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Summary

Aim. To evaluate the effects of rifaximin through microbiota
modulation in a model of hepatocellular carcinoma secondary
to non-alcoholic fatty liver disease. Methods. Three groups of
8 adult male Sprague-Dawley rats each were divided as follows:
the HCC group: rats fed a high-fat and choline-deficient diet
plus diethylnitrosamine as a carcinogen, the hepatocellular car-
cinoma treated group: rats fed a high-fat and choline-deficient
diet plus diethylnitrosamine and treated with rifaximin and
the control group: animals fed standard diet and water. The rars
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were euthanized after 16 weeks. We performed analyses of liver
pathology for non-alcoholic farty liver disease severity and cancer
grading, gene expression in intestinal and hepatic tissues and fe-
cal microbiota. Results. All animals in the hepatocellular carci-
noma group had non-alcoholic fatty liver disease and developed
hepatocellular carcinoma lesions. Rifaximin animals showed less
intense non-alcoholic fatty liver disease (assessed by non-alcohol-
ic fatty liver disease activity score [NAS]) compared to the hepa-
tocellular carcinoma group. Both the hepatocellular carcinoma
and hepatocellular carcinoma + rifaximin groups showed areas
of fibrosis as assessed by picrosirius red. Three animals in the
rifaximin group did not develop cancerous lesions. Gut micro-
biota analyses revealed differences in diversity and composition
in the control group vs hepatocellular carcinoma and rifaximin
groups. Twelve differentially abundant genera were identified
between the hepatocellular carcinoma and rifaximin groups. In
the rifaximin group, gene expression of intestinal tight junctions
decreased. Conclusions. In a rodent model of non-alcoholic
Jatty liver disease-related hepatocellular carcinoma, rifaximin
reduces the histological severity of non-alcobolic fatty liver dis-
ease and the occurrence of hepatocellular carcinoma, probably
by modulating the gut microbiota independently of markers of
intestinal permeability.
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Beneficio potencial de la rifaximina en
la prevencion del carcinoma hepato-
celular mediante la modulaciéon de la
microbiota en un modelo experimen-
tal de enfermedad por higado graso
no alcohdlico

Resumen

Objetivo. Evaluar los efectos de la rifaximina mediante la mo-
dulacién de la microbiota en un modelo de carcinoma hepato-
celular secundario a enfermedad por higado graso no alcohdlico.
Métodos. Se dividieron tres grupos de 8 ratas Sprague-Dawley
macho adultas cada uno de la siguiente manera: el grupo car-
cinoma hepatocelular: ratas alimentadas con una dieta alta en
grasas y deficiente en colina mds dietilnitrosamina como carci-
ndgeno; el grupo tratado con carcinoma hepatocelular: ratas ali-
mentadas con una dieta alta en grasas y deficiente en colina mids
dietilnitrosamina y tratadas con rifaximina y el grupo control:
animales alimentados con una dieta estandar y agua. Las ratas
Jfueron sometidas a eutanasia a las 16 semanas. Se realizaron
andlisis de la patologia hepditica para determinar la gravedad
de la enfermedad por higado graso no alcohdlico y la clasifi-
cacion del cdncer, la expresion génica en tejidos intestinales y
hepdticos y la microbiota fecal. Resultados. Todos los animales
del grupo de carcinoma hepatocelular tenian enfermedad por
higado graso no alcohdlico y desarrollaron lesiones de carcinoma
hepatocelular. Los animales del grupo con rifaximina mostraron
una enfermedad por higado graso no alcohdlico menos intensa
(evaluada por el puntaje de actividad de la enfermedad por hi-
gado graso no alcohdlico NAS]) en comparacion con el grupo
carcinoma hepatocelular. Los grupos carcinoma hepatocelular
y carcinoma hepatocelular + rifaximina mostraron dreas de fi-
brosis evaluadas con rojo picrosirio. Tres animales del grupo con
rifaximina no desarrollaron lesiones cancerosas. Los andlisis de
la microbiota intestinal mostraron diferencias en la diversidad
y composicidn de los grupos control vs carcinoma hepatocelular y
rifaximina. Se identificaron 12 géneros diferencialmente abun-
dantes entre los grupos carcinoma hepatocelular y rifaximina.
En el grupo con rifaximina disminuyd la expresion génica de
las uniones estrechas intestinales. Conclusiones. En un modelo
de roedores de carcinoma hepatocelular relacionado con enfer-
medad por higado graso no alcohdlico, la rifaximina disminuye
la gravedad histoldgica de la enfermedad por higado graso no
alcohdlico y la aparicion de carcinoma hepatocelular, probable-
mente mediante la modulacion de la microbiota intestinal inde-
pendientemente de los marcadores de permeabilidad intestinal.

