
 
 

1 
 

UNIVERSITA’ DEGLI STUDI DI NAPOLI “FEDERICO II” 

 

DIPARTIMENTO DI MEDICINA CLINICA E CHIRURGIA 

DOTTORATO DI RICERCA IN TERAPIE AVANZATE BIOMEDICHE E CHIRURGICHE 

 XXXVI CICLO 

 

 

GUT MUCOSA-ASSOCIATED MICROBIOTA IN HEALTHY INDIVIDUALS AND 

PATIENTS AT DIFFERENT STAGES OF HCV-RELATED LIVER DISEASE 

 

 

 

 

 

 

RELATORE          CANDIDATO 

Ch.mo Prof.         Dott. Costantino Sgamato 

G. Nardone         Matr: DR995117  

 

 

CURATORE 

Dott.ssa Debora Compare         

 

COORDINATORE DEL CORSO: 

Prof. Fabrizio Pane 

 

Anno accademico 2022/2023 



 
 

2 
 

Index 

 

1. Abstract Pag. 3 

 

2. Introduction Pag. 5 

 

3. Material and Methods Pag. 7 

Patients and samples 

       DNA extraction and 16S metagenomic analysis 

       Bioinformatic and Statistical Analysis 

 

4. Results Pag. 12 

 

5. Discussion Pag. 16 

 

 

6. Conclusion Pag. 22 

 

7. Tables and Figures Pag. 23 

 

8. References Pag. 30 

  



 
 

3 
 

Abstract 

Background: In the last decade, increasing evidence has highlighted the key role of gut microbiota 

(GM) in chronic liver disease and the development of complications, including hepatocellular 

carcinoma (HCC), the leading cause of death among patients with advanced liver disease. Little is 

known about the composition of gut mucosa-associated microbiota (MAM) in patients with hepatitis 

C virus (HCV) related liver disease. 

Aim: To characterise MAM of the terminal ileum and sigmoid colon in patients at different stages of 

HCV-related liver disease compared with healthy controls (HC). 

Methods: We performed shotgun metagenomic sequencing of MAM obtained through biopsy of the 

terminal ileum and sigma of HC and patients with HCV-related liver disease. 

Results: We enrolled 13 HC, 6 chronic HCV hepatitis (CHC), 9 liver cirrhosis (LC), and 14 HCC 

patients. α-diversity significantly decreased from HC to LC with a slight increase in HCC in sigmoid 

specimens according to the Shannon index (p= 0.047). β-diversity metric weighted UniFrac showed 

a significant clustering between the MAM of HC and those of the HCV groups (p≤ 0.05). In patients 

with CHC, the genus Catenibacterium (C. Mitzuokai) was enriched in both ileal and sigmoid mucosal 

specimens (p<0.0001). In patients with LC, genus Holdemania and genera Solobacterium (S.Moorei), 

Peptostreptococcus, and Eisenbergiella were increased in the ileal (p<0.00001) and sigmoid samples  

(p<0.0001), respectively. Genera of phylum Firmicutes, namely Granulicatella (G. para-adiacens) 

(p=0.0001), Streptococcus (S. sinensis) (p=0.008), Peptostreptococcus (P. stomatis), Solobacterium 

(S.Moorei) (p<0.0001) and Phorphyromonas of phila Bacteroidetes, were enriched in the ileal 

mucosal samples of HCC patients whereas genera Rothia (R. Mucilaginosa) of phyla Actinobacteria, 

Solobacterium (S.Moorei), and Cronobacter (C.sakazakii) of phyla Pseudomonadota were enriched 

in sigma specimens. Increasing trends from HC to HCC were found for five taxa, namely 

Granulicatella (G. para-adiacens) and Streptococci (S. thermophiles) in the ileal sample and 

Cloacibacterium, Streptococcus and Vulcaniibacterium in the sigmoid specimen, according to 

Jonckheere–Terpstra (JT) test.  
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Conclusion: In patients with HCV-related liver disease, ileal and sigmoid MAM dysbiosis occurred. 

This is the first study to characterise MAM of patients at different stages of HCV-related liver disease 

compared to HC. Changes in MAM composition could be useful as biomarkers of CLD and its 

complications, mainly HCC. Thus, strategies to restore MAM eubiosis may slow liver disease 

progression in HCV infection.  
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Introduction 

Hepatitis C virus infection is one of the major worldwide health problems. Globally, an estimated 58 

million people have chronic hepatitis C virus infection, with about 1.5 million new infections 

occurring per year.1 Approximately 60-80% of people with HCV infection develop chronic hepatitis 

C (CHC), and 10-20% of them progress to liver cirrhosis (LC) and its complications, including 

hepatocellular carcinoma (HCC), the leading cause of death among patients with advanced liver 

disease, due to the poor prognosis, high incidence and postsurgical recurrence.2  

The risk of HCC significantly differs among cirrhotic patients since several factors such as 

sociodemographic characteristics (ageing, male sex, Hispanic ethnicity), clinical features (aetiology 

and severity of underlying liver diseases or genetic polymorphism), or environmental factors 

(smoking, diet and lifestyle) can likely impact on HCC development.3  

In the last decade, increasing evidence has indicated a key role of gut microbiota (GM), the 

community of microbes that inhabit the gastrointestinal tract, in promoting chronic liver disease 

(CLD) and HCC development. The reciprocal interaction between the microbiome and the liver, the 

so-called "gut-liver axis", is established through the portal vein, which carries gut-derived products 

to the liver and the feedback of bile and antibodies from the liver to the intestine.4 Significant 

qualitative and quantitative changes in GM composition, termed dysbiosis, have been proven in 

patients with LC 5–7 or HCC 8,9 when compared to healthy controls (HC).  

