroblastic tumor (IMT) is a rare mesenchymal tumor composed of spindle-
shaped myofibroblasts accompanied by a mixed inflammatory infiltrate, and is particularly rare in the
pancreas. The diagnosis of pancreatic IMT is made on the basis of histopathology and immunohisto-
chemistry. Different lesions exhibit diverse biological characteristics, and there are several surgical
treatment protocols. This case emphasizes the importance of correct preoperative diagnosis of IMT and
reminds us to broaden our thinking in relation to the diagnosis of pancreatic lesions.
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INTRODUCTION

Inflammatory myofibroblastic tumor (IMT) is a rare mesenchymal tumor. This concept of IMT was first
put forward by Pettinato et al[1] in 1990. According to the current World Health Organisation (WHO)
guidelines, IMTs are typically low-grade neoplasms with occasional malignant potential[2]. An IMT can
occur anywhere at any age. This report describes a case of pancreatic IMT.

CASE PRESENTATION

Chief complaints
A 51-year-old male patient was found to have a pancreatic mass more than one year ago.

History of present illness

The patient found a small pancreatic tumor in a physical examination one year ago. However, two
months ago, the follow-up of the physical examination center found that the tumor became bigger, then
he was referred to our hospital. There were no clinical symptoms throughout the course of the disease.

History of past illness
The patient had a history of hypertension, hyperglycemia, hyperlipidemia, thyroid nodule, prediabetes,
and urticaria.

Personal and family history
The patient had no family history of malignant tumors, psychological, or genetic disorders.

Physical examination
The physical examination did not reveal any obvious abnormalities.

Laboratory examinations
Uric acid and triglyceride levels were elevated. Other blood parameters and tumor markers (carcinoem-
bryonic antigen and cancer antigen 19-9) levels were within the normal range.

Imaging examinations

An abdominal contrast-enhanced computed tomography (CECT) scan showed a round, well-defined,
low-density mass 3.5 cm in diameter in the neck of the pancreas. On the CECT scan, the mass showed
lower attenuation than the normal pancreatic parenchyma in the pre-contrast phase and arterial phase,
and heterogeneous hyperenhancement in the portal venous phase (Figure 1). A pancreatic neuroen-
docrine tumour was strongly suspected.

FINAL DIAGNOSIS
The patient was diagnosed with IMT of the pancreas by postoperative pathology (Figure 2).
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Figure 1 Abdominal contrast-enhanced computed tomography. A: Axial non-contrast showed a low-density mass in the neck of the pancreas; B: Arterial
phase indicated a distinct hypoattenuating mass; C and D: Venous phase revealed persistent hyperenhancement of the mass (magnetic resonance imaging is similar
to computed tomography in enhancement mode and characteristics).

DOI: 10.3748/wjg.v29.i20.3216 Copyright ©The Author(s) 2023.

Figure 2 Histopathological image and resected tumor specimen. A: Spindle-shaped myofibroblasts accompanied by large amounts of plasma cells. B:
The resected specimen showing a well-defined neoplasm (some information has been excluded due to patient privacy).

TREATMENT

After completion of preoperative investigations, a laparoscopic middle pancreatectomy was performed.

OUTCOME AND FOLLOW-UP

Postoperative pancreatic leakage occurred in the patient. However, he was discharged in good clinical
condition after 40 d. No apparent events were observed at the 2-mo postoperative follow-up.
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DISCUSSION

IMT is a rare mesenchymal tumor. Due to its rarity and the fact that the etiology is unknown, there are
only a few cases reported. It has been revealed that IMT may have gene rearrangement with anaplastic
lymphoma kinase (ALK)[3], and ALK positivity was also associated with a higher recurrence and less
chance of distant metastasis[4]. A recent literature review by Chen et al[5] in 2021, included 30 patients
with IMT occurring in the pancreas. The reported mean age of the patients was 40 years (range, 0-82
years) with an obvious male preponderance. The tumor was mostly located in the head of the pancreas
(21/30 patients). In this series, abdominal pain was the most frequent symptom followed by jaundice.
Only five cases of asymptomatic pancreatic IMT have been reported in the medical literature[5-9]. Our
patient had no clinical symptoms and the pancreatic mass was found on physical examination. Among
the previously reported cases of pancreatic IMT, many were initially misdiagnosed as pancreatic cancer,
while the present case was misdiagnosed as pancreatic neuroendocrine tumor. Therefore, it is
meaningful to collect more cases and information to obtain reliable diagnosis and treatment methods for
IMT.