Palabras claves. Microbiota intestinal, carcinoma hepa-
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tocelular, enfermedad del higado graso no alcohélico, ri-
Jfaximina.

Abbreviations

ALT: Alanine aminotransferase.

AST: Aspartate aminotransferase.
Cldn: Claudin.

CON: Control group.

DEN: Diethylnitrosamine.
JAM/FRI11: Junctional adhesion molecule.
HDL: High-density lipoprotein.
HFCD: High-fat and choline-deficient.
IL: Interleukin.

LEfSe: Linear discriminant effect size.
LDA: Linear discriminant analysis.
LDL: Low-density lipoprotein.
NAFLD: Nonalcoholic fatty liver disease.
NAS: NAFLD activity score.

NASH: Nonalcoholic steatohepatitis.
HCC: Hepatocellular carcinoma.

Ocln: Occludin.

OTUs: taxonomic units.

RIF: Group treated with rifaximin.
TNF: Tumor necrosis factor.
TJP1/Z0O-1: Tight junction protein-1.

Introduction
Non-alcoholic fatty liver disease (NAFLD) is one of the

most common forms of chronic liver disease in western de-
veloped countries.! Non-alcoholic steatohepatitis (NASH)
represents the inflammatory form of the disease, which
can progress to cirrhosis and hepatocellular carcinoma
(HCC).>* HCC is the fifth most common malignant neo-
plasm in the world and is considered the most common
form of liver cancer, accounting for 70-85% of the prima-
1y liver tumors.*> Although several therapies are currently
available, new therapeutic approaches to prevent the de-
velopment and progression of this disease are still needed.
Dysbiosis is a disorder in the structure or function of
the microbiota resulting in an abnormal balance of com-
mensal and pathogenic bacterial species. This imbalance
is present in NAFLD and alters several processes that
influence the progression of chronic liver disease, such as
inflammation, fibrogenesis, regeneration and immunity,
thereby affecting the development of HCC.*!"' Various
forms of interventions can be used to address gut dys-
biosis, including prebiotics, probiotics, symbiotics or
even antibiotics. In fact, antibiotics can modulate gut
microbiota, improve endotoxemia and prevent liver pro-
gression and decompensation.'*'* Rifaximin is a non-ab-
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sorbable, broad-spectrum, oral semi-synthetic antibiot-
ic that inhibits bacterial RNA synthesis by binding to
the B-subunit of bacterial DNA-dependent RNA poly-
merase."” By altering the gut microbiota, it modulates its
function and the levels of inflammatory mediators. Ri-
faximin acts locally in the gastrointestinal tract and has
low systemic absorption with minimal adverse effects. It
has been used in the treatment of various gastrointesti-
nal and liver conditions,'® but few studies have evaluat-
ed its role in NAFLD"""? and, to our knowledge, none
have investigated it in NAFLD-related HCC. Given the
beneficial effects of rifaximin in preventing dysbiosis in
liver disease progression, this study aims to evaluate the
effect of rifaximin on gut microbiota in a murine model

of NAFLD-related HCC.