The mechanisms by which GM dysbiosis contributes to liver disease are poorly elucidated. It is 

thought that an increase in intestinal permeability 10,11 leads to the translocation via portal circulation 

of microbial products, collectively known as Microbe-Associated Molecular Patterns (MAMPs) in 

the liver, triggering an inflammatory cascade through the activation of Toll-like receptors (TLRs). 

12,13  
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Most studies analysing the association between GM and liver disease have focused on the faecal 

microbiota due to the easy collection of stool samples, whereas studies using biopsy samples are 

scarce.  

However, the GM is divided based on its location in lumen-associated microbiota (LAM), present in 

intestinal contents, such as those in faeces, and the mucosa-adherent compartment consisting of 

entrenched residents, known as mucosa-associated microbiota (MAM). MAM's composition 

significantly differs from that of LAM due to additional factors such as proximity to the 

gastrointestinal mucosal immune system and oxygen gradient secondary to diffusion from the 

intestinal epithelium. 14–17  

Prior studies have shown that MAM is involved in the pathogenesis of many intestinal and 

extraintestinal diseases 18,19 and interacts more directly with the host immune system. 20,21 MAM 

dysbiosis has been related to bacterial translocation, epithelial damage, intestinal permeability and 

proinflammatory activation of the immune system in murine models.22–24 Remarkably, controlling 

MAM may be useful for preventing bacterial translocation. 25 

Finally, whereas stool samples show temporary microbiota distribution, MAM forms a permanent 

GM profile. Thus, analysing MAM should be preferred in studies aiming to assess the effects of GM 

on gastrointestinal disease. 26   

To our knowledge, the role of MAM in the natural history of HCV-related liver disease has not been 

explored. Based on these premises, in this prospective observational study, we aimed to characterise 

mucosal microbial communities of two different gastrointestinal sites in three stages representative 

of the natural history of HCV infection, including CHC, LC, and HCC, with respect to HC. 



 
 

7 
 

Materials and methods 

Patients and samples 

Patients with HCV-related liver disease (CHC, LC, or HCC) naïve to antiviral treatment with the 

indication to perform screening colonoscopy for colorectal cancer were prospectively enrolled at the 

Department of Gastroenterology and Hepatology of the University Federico II of Naples, Italy, 

between January 2019 and December 2022. Chronic HCV infection was confirmed based on anti-

HCV antibodies and HCV-RNA > 12 UI/ml presence. Liver cirrhosis was diagnosed based on 

histological findings or the observation of a nodular liver surface, coarse liver parenchymal texture, 

narrowed vessels with irregular intrahepatic distribution, and clinical and laboratory data.  

HCC was diagnosed based on pathological findings or one typical dynamic imaging study according 

to the European Association for the Study of Liver Diseases guideline available at the time of 

inclusion 27 and staged according to Barcelona Clinic Liver Cancer (BCLC).28 

Baseline biochemical values including alanine aminotransferase (ALT), aspartate aminotransferase 

(AST), gamma-glutamyl-transferase (GGT), alkaline phosphatase (ALP), albumin, total bilirubin, 

platelets (PLT) count, international normalised ratio (INR) were collected at enrolment. Child-Pugh 

class and Model for End-Stage Liver Disease (MELD) score were also recorded. Patients were 

excluded if they had a concurrent cause of liver disease other than HCV infection or decompensated 

cirrhosis; a history of antibiotics, probiotics, prebiotics, non-steroidal anti-inflammatory drugs, and 

proton pump inhibitors use in the previous 60 days; concurrent infections, small bowel/colorectal 

diseases, history of gastrointestinal surgery, alcohol abuse according to Alcohol Use Disorders 

Identification Test (AUDIT)  29, and body mass index (BMI) >30. Healthy individuals without a 

history of liver or gastrointestinal diseases, such as inflammatory bowel disorders, irritable bowel 

syndrome, or colitis, were enrolled among subjects who underwent screening colonoscopy. Biopsies 

were collected from the ileal and sigmoid mucosa during endoscopy after standard bowel cleansing 

(Selg-ESSE 4L) and immediately frozen at -80°C for DNA extraction and molecular analysis. The 



 
 

8 
 

study was conducted following the Declaration of Helsinki. Ethical approval for this study was 

obtained from the University Federico II Ethics Committee of Naples, Italy (Prot. N.220/13). Written 

informed consent was obtained from all study participants. All methods were conducted following 

the relevant guidelines and regulations. 

 

DNA extraction and 16S metagenomic analysis 

Total genomic DNA was extracted from all 84 collected biopsy tissues (42 ileum samples and 42 

sigma samples) using the QIAamp DNA Mini Kit (Qiagen, Venlo, Netherlands), according to the 

manufacturer's instructions. In detail, each tissue sample was firstly weighed (no more than 25 mg 

were used), cut up into small pieces to obtain a good lysis reaction, and resuspended in ATL Buffer 

(provided by the DNA purification kit). Twenty microliters of Proteinase K were added to each tube, 

and each sample was incubated at 56°C until each tissue was lysed entirely. After this step, 4 μl of 

RNase A and 200 μl of AL Buffer were added to each sample, and each tube was incubated at 70°C 

for 10 minutes. At this point, 200 μls of ethanol were added to each tube, and 3 subsequent steps of 

centrifugation using different Buffers (AW1 and AW2) applied to spin columns were set up. In the 

end, 200 μls of distilled water were added directly to the filter to elute DNA for each sample. Each 

filter was incubated at room temperature for 1 minute and then centrifugated to obtain purified DNA 

samples.  