As the low incidence of pancreatic IMT, there is no specific clinical manifestations has been
established. It commonly manifests as abdominal pain or jaundice, and can sometimes be
asymptomatic. Although IMT is considered a low-grade tumor, one case of pulmonary metastasis has
been reported[10].

At present, pancreatic IMT is mainly diagnosed by histopathology and immunohistochemistry[11].
Under the light microscope, the tumour tissue in this case consisted mainly of spindle-shaped myofibro-
blasts accompanied by a mixed inflammatory infiltrate. The histopathological findings of this case were
consistent with previous reports. Myofibroblasts in IMT stain positive for alpha-smooth muscle antigen
(SMA), vimentin, and fibronectin, and stain negative for desmin and caldesmon[12]. In this case,
immunohistochemistry report showed positive for IgG4, SMA and actin, and negative for desmin, ALK,
CD30, 5-100, and Catenin B, similar to those in the literature.

To date, pancreatic IMT is easily misdiagnosed as pancreatic neuroendocrine tumour and pancreatic
cancer due to the lack of specific imaging features, and its diagnosis is unclear in clinical practice. A
circular low-density mass was observed in the pancreatic IMT reported here. After enhancement, the
arterial mass is mildly enhanced, the venous phase is significantly enhanced, and the density is
progressively higher than that of the surrounding normal pancreas.

However, in some cases, CECT did not show an enhancing mass and was suspected to be ductal
adenocarcinoma, which was ultimately confirmed by pathology to be pancreatic IMT. Hence, the
radiologic features of pancreatic IMT require further data.

Pancreatic IMT needs to be differentiated from pancreatic neuroendocrine tumor, pancreatic cancer,
and solid-pseudopapillary neoplasm. Pancreatic neuroendocrine tumor is uncommon and has no
gender predilection[13]. Additionally, the mass shows high enhancement in the arterial or portal phases
due to the rich capillary network in the stroma. Pancreatic cancer is typically seen in patients over 60
years old, with a slight male predominance. It is a hypovascular mass with extensive fibrosis on
histopathologic examination[14]. Typical ductal adenocarcinomas appear as poorly defined masses with
extensive surrounding desmoplastic reaction and they enhance poorly compared to adjacent normal
pancreatic tissue. The presence of abrupt pancreatic duct cutoff, upstream pancreatic duct dilatation,
upstream pancreatic parenchymal atrophy, and decreased enhancement in the distal pancreatic
parenchyma favors a diagnosis of malignancy[15]. Solid-pseudopapillary neoplasms of the pancreas are
cystic-solid masses with a complete capsule. They are prone to bleeding, necrosis and calcification. The
solid portion shows enhancement in the arterial phase and can continue to enhance in the delayed
phase. However, the imaging features of pancreatic IMT from some pancreatic lesions overlap.

In the present case, a wrong diagnosis was made for several reasons. First, the patient had no clinical
manifestations, and the clinical history and laboratory indices are unremarkable. Second, the
preoperative imaging findings were difficult to distinguish from a pancreatic neuroendocrine tumour.
The border of the lesion was distinct, with persistent hyperenhancement of the mass, and typical double
duct sign and vascular involvement were not observed. Accordingly, preliminary diagnosis of imaging
was limited to benign mass. In general, IMT of the pancreas is lack of characteristic in terms of clinic-
radiological features. Therefore, for more accurate diagnosis and treatment of pancreatic IMT, there is a
need to obtain more meaningful information.

CONCLUSION

Given the rarity of pancreatic IMT, this case can contribute to further understanding of the etiology,
mechanism, imaging characteristics of this disease. Obtaining a better understanding of all aspects of
this disease will help provide a more precise diagnosis.
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