Methods
Animals

In this study, we used 24 adult male Sprague-Dawley
rats, weighing 250-400 g, obtained from the Animal Ex-
perimentation Unit of the Hospital de Clinicas de Porto
Alegre. The animals were housed in boxes of up to three
rats, with access to food and water ad libitum, under a
12 hours light/dark cycle and at a temperature of 22 +
1°C. The experimental protocol was designed to mini-
mize pain or discomfort to the animals. All procedures
were in accordance with the current Brazilian legislation
and were approved by the Ethical Committee for the Use
of Animals under number 17-0087. In case of death be-

fore euthanasia, the animal was excluded from the study.

Experimental design, model of hepatic carcinogene-
sis secondary to NAFLD and treatment with rifaximin

Animals were randomly assigned according to their
weight so that all groups started the experiment homo-
geneously and were divided into three groups (n = 8/
group): in the HCC group, rats received a high-fat and
choline-deficient (HFCD) diet (35% total fat, enriched
with 54% trans fatty acids) (Rhoster Ltd., Brazil) to-
gether with 135 mg/L of diethylnitrosamine (DEN;
Sigma-Aldrich, United States) in the drinking water for
16 weeks.” In the RIF group, rats received the HFCD
diet plus DEN, and rifaximin (Sigma-Aldrich) at a dose
of 50 mg/kg/day by daily gavage, diluted in distilled
water, as previously published, starting at week 5. In
the control group (CON), rats received standard chow
(Nuvilab CR-1, Brazil) and water free of DEN. Animals
in the CON and HCC groups received daily gavage
with distilled water in order to undergo the same stress
conditions as those in the RIF group. All animals were
weighed weekly throughout the experiment and were
euthanized after 16 weeks.

Euthanasia and analysis of biochemical parameters

After 16 weeks, all animals were fasted for eight
hours, anesthetized with 5% isoflurane (BioChimico,
Brazil) in 100% oxygen and euthanized by cardiac ex-
sanguination. After blood collection, the serum was
separated for biochemical analyses of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), to-
tal cholesterol, triglycerides, high-density lipoprotein
(HDL), and low-density lipoprotein (LDL), which were
performed in routine automated equipment at the Hos-
pital de Clinicas de Porto Alegre (Siemens Advia 1800
Chemistry System). After euthanasia, the liver, intestine,
and stool samples were collected and stored appropriate-
ly for further analyses.

Anatomopathological evaluation

After euthanasia, a portion of the liver tissue was pre-
server in 10% formaldehyde (Synth, Brazil) and sectioned
at 3-pum. Sections were stained with hematoxylin & eosin
and picrosirius red. Slides were evaluated by two blinded
experienced pathologists. Slides were photographed us-
ing an optical microscope (Olympus BX51). Histological
variables were graded using a modified Kleiner system:
steatosis (0-3), lobular inflammation (0-3), hepatocellu-
lar ballooning (0-2) and fibrosis (0-4).*' After evaluation,
the NAFLD activity score (NAS) was determined, where
scores of 1 or 2 corresponded to the absence of NASH,
scores of 3 or 4 corresponded to a probable diagnosis and
scores greater than or equal to 5 corresponded to a de-
finitive diagnosis of NASH. The degree of fibrosis was
assessed using picrosirius red stained slides and cancer-
ous lesions were graded according to the Edmondson &
Steiner classification (1 to 4).?

Gene expression of inflammatory cytokines in the
liver and tight junctions in the intestine

After euthanasia, the liver and small intestine were col-
lected and total RNA was extracted with TRIzol (Invitro-
gen, United States); RNA was later converted to cDNA
using the High-Capacity cDNA Reverse Transcription
kit (Applied Biosystems, United States). qRT-PCR with
TaqMan assay (Applied Biosystems, USA) was used to
assess the gene expression of hepatic inflammatory cyto-
kines: interleukin (7/)-6, 1/10, Il156, and tumor necrosis
factor-o (7Tnfa) and intestinal tight junction proteins: oc-
cludin (Ocln), claudin (Cldn)-2, Cldn4, zona occludens
(Zo1) and junctional adhesion molecule (JAM/FI11I7).
The Actb and Gapdh genes were used as normalisers
(Supplementary Table-1). Values were calculated as a
percentage of the normalising gene.
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DNA extraction and 16S rRNA sequencing