16S libraries were carried out through a 2-step PCR-based protocol, following the Il-lumina 16S 

Metagenomic Sequencing Library Preparation guidelines (Illumina, San Diego, CA). The first PCR 

reaction allowed the amplification of a custom 548 bp amplicon covering the V4-V6 hypervariable 

regions of the 16S rRNA gene, as previously described. Primers used in the first round of PCR also 

contained the overhang sequences with Illumina adapters: forward primer: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAGCAGCCGCGGTAAT-3'; reverse 

primer: 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGGTTGCGCTCGTTGC- 3'. 

In detail, the PCR reactions were incubated at 95 °C for 10 minutes, followed by 30 cycles of 95°C 
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for 30 seconds, 59 °C for 30 seconds, and 72 °C for 1 minute. Amplicons obtained were purified 

using AMPure XP magnetic beads (Beckman Coulter, Milan, Italy). A second round of PCR was 

used to add the Illumina index barcodes (unique sequences required for multiple samples pooling and 

for clusters generation and sequencing, respectively) to the amplicons according to the Nextera XT 

protocol (Illumina, San Diego, CA). PCR conditions, this time, were 95 °C for 3 minutes, 8 cycles of 

95 °C for 30 seconds, 55 °C for 30 seconds, and 72 °C for 30 seconds. A second purification step was 

set up, and the quality of each library profile was assessed using Bioanalyzer 2100 (Agilent 

Technologies, Santa Clara, CA, USA) and quantified using QuBit 3.0 (HS assay). Each library was 

diluted at 10 nM and pooled together to obtain a final 10 nM pool. Then two sequencing runs were 

performed using the Illumina MiSeq instrument Paired-End (PE) 600 cycles. 

 

Bioinformatic and Statistical Analysis 

After verifying that the profile of each library obtained was approximately 550 bp, without the 

presence of further little peaks (i.e., primer dimers), and that the quantity obtained was greater than 4 

nM (as required by the subsequent sequencing step), we continued with the sequencing step using 

MiSeq platform. The obtained Illumina MiSeq paired ends (PE) reads were denoised using a 

procedure relying on the inference of the Amplicon Sequence Variants (ASVs, i.e., an estimation of 

the actual amplicons).  

Two Illumina MiSeq sequencing runs were performed to achieve an adequate yield per sample PE 

reads (mean 89,300 reads). For both runs, the quality of the reverse reads was generally poorer than 

the forward ones, resulting in an unsatisfactory overlapping between paired-end reads. To bypass this 

issue, we decided to discard the reverse reads and focus the analysis on the forward ones, as proposed 

in Nardelli et al.30 The ASVs (Amplicon Sequences Variants) obtained using DADA2 were rarefied 

to an equal number of sequences per sample by applying a deep value equal to 40,000 reads. 

In particular, Illumina adapters were removed by using trim-galore! 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The resulting trimmed forward 
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reads were denoised by the dada2 procedure. 31 This strategy included the chimaera (i.e., PCR 

artefacts 32,33) and PhiX (i.e., the PhiX phage) used during Illumina library preparation to increase 

the nucleotide variability. 34 The obtained ASVs were taxonomically annotated in BioMaS 35 using 

release 11.5 of the RDP database 36,37 and the NCBI taxonomy as 16S rRNA reference collection and 

taxonomy, respectively. In particular, the query sequences were aligned to the reference collection by 

using bowtie2 38 and the resulting alignments were filtered according to query coverage (≥ 70%) and 

identity percentage (≥ 90%). The taxonomic classification was performed by using TANGO. 39  In 

particular, for ASVs sequences obtaining matches with identity percentages equal to or higher than 

97%, the classification at the species level was accepted 40. Otherwise, ASVs were classified into 

higher taxonomic ranks. The ASV table was normalised using rarefaction for diversity analysis. 41 

The Shannon, Inverse Simpson, Faith PD and Observed ASVs indexes (α diversity) were measured 

on rarefied ASVs table by applying the phyloseq R-package42, and significant differences between 

groups were evaluated by using the Kruskall-Wallis and the Wilcoxon tests. The principal coordinates 

analysis (PCoA) describing the diversity between the samples (i.e. beta-diversity) based on the 

weighted and un-weighted UNIFRAC 43 metrics were inferred by using the vegan R package 44 and 

evaluated by PERMANOVA. 

Differential abundances (DA) analysis by using the ANCOM-BC  approach 45was performed to 

address the compositional nature of DNA-metabarcoding data and control the bias in sampling 

fraction (i.e., the ratio among the expected absolute abundance in a sample and in the relative 

ecosystem). Multiple testing corrections were performed using the Holm-Bonferroni method to 

control FDR. In particular, ASVs counts were aggregated at phylum, class, order, family, genus and 

species levels, and comparisons were performed for ileal and sigmoid tissues by considering the batch 

effect. We used a heatmap-based analysis to visualise the variation of mucosa microbiota genera 

within individuals. The Jonckheere–Terpstra (JT) test was used to evaluate trends of microbial 

abundance across the progression from HC to HCC. The JT test was applied on ANCOM-BC 
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normalised counts, and the obtained p-value was corrected using the Benjamini-Hochberg (BH) 

procedure (adjusted p-value ≤ 0.1).  
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Results 

Characteristics of the study population  

Among 263 consecutive patients diagnosed with HCV, 234 were excluded because of previous or 

ongoing HCV antiviral treatment (n=54), concurrent causes of liver disease (n=23), decompensated 

cirrhosis (n=44), concomitant small bowel/colorectal disease (n=16), BMI >30 (n=10), use of not-

allowed medications in the 60 days before enrolment (n=32), incomplete colonoscopy (n=8). Forty-

seven patients denied consent to enter the study (n=47). Finally, 29 HCV patients [6 CHC, 9 LC, and 

14 HCC] met the inclusion criteria. In addition, 13 HCs were enrolled for the study. Demographic, 

laboratory, and clinical findings of the study population are shown in Table 1. There were no 

significant differences in age (p=0.718), gender (p=0.521) and BMI (p=0.202) between CLD groups 

and HC. 

As expected, patients with more advanced liver disease (LC or HCC) had higher levels of AST 

(p=0.026), ALT (p=0.027), γ-GT (p=0.020) and bilirubin (p=0.011) and lower platelet counts (p 

<0.001) and albumin level (p<0.001) than those with CHC. No significant differences in HCV 

genotype, viral load, ALP, INR, and clinical score (i.e., CHILD or MELD) have been observed among 

groups. 

 

α-diversity analysis 

The analysis of α-diversity indexes, including Shannon, Inverse Simpson, FPD, and observed ASVs, 

is shown in Figure 1. MAM's overall richness and evenness significantly decreased from HC to LC 

with a slight increase in HCC according to the Shannon index (p= 0.047) in the sigma samples.  

Furthermore, in sigma specimens, pairwise comparisons showed significant differences in α-diversity 

between HC and LC (p≤ 0.05) irrespective of the metric applied, between CHC and LC (p≤0.05) for 

FPD and between HC and HCC (p≤ 0.05) for Shannon Index. No significant differences among 

groups in α-diversity were observed in analysing ileal specimens.  
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β-diversity analysis 

Principal coordinate analysis (PCoA) performed using β-diversity metrics weighted (quantitative) 

and unweighted (qualitative) UniFrac distances did not reveal distinct clusters among groups. 

However, Weighted UNIFRAC showed a significant difference between microbial communities of 

HC and HCV-related groups (p≤ 0.05) in both sigmoid and ileal samples (Figure 2), whereas, 

according to unweighted UniFrac, such difference was observed only in ileal samples (p≤ 0.05).  

 

Taxonomic distribution and differential abundance analysis  

Ileal MAM composition  

A total of 82 genera, 46 families, 27 orders, 17 classes, and 7 phyla were detected from ileal mucosal 

specimens. Phylotypes with a median relative abundance >1% of the total sequences were included 

for comparison. The bacterial abundance and taxonomic distribution at different phylogenetic levels 

are shown in Figure 3. Bacteroidetes, Firmicutes, and Proteobacteria were the three dominant phyla 

in the four groups, accounting for up to 90% of sequences. In detail, Bacteroidetes had a transient 

increase in CHC and a decrease in more advanced liver disease stages, namely LC and HCC. 

Firmicutes increased in all HCV-related groups, especially in LC, whereas Proteobacteria had the 

highest increase in HCC. Finally, a rise in phyla Actinobacteria and Fusobacteria was observed in the 

LC and HCC group.  

Differential abundance analysis by using ANCOM-BC was used to identify major taxonomic 

differences overall and between the following groups: (1) HC and patients with CHC, (2) HC and 

patients with LC, (3) HC and patients with HCC. Overall, significant differences were observed in 8 

families, 21 genera and 34 species, with the main differences observed in the comparison between 

HC and LC (38 taxa) followed by HCC (26 taxa) and CHC (21 taxa).  

Hierarchical Ward-linkage clustering identified two main groups. The first group mainly comprised 

HC and CHC samples, whereas the other comprised LC and HCC samples (Figure 4).  
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Genus-level comparisons between patients with CHC and HC revealed that the genus 

Catenibacterium (C.Mitzuokai) was significantly enriched in CHC (p=0.0001), whereas the most 

enriched genera in HC were Akkermansia, Butyricimonas, Hespellia, Sphingomonas, and 

Aggregatibacter (p=0.00001). Genus-level comparisons between patients with LC and HC revealed 

that genus Holdemania was significantly enriched in LC (p<0.00001) whereas the most enriched 

genera in HC were Desulfovibrio, Victivallis, Anaereosporobacter, Alloprevotella, Sphingomonas, 

Lactonifactor, Holdemanella (H.Biformis), Moraxella, Hespellia, Buticirimonas and 

Stenothropomonas (p=0.00001).  