The colon was dissected, and stool samples were col-
lected and transferred to a tube. Procedures and materi-
als were sterile to avoid contamination. Bacterial DNA
was isolated from the stool samples using the QIAamp
fast DNA stool mini kit (Qiagen, United States), accord-
ing the manufacturer's instructions. The hypervariable
V4 region of the 16S rRNA gene was amplified by PCR
using the following primer pair: 515F (5'-GTGCCAG-
CMGCCGCGGTAA-3") and 806R (5-GGACTACH-
VGGGTWTCTAAT-3"). To pool different samples in
the same reaction, we used the primer fusion method and
each sample had a unique barcode attached to the corre-
sponding PCR product. The purified products were sub-
jected to emulsion PCR using the lon PGM™ Hi-Q™
View OT2 kit (Thermo Fisher Scientific, United States),
and the resulting enriched beads were sequenced on an
NGS machine (Ion Torrent PGM, Life Technologies,
United States) using the lon PGM™ Hi-Q™ View Se-
quencing kit (Thermo Fisher Scientific). Finally, the cor-
responding bioinformatic analyses were performed (on-
line resource). Additional information on bioinformatics
analyses (processing of 16S rRNA reads for downstream
analyses) is described in the supplementary material.

Statistical analyses

Normality was tested for all variables using the Sha-
piro-Wilk test and histograms. For symmetric variables
(described by means + standard deviations), we used the
ANOVA followed by the Tukey test, and for asymmet-
ric variables (described by medians and minimum-—max-
imum values), we used the Kruskal-Wallis test followed
by the Dunn test. The chi-squared test, supplemented
by an analysis of adjusted residuals, was used to obtain
percentage data. Analyses were performed using the
PASW Statistics package, version 18.0 (SPSS Inc, Chi-
cago, USA). The p value was considered statistically sig-
nificant if < 0.05.

Alpha diversity was assessed using species richness
(Chaol) and species diversity (Shannon) indices. For
an overall comparison of significant differences between
bacterial communities (i.e., beta diversity), Principal Co-
ordinates Analysis (PCoA) was performed. For each pair
of samples, a matrix was calculated using phylogenetic
(weighted Unifrac) and non-phylogenetic (Bray-Curtis
dissimilarity) metrics. Distances were transformed into
points in space, with the number of dimensions being
one less than the number of samples. To obtain statis-
tical confidence in the sample grouping observed in the
PCoA, a multivariate analysis of similarities (ANOSIM)
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test was performed on the distance matrix. To compare
additional differences between microbial communities,
we used clustering methods based on Bray-Curtis dis-
similarity. The hierarchical clustering results were visu-
alised using heat maps and dendrograms. We used the
Linear Discriminant Effect Size (LEfSe) method to de-
tect potential taxa biomarkers.* The algorithm performs
a non-parametric factorial Kruskal-Wallis sum rank test
and a linear discriminant analysis (LDA) to identify sig-
nificantly different features between taxa and estimate
the effect size of the difference. Differences were consid-
ered significant for a logarithmic LDA score threshold of
+ 2.0 and a p-value < 0.05 after multiple hypotheses
testing using the Benjamini—-Hochberg method.

Results

At 15th week, one animal died in each of the HCC
and RIF groups. These animals were excluded from
the study. No deaths were reported in the CON group
during the experimental period. There was no statistically
significant difference in the animals’ delta weight (Sup-
plementary Table-2).

Biochemical parameters and gene expression

Liver enzymes and lipid profiles are described in
Supplementary Table-3. AST, total cholesterol and
LDL levels were significantly higher in the HCC group
compared to the CON group (p = 0.001).