Finally, genus-level comparisons between patients with HCC and HC revealed that genera 

Granulicatella (G.para-adiacens) (p=0.0056), Streptococcus (S. sinensis) (p=0.008), 

Peptostreptococcus (P. stomatis), Phorphyromonas, Solobacterium (S.Moorei) (p<0.0001) were 

significantly enriched in HCC whereas the most enriched genera in HC were Coprococcus (p=0.02), 

Victivallis, Alloprevotella, and Akkermansia (p=0.0001). A significant increasing trend in the relative 

abundance of genera Granulicatella (G. para-adiacens) (JT trend test: p<0.08) and Streptococcus (S. 

Thermophlius) (JT trend-test: p<0.08) with the progression of CLD was observed.  

 

Sigmoid MAM composition  

A total of 82 genera, 46 families, 27 orders, 17 classes, and 7 phyla were detected from sigma mucosal 

specimens. Phylotypes with a median relative abundance >1% of the total sequences were included 

for comparison. The bacterial abundance and taxonomic distribution at different levels are shown in 

Figure 5. 

Bacteroidetes, Firmicutes and Proteobacteria were the three dominant phyla in all groups. In detail, 

Fusobacteria showed a higher abundance in the LC group, whereas Proteobacteria and Fusobacteria 

were more abundant in the HCC group.  
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Differential abundance analysis using ANCOM-BC highlighted significant differences in 6 families, 

16 genera and 28 species. Most differences have been observed in the comparison between HC and 

LC (27 taxa) or HCC (26 taxa).  

We used a heatmap-based analysis to visualise the variation of mucosa microbiota genera within 

individuals. Hierarchical Ward-linkage clustering identified three main groups. The first group 

mainly comprised HC and CHC samples, whereas the others comprised LC and HCC samples 

(Figure 6).   

Genus-level comparisons between patients with CHC and HC revealed that the genus 

Catenibacterium (C.Mitzuokai) was significantly enriched in CHC (p=0.0001), whereas the most 

enriched genus in HC was Comamonas (p<0.0001). Genus-level comparisons between patients with 

LC and HC revealed that genera Peptostreptococcus and Eisenbergiella were significantly enriched 

in LC (p<0.0001), whereas the most enriched genera in HC were Desulfovibrio, Victivallis 

Anaereosporobacter Alloprevotella (p=0.00001) and Bilophila (p=0.004). Finally, genus-level 

comparisons between patients with HCC and HC revealed that genera Rothia (R. Mucilaginosa), 

Solobacterium (S.Moorei), and Cronobacter (C.sakazuki) were significantly enriched in HCC 

whereas the most enriched genera in HC were Victivallis, Akkermansia, Barnesiella (B.intestini 

Hominis), Anaereosporobacter and Dialister (p<0.0001). A significant increasing trend in the relative 

abundance of genera Cloacibacterium (JT trend test: p<0.06), Streptococcus (JT trend test: p<0.06), 

and Vulcaniibacterium (V. thermophilus) (JT trend test: p<0.07) with the progression of CLD was 

observed. 

Comparison between terminal ileum and sigmoid MAM composition  

In comparing MAM composition between ileal and sigmoid samples, we did not observe significant 

differences in bacteria relative abundance at higher taxonomic levels (i.e., phylum and class). A 

difference in relative abundance in the Hydrogenophilases order was observed between mucosal 

samples of HC, CHC, and LC but not HCC.  
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Discussion 

Our study found an alteration in the diversity and composition of gut MAM for each stage of HCV-

related liver disease compared to HC. Furthermore, we demonstrated a unique microbial signature in 

the gut MAM of HCC patients, proving an enrichment in specific bacterial genera.  

Despite a decreasing trend of intraindividual microbial diversity from HC to LC, patients with HCC 

had a rise in α diversity. According to other authors, this finding implies a global shift in GM from 

LC to HCC, suggesting the overgrowth of various harmful bacteria or archaea in patients with 

cancer.8,46  

Regarding taxonomic distribution, we found an increase in Proteobacteria, Fusobacteria, and 

Actinobacteria at the phylum level compared to HC. Genus-level analysis, however, showed some 

more informative features.  

The MAM of the terminal ileum in patients with HCC was enriched with some distinct genera such 

as Granulicatella (G. para-adiacens), Peptostreptococcus (P. stomatis), Streptococcus (S. sinensis), 

Phorphyromonas and Solobacterium (S. moorei) when compared to HC. Similarly, sigmoid MAM 

was enriched in Solobacterium (S. moorei), Rothia (R. Mucilaginosa) and Cronobacter (C.sakazakii).  

Most of these taxa have been previously described in studies analysing the faecal microbiota of CLD 

or HCC patients. In particular, Granulicatella sp. belongs to a group of bacteria found in HCC patients 

who were non-responders to treatment with nivolumab47 or HE.48 A higher abundance of 

Peptostreptococci was associated with sorafenib-related diarrhoea.49 Streptococcus-affiliated 

lineages 50 and members of Micrococcaeceae, such as  R. Mucilaginosa 51, have been associated with 

increased small intestinal permeability and microbial translocation in CLD, respectively. 