Hepatic gene expression of pro- and anti-inflammato-
ry cytokines were evaluated. 7nfa, 1110, and IL1b showed
no differences in expression between groups; however, 7/6
expression was significantly increased in the RIF group
when compared to the CON group (p = 0.001) (Supple-
mentary Figure 1).

To understand the effect of rifaximin on intestinal per-
meability, we evaluated the expression of tight junction
proteins in the small intestine (Supplementary Figure 2).
There were no differences between groups for Zo1/Tjp1
and Cldn2. Ocin, JAM/FI1r, and Cldn4 showed lower
expression levels in the RIF group when compared to
the CON group, indicating a possible effect on intestinal
permeability (» = 0.002, p = 0.005, and p = 0.001, respec-
tively), but no differences in the expression of these genes
were found between the HCC and RIF groups.

Rifaximin treatment may influence steatohepatitis

None of the control animals showed features of liv-
er injury, as shown in Table-1. With regard to steatosis,
animals in the HCC group had a significantly higher fat
content than those in the RIF group. The same happened
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with hepatocyte ballooning. The HCC group had a NAS
between three and five; these scores indicate probable and
definitive steatohepatitis, respectively. However, all rifax-
imin-treated animals remained in grade 3, indicating a
probable diagnosis of steatohepatitis, suggesting a mod-
erate efficacy of rifaximin treatment (Table 1). When as-

sessing fibrosis by picrosirius red staining, we observed
that both the HCC and RIF groups had areas of fibrosis
that were different from the CON group (Supplementary
Figure 3). In both the HCC and RIF groups, animals
ranged equally from grades 1 to 2. As expected, the CON
group was grade 0 (Supplementary Table 4).

Table 1. Distribution of histologic findings of steatosis scores, lobular inflammation, and hepatocellular ballooning

Variables CON HCC RIF
(n=8) (%) (n=7) (%) (n=7) (%)

Steatosis

0 8(100.0) 0(0.0) 0(0.0)

1 0(0.0) 3(42.9) 7(100.0)

2 0(0.0) 4 (57.1 0(0.0)
Lobular inflammation

0 8(100.0) 0(0.0) 0(0.0)

1 0(0.0) 6 (85.7) 7(100.0)

2 0(0.0) 1(14.3) 0(0.0)
Ballooning

0 8(100.0) 0(0.0) 0(0.0)

1 0(0.0) 5(71.4) 7(100.0)

2 0(0.0) 2 (28.6) 0(0.0)
NAS

0 8(100.0) 0(0.0) 0(0.0)

1 0(0.0) 0(0.0) 0(0.0)

2 0(0.0) 0(0.0) 0(0.0)

3 0(0.0) 3(42.9) 7(100.0)

4 0(0.0) 1(14.3) 0(0.0)

5 0(0.0) 3(42.9) 0(0.0)

Values are expressed as frequencies (%). CON: control group; HCC: hepatocellular carcinoma group; RIF: hepatocellular carcinoma group treated with rifaximin.

Rifaximin treatment moderately prevents hepato-
cellular carcinoma

Macroscopically, all animals in the HCC group de-
veloped liver tumors that were larger than those in the
RIF group. As expected, the control animals had nor-
mal livers (Figure 1A-C). Histologic analyses showed
that all animals in the HCC group had an altered pa-
renchyma, while treatment with rifaximin appeared
to reduce the degree of the lesion. No evidence of
hepatic tumor injury was observed in the CON group
(Figure 1D-F). Liver lesions are described macroscop-
ically and microscopically in Table 2. When tumors
were graded according to the Edmondson-Steiner score
(Figure 1G), we observed that all animals in the HCC
group had grades three and four, corresponding to poorly
differentiated and undifferentiated cancer, respectively.
In the RIF group, some animals were also classified as

grades three and four, but three animals had no evi-
dence of cancer (Supplementary Table 5).

Gut microbiota

In terms of alpha diversity, no differences were ob-
served between groups with respect to the Shannon index
(Figure 2A); however, they differed when considering the
Chaol index, with the RIF group having the lowest di-
versity and the CON group having the highest diversity
(p £0.01) (Figure 2B). To explore the global differences
in gut bacterial communities between groups, a PCoA
was performed on operational taxonomic units (OTU)-
based Bray-Curtis distances. By examining the PCoA
ordination plot, we observed that the structural pattern
of the gut microbiota in the HCC and RIF groups was
clearly different from that in the CON group (ANOSIM,
2 <0.001) (Figure 2C).
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Figure 1. Heparocellular carcinoma analysis
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A-C, lllustration of macroscopic findings. A, CON group, normal liver appearance. B, HCC group, steatotic liver with various hepatic nodules. C, RIF group, less steatosis,
and fewer hepatic nodules compared with the HCC group. D-F, Photomicrographs of liver sections with hematoxylin and eosin staining, 400X. D, CON group, normal
hepatic parenchyma. E, HCC group, presence of neoplastic cells with marked atypia. F, RIF group, only four animals showed neoplastic cells, while the others showed no
evidence of cancer, but mild steatosis. G, Cancer grading: The HCC group differed from the CON group; RIF group did not differe from the HCC group and was similar to
CON group. Data are expressed as means =+ standard deviations using the one-way ANOVA followed by Tukey test. a, b: Values with the same letter are not significantly
different from each other. CON: control group; HCC: hepatocellular carcinoma group; RIF: hepatocellular carcinoma group treated with rifaximin.

Table 2. Liver injuries description

Macroscopic Microscopic
Group ID No. of Size (cm) No. of Size (cm)
injuries injuries

CON 1-8 N/P N/P

HCC 9 1 0.5 >10 <0.1
HCC 10 2 0.5 >10 <0.1
HCC 11 N/P N/P >10 <0.1
HCC 12 1 0.3 >10 <0.1
HCC 13 1 1.6 >10 <0.1
HCC 15 1 2.0 N/P N/P
HCC 16 N/P N/P >10 <0.1
RIF 17 1 1.5 >10 <0.1
RIF 19 0 N/P N/P N/P
RIF 20 0 N/P >10 <0.1
RIF 21 0 N/P N/P N/P
RIF 22 1 2.8 >10 <0.1
RIF 23 0 N/P >10 <0.1
RIF 24 0 N/P N/P N/P

270 4

CON: control group; ID: animal identification; HCC: hepatocellular carcinoma group;
RIF: hepatocellular carcinoma group treated with rifaximin; N/P — not present.

Taxonomic analysis of the bacterial communities
identified 1506 bacterial taxa (OTUs), belonging to 124
genera, 40 families, and 8 phyla. Firmicutes (76%), Bac-
teroidetes (15%) and Verrucomicrobia (7%) were the most

Acta Gastroenterol Latinoam 2023;53(3):265-282

common phyla in all samples (Supplementary Figure
4A). These three phyla were also differentially abundant
between groups, as observed in Supplementary Figure
4D. Other phyla had less than 1% abundance each. The
most abundant families were Lachnospiraceae (28%),
Peptostreptococcaceae  (21%), Ruminococcaceae (15%),
Bacteroidaceae (10%), and Akkermansiaceae (7%). These
five families represented 83% of all observed taxa (Sup-
plementary Figure 4B). The distribution of these taxa
showed interesting features (Figure 2D), where the most
prevalent families in the CON group were less prevalent
(or absent) in the HCC and RIF groups, and the most
prevalent families in the HCC and RIF groups were less
prevalent (or absent) in the CON group. Their differen-
tial abundance is showed in Supplementary Figure 4E.
The 10 most abundant genera, with a relative abundance
greater than 2%, represented 78% of all taxa observed
in this study and can be considered a core microbiome
(Supplementary Figure 4C). To confirm both statistical
and biological taxonomic differences at the genus lev-
el between groups, the LEfSe algorithm was used with
a logarithmic LDA score cutoff > 2.0. In total, the dif-
ferential abundance analysis identified 39 differentially
abundant genera (Figure 2E), of which 26 were associat-
ed with the CON group, five with the HCC group, and
eight were differentially abundant in the RIF group. The
distribution of all 124 genera among groups is shown in
Supplementary Figure 5.
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Figure 2. Changes in gut microbiota in CON, HCC, and RIF groups
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To better understand the differences between the  the major differences when comparing these groups with the
HCC and RIF groups, a PCoA was performed. The CON group. A specific LEfSe analysis between the HCC
two identified clusters are clearly distinct, as observed in  and RIF groups revealed 12 differentially abundant genera
Figure 3A, and this pattern was previously overshadowed by  (Figure 3B), whose profiles are highlighted in Figure 3C.

Figure 3. Changes in gut microbiota between HCC and RIF
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Discussion

In this murine model of HCC simulating a western
diet associated with DEN, rifaximin demonstrated a po-
tential beneficial effect by reducing the severity of NAFLD
and preventing the occurrence of HCC in three out of seven
animals, probably due to its effect on the gut microbiota,
which in turn would alter certain mechanisms and gener-
ate hepatoprotection.

Recent studies have shown that rifaximin is safe and
moderately effective in patients with NASH,"" but
there are no data on its use in HCC. In this regard, we
demonstrated a lower degree of steatosis, lobular inflamma-
tion, and hepatocellular ballooning in the animals receiving
rifaximin; however, further research is needed. The main
effect of rifaximin was on steatosis, with a direct influence
on NAS; this score was intermediate in all animals that re-
ceived rifaximin, while more than 50% of animals in the
HCC group had higher scores. These findings support
the hepatoprotective potential of rifaximin in patients, as
do other ongoing clinical trials, such as the randomized
controlled phase II LIVERHOPE trial testing the effect
of rifaximin in combination with simvastatin.? Gut mi-
crobiota produce a wide range of bioactive molecules
from diet, establishing an important role in physiologi-
cal and pathological conditions, as well as being closely
associated with inflammatory diseases and NAFLD and
HCC through the gut-liver axis*® which may explain the
results of this study.

There is a close relationship between dysbiosis and
leaky gut; dysbiosis causes the intestinal barrier to be
more permeable, whereas the leaky gut allows bacterial
metabolites and microbiota-associated molecular pat-
terns to translocate and reach the liver,” enabling the
progression of NAFLD and HCC.”*® To elucidate the
mechanism involved in the effect of rifaximin, we evalu-
ated the expression levels of tight junction proteins in the
intestine and the gut microbiota. In this study, rifaximin
did not alter the gene expression of tight junctions, prob-
ably through other mechanisms.

When evaluating the gut microbiota, we observed
that the HCC group had a different diversity and
composition when compared to the CON group.
The HCC group showed a decrease in alpha diversity
(calculated by Chaol) and a different pattern in beta
diversity compared to healthy animals (CON group).
These patterns leading to NAFLD and HCC influence
the composition and diversity of the gut microbio-
ta.!%3%3! Some mechanisms by which the microbiota
contributes to the development of HCC are already

known.?® Alterations in bile acid metabolism may be
associated with the development of HCC, through
mechanisms such as metabolic dysregulation, hepatic
inflammation, oxidative stress, fibrosis, apoptosis and
hyperproliferation, thereby supporting tumorigene-
sis.’ In dysbiosis, this can be impaired by modulating
bile acid metabolism. This altered microbiota could
increase deoxycholic acid levels. Enterohepatic circu-
lation of deoxycholic acid induces inflammatory and
tumor-promoting factors in the liver, thereby facili-
tating HCC development in mice.*> Another import-
ant mechanism is through lipopolysaccharide, which
is a cell wall component of Gram-negative bacteria,
which induces inflammation via toll-like receptor-4.
This receptor has been shown to mediate hepatic car-
cinogenesis via resident liver cells such as hepatic stel-
late cells, macrophages or hepatocytes. In addition to
contributing to a chronic inflammatory state, toll-like
receptor-4 promotes the development of liver fibrosis
and upregulates the expression of epiregulin, a potent
HCC-promoter in hepatic stellate cells."* Although our
research group did not perform molecular evaluations of
these markers, we suggest that the effects observed in the
rifaximin-treated group may result from its action on
these inflammatory and hepatic fibrogenic mechanisms.
Increases in the abundance of the phylum Bacteroide-
tes and the families Bacteroidaceae and Ruminococcaceae
have also been found in patients with chronic liver disease
in other studies,>
gression of chronic liver disease and, possibly indirectly,

suggesting a possible role in the pro-

in hepatocarcinogenesis. Increases in Ruminococcaceae
and Bacteroidaceae were independently associated with
the presence of fibrosis and NASH, respectively.” Pos-
sible mechanisms linking the presence of Bacteroidaceae
with NASH promotion could be the increase in deoxy-
cholic acid, which is associated with apoptosis induction
in rat livers” and the negative correlation of this fam-
ily with short-chain fatty acid and amino acid levels,*
thus contributing to NASH promotion. The decrease in
Lachnospiraceae in the HCC group, when compared to
the CON group, is common in cirrhotic patients and is

3738 [p-

related to the worsening of chronic liver disease.
terestingly, we observed an increase in Akkermansiaceae in
the HCC group, a family that was recently implicated in
hepatoprotection.’*#

Antibiotic therapy in liver disease has been shown
to be beneficial in experimental models of NAFLD,*
NASH,%4 and HCC." To better understand our re-

sults, we compared the gut microbiota between the HCC
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and RIF groups. When alpha diversity was assessed using
the Shannon index (a calculation that takes into account
the presence and absence of OTUs), there was no dif-
ference between the groups. When evaluated by Chaol
(a calculation that considers the presence and absence
of OTUs and is more sensitive to rare OTUs), the RIF
group had less alpha diversity than the HCC group. This
suggests that rifaximin does not alter the overall diver-
sity of the microbiota, but it may specifically modulate
less abundant taxa. The PCoA confirms these findings,
where structural differences in the microbiome (i.e., beta
diversity) were observed between the HCC and RIF
groups. Some studies have suggested that rifaximin may
positively modulate the gut microbiota in various gastro-
intestinal conditions,”“ and this particular feature may
differentiate rifaximin from other systemic antibiotics.*”
The LEfSe analysis showed a clear differential abundance
between groups at the genus level, with 12 differently
abundant genera; these have already been described in
other clinical or experimental conditions, but only Blau-
tia has been previously described in detail in HCC and
NASH patients.

In this study, we observed that the animals that received
rifaximin had an increase in the abundance of the gen-
era Clostridiaceae 1, Globicatella and Lactococcus, and a
decrease in the abundance of the genera Cuneatibacter,
Hydrogenoanaerobacterium, Angelakisella, Gastranaer-
ophilales_ge, Mollicutes (RF39), Sellimonas, Christensene-
laceae (R7), Ruminococcaceae (UCGOI14), and Blautia.
In a study by Bajaj er a/, the decompensated cirrhosis
group treated with rifaximin had fewer hospitalizations
than the lactulose-treated group, and the Lactococcus ge-
nus has been described as being associated with fewer
hospitalization in cirrhotic patients.”® This genus has
also been negatively associated with prokineticin-2, a cy-
tokine associated with inflammation of the gastrointes-
tinal tract, in rats subjected to the Lieber-DeCarli mod-
el of alcoholic liver disease.”” A systematic review with
meta-analysis found no difference in the abundance of
the genus Blautia in patients with NAFLD compared to
healthy controls.”® Regarding the other genera, although
little information is available, as they were differentially
abundant treated or not with rifaximin, they indicate
that they could be the subject of further study. As men