Streptococcaceae are a key component of the oral microbiome 52, whereas R. Mucilaginosa belongs 

to species able to produce acetaldehyde, which has the potential to cause DNA damage and 

mutagenesis. Members of the Phorphyromonas genera, such as P. gingivalis, may promote the 

progression of neoplastic nodule formation in high-fat diet-induced NASH mouse models.53 
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Cronobacter sakazakii, a foodborne pathogen 54 causing severe infections in restricted populations, 

has been recently found in HCC for the first time. 55  

On the other hand, our study is the first to identify a significant over-representation of S. Moorei in 

the ileal and sigmoid MAM of patients with HCC compared to HC. S. moorei, the only member of 

the Solobacterium genus 56, play a pathogenic role in halitosis (through the production of volatile 

sulphur compounds) and periodontitis.57  

Interestingly, most of the taxa enriched in HCC patients (Peptostreptococci, Streptococcus, 

Phorphyromonas. R. Mucilaginosa and S. Moorei) share the characteristic of being oral-origin 

bacteria. Oral microbiota has been widely linked to digestive system diseases 58. A higher abundance 

of oral bacteria, such as Streptococcus and Veillonella, was found in patients with LC, suggesting that 

oral microorganisms had invaded the intestinal tract and contributed to LC. 5 In addition, significant 

changes occur in the oral microbiome of patients with liver carcinoma and cirrhosis, which are 

expected to distinguish HCC from healthy conditions as non-invasive biomarkers. 59 

Finally, our study found a significantly lower abundance of Akkermansia muciniphila in the MAM 

of the terminal ileum and sigmoid colon. A. muciniphila is a member of the phylum Verrucomicrobia, 

which degrades mucins to produce short-chain fatty acids 60, alleviates experimentally induced colitis, 

and enhances epithelial integrity. 61  Higher levels of A. muciniphila and bacteria from the family of 

the Ruminococcaceae have been demonstrated in faecal samples of anti-PD-1 immunotherapy 

responders.62  

The characterisation of GM in patients with HCC has attracted research attention since data from 

human studies 63–65, and animal models 66–69 have proven that GM or associated metabolites 

participate in the development of HCC by activating different signalling pathways. Consistently, 

probiotics or other interventions aiming to modulate the gut microbiome have been proven effective 

in preventing the progression of HCC.67,70,71 

 However, the specific compositional changes in the microbiota of HCC patients differ between 

studies, with conflicting reports on the abundance of many species.72 The difficulty in replicating the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/akkermansia-muciniphila
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results of the literature is primarily due to the influence of several demographic and biological factors, 

including age, sex, BMI, aetiology of disease or geographical location, depression, living 

arrangements (urban or rural), smoking,  medication-related factors and dietary pattern on gut 

microbial composition.73–75  

To overcome some of these issues, we enrolled patients with the same aetiology of CLD, namely 

HCV infection, originating from one geographical area, which is supposed to reflect similar dietary 

habits. In addition, to avoid the impact of the treatment on gut microbiota, we recruited a treatment-

naive cohort at the first diagnosis of the disease. In our population, no significant differences in terms 

of age, sex, BMI, and genotype were found among the groups, thus avoiding a potential confounding 

effect of these factors on the microbiota composition. 

Gut microbiome alterations may serve as a non-invasive biomarker to diagnose HCC early and a 

prognostic indicator in predicting the response to immunotherapy. Ren et al. evaluated the potential 

of the microbiome as a non-invasive biomarker for early HCC, thus identifying 30 optimal OTUs for 

diagnosis. In detail, they found a significant increase in phylum Actinobacteria and 13 genera, 

including Gemmiger, Parabacteroides and Paraprevotella, compared to LC. Furthermore, phylum 

Verrucomicrobia and genera belonging to butyrate-producing bacterial families, such as 

Ruminococcus, Oscillibacter, Faecalibacterium, Clostridium IV and Coprococcus, were decreased in 

early HCC when compared to controls. In contrast, Klebsiella and Haemophilus, producing LPS, 

were enriched in early HCC. These microbial markers then achieved a cross-region validation. 8 

HCC-cirrhotic patients seem to harbour a unique microbiome signature with a significant 

overrepresentation of Clostridium and CF231 genus of Paraprevotella paralleling significantly lower 

abundances of α-proteobacteria and Verrucomicrobia (in several taxonomic levels) along with 

Akkermansia muciniphila. 76 Patients with NAFLD-related HCC showed an increased abundance of 

Bacteroides and members of the family Ruminococcaceae and a reduced abundance of 

Bifidobacterium. 65 Finally, taxa such as Enterococcus, Limnobacter and Phyllobacterium have been 

proposed as biomarkers to diagnose HCC. 46,77 Notably, gut microbiome signatures can predict the 
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clinical response and survival in patients with hepatobiliary cancers undergoing anti-programmed cell 

death ligand 1 (anti-PD-1) immunotherapy.78  

In summary, GM may be the candidate target to prevent CLD and HCC occurrence among patients 

with advanced liver disease, and it has a significant potential to be the early diagnostic biomarker for 

HCC.     

Since few studies addressed the role of MAM in CLD, we also analysed the ileal and sigmoid MAM 

composition of patients with CHC and LC. 50,51,79–82 In addition, little is known about the relationship 

between GM and HCV-related liver disease progression, and most of the evidence derives from 

studies considering faecal microbiota analysis.83–87   

According to the Shannon index, a significant loss of α diversity progressively occurred from HC to 

patients chronically infected with HCV and LC in sigmoid specimens. This finding agrees with 

several other microbiome studies showing that chronic inflammation decreases biodiversity at 

different microbiome sites. 5080 Regarding β-diversity, a significant clustering was formed as the HC 

group distinguished from the patients with HCV-related liver disease, in line with the literature 

highlighting the variation of microbial communities between study cohorts. 8588   

The extent of changes in MAM composition paralleled the disease stages. For example, patients with 

CHC differed from HC for lesser taxa in ileal samples (3 families, 6 genera, and 12 species) and 

sigmoid samples (2 genera and 10 species) compared to more advanced stages of HCV-related liver 

disease. This is not surprising since there is evidence that the microflora of the pre-cirrhotic patients 

is significantly different from the microflora of the cirrhotic ones.89  

In our study, patients with CHC showed a transient increase in Bacteroidetes and Prevotella in both 

ileum and sigma samples. In contrast, Firmicutes had a lower abundance in the sigmoid samples when 

compared to HC. 

Inoue et al. confirmed that gut dysbiosis occurs in the early phase of HCV-related liver disease 

(persistently normal serum alanine aminotransferase), with a transient increase in Enterobacteriaceae 

and genus Bacteroides. Furthermore, the decrease in commensal bacteria, including families 
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Lachnospiraceae and Ruminococcaceae, was balanced by the rise in class Bacilli (viridans 

streptococci and lactobacilli) in CHC, LC, and HCC patients, as in our results.85 Similarly, a higher 

abundance of genera like Veillonella, Lactobacillus, Streptococcus, and Alloprevotella, and a lower 

abundance of Bilophila, Clostridium IV, Clostridium XlVb, Mitsuokella, and Vampirovibrio was 

found in patients chronically infected with HCV. 84 

Genus level analysis showed a significantly higher abundance of Catenibacterium (C. Mitsuokai) in 

both ileal and sigmoid mucosal samples of our CHC patients. Catenibacterium is a Gram-positive, 

anaerobic genus from the family Erysipelotrichidae, with one known species (C. Mitsuokai) that has 

been associated with high fructose intake, insulin resistance, morbid obesity and metabolic 

syndrome.90–92 In agreement with this finding, Sultan et al. found higher relative abundances of 

Catenibacterium and other taxa (Prevotella, Succinivibrio, Collinsella, Faecalibacterium, 

Coriobacteriaceae) in newly diagnosed treatment naïve HCV-patients. 87 Thus, HCV infection, even 

to a lesser extent, can lead "per se" to gut MAM dysbiosis, which could be potentially reversible by 

achieving a sustained virological response, as opposed to what happens in cirrhotic patients.93  

Indeed, irrespective of the aetiology, LC (complicated or not) is associated with more profound and 

stable GM variations due to additional factors such as alteration of intestinal motility, changes in 

gastric pH, impaired mucosal and systemic immune response, concomitant drugs and reduction of 

biliary acids in the colon, leading to a loss of bacterial growth control. 94 Although with different 

taxonomic alterations, LC  patients usually have a decreased richness and diversity of intestinal 

bacterial species as well as an imbalance in GM homeostasis, characterised by a prevalence of 

potentially pathogenic taxa, such as Streptococcaceae, Staphylococcaeae, Enterococcaceae, or 

endotoxin-producing bacteria (i.e. members of the family Enterobacteriaceae, Fusobacterium and 

Atopobium) and the reduction of beneficial autochthonous populations like butyrate-producing 

bacteria (i.e. Lachnospira, Ruminococcus, and Butyricicoccus). 6,7,95  

In our study, patients with LC significantly differed from HC in 38 taxa. We observed a reduction in 

Bacteroidetes and an increase in Proteobacteria (Escherichia) and Fusobacteria. Members of 
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Proteobacteria are usually increased in the stool of cirrhotic subjects and linked with endotoxemia 6 

or the risk of hospitalisation.96 Portal blood from cirrhotic patients has a composition similar to 

colonic mucosal biopsies, with marked dysbiosis and heightened Proteobacteria, in particular, 

Enterobacteriaceae. 97 

At the genus level, we also observed a higher abundance of Peptostroptococcus and Eisenbergiella 

in sigmoid mucosa, Holdemania and Stenotrophomonas in ileal mucosa, compared to HC. A 

significant increase of Enterococcus and Peptostreptococcus sp and a reduction of some 

autochthonous bacteria was associated with acute on chronic liver failure (ACLF) 98, whereas an 

overabundance of H. filiformis, an oral pathogen usually isolated from advanced periodontitis, has 

been observed in long-term PPI users.99  As in the case of HCC, GM signatures can be used as 

potential biomarkers for diagnosis and prognosis of CLD. For example, a stool-microbiome signature 

can identify NAFLD-related cirrhosis.100 Changes in GM composition can predict outcomes such as 

death, ACLF,  hospitalisation, intensive care unit transfer, recovery, and recurrence of HE. 96 101 

Thus, patients with CHC and LC showed changes in GM composition and functionality that can 

contribute to the progression and prognosis of CLD, representing an attractive target for intervention.  

Finally, in this study, we collected tissue from two different sites to address the possibility of different 

intestinal microbial species depending on the biopsy site. The comparison between MAM of ileum 

and sigma did not highlight consistent differences except for the family Hydrogenophilales. This 

finding agrees with several studies showing a consistent mucosal microbial profile throughout the 

gastrointestinal tract. 15,102–104. However, the sigmoid colon should be the most suitable site for MAM 

analysis because of bacterial load richness and the convenient location for colonoscopy.  

For the first time, our study characterised the ileal and sigmoid mucosal microbiota of HCV patients 

at different stages of HCV-related liver disease. The study design and the stringent selection criteria 

add value to our results. However, the limited sample size prevents us from generalising our results. 

Moreover, the lack of metabolomics and metatranscriptomic analysis does not allow us to speculate 

on the microbiota-driven functional perturbations in HCV-related liver disease. 
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Conclusion  

Our results demonstrate that the diversity and composition of ileal and sigmoid MAM vary 

significantly between HC and patients at different stages (CHC, LC, and HCC) of HCV-related liver 

disease. We found specific disease-stage perturbations with the progression of liver disease.  

Gut microbiota may represent the candidate target for preventing CLD and HCC occurrence through 

the gut-microbiota-liver axis modulation. 

Although the study of MAM requires expertise and appears invasive and/or time-consuming, its 

characterisation becomes of interest since most events in the progression of CLD are related to 

intestinal bacterial translocation. Should our data be confirmed in larger prospective studies, 

understanding the role of the MAM in CLD may allow the development of more effective diagnostic 

and prevention approaches.  

Novel therapeutic strategies aimed at reverting MAM dysbiosis, such as faecal microbiota 

transplantation, bacteriophages, symbiotics, prebiotics, and probiotics, might ameliorate intestinal 

barrier dysfunction and liver injury in CLD, thus representing a promising research direction in the 

future. 
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Tables  

Table 1. Clinical and laboratory characteristics of the enrolled population 

 HC 

(n=13) 

CHC 

(n=6) 

LC 

(n=9) 

HCC 

(n=14) 

p 

Age (years, mean ± SD) 58,5 ± 11,6 60 ± 5,9 63,7 ± 10,8 60,4 ± 11,1 .718 

Males (n, %) 9 (69) 5 (83) 6 (78) 12 (85) .521 

BMI (kg/m2, mean ± SD) 25,5 ± 2,1 26,7 ± 2,4 26,8 ± 2,4 26,6 ± 2.2 .202 

HCV genotype (n., %)      

1b  5 (83) 8 (89) 12 (86) .964 

2a/2c  1 (17) 1 (11) 2 (14)  

HCV-RNA (n., %)      

<850.000 UI/ml  2 (33) 4 (44) 10 (72)  

>850.000 UI/ml  4 (67) 5 (56) 4 (28)  

AST (UI/L, mean ± SD) 

H
ea

lt
h

y
 R

ef
er

en
ce

 v
a
lu

es
 

(c
o
n

tr
o
l 

g
ro

u
p

) 

36,5 ± 18,4 108,4 ± 90,2 77,9 ± 33,4 .026a,b 

ALT (UI/L, mean ± SD) 42,7 ± 22,9 121,3 ± 150,9 72,8 ± 33,2 .027b 

γ-GT (UI/L, mean ± SD) 28.5 ± 14.4 74.4 ± 68.6 141.6 ± 133 .020b 

ALP (UI/L, mean ± SD) 69.3 ± 25.5 97.8 ± 57.8 102.5 ± 57.9 .302 

Total serum bilirubin 

(mg/dL, mean ± SD) 
0.7 ± 0.3 1.1 ± 0.5 1.3 ± 0.6 

.011a,b 

Albumin (gr/dL, mean ± 

SD) 
4.4 ± 0.5 3.9 ± 0.7 3.7 ± 0.3 

<0.001b 

PLT (103/mm3, mean ± 

SD) 
207 ± 44 99 ± 69 94 ± 41 

<0.001a,b 

INR (mean ± SD)  1.2±1.7 1.7±1.4 1.8±1.3 .051 

CHILD score      

A   7 (78) 12 (86) .062 

B   2 (22) 2 (14)  

MELD (mean ± SD)   8,9 ± 2,2 10 ± 2,4 .208 

Single tumour (n, %)     12 (86)  

MTD (mm, median [IQR])    22 [20-38]  

BCLC staging (n, %)      

 0    8  

 A    4  

 B    2  
BMI: Body mass index; HCV: hepatitis C virus; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-glutamyl 

transferase; ALP: alkaline phosphatase; PLT: platelets; INR: International Normalised Ratio; MELD: model for end-stage liver disease; MTD: 

maximal tumour diameter, BCLC: Barcelona Clinic Liver Cancer staging system 

 

a: significant between patients with CHC and those with LC  

b: significant between patients with CHC and those with HCC 

c: significant between patients with LC and those with HCC 
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Figures 

 

Figure 1. Violin plots showing α diversity indexes stratified according to the tested condition and 

tissues.  
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Figure 2. PCoA plot of MAM beta diversity based on the weighted UniFrac distance in the ileum (A) and sigma (B) samples (p≤0.05). The dots’ colour 

and shape correspond to the condition and sequencing run. 
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Figure 3. Taxonomic distribution of major taxa in terminal ileum 
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Figure 4. Hierarchical clustering and heatmap. Heatmap showing the differentially abundant 

genera in ileum among all conditions. Samples are clustered by using the Euclidean distance and 

Ward linkage. Cell colour refers to normalised taxa counts. 
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Figure 5. Taxonomic distribution of major taxa in sigmoid colon 
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Figure 6. Hierarchical clustering and heatmap. Heatmap showing the differentially abundant 

genera in sigma among all conditions. Samples are clustered by using the Euclidean distance and 

Ward linkage. Cell colour refers to normalised taxa counts. 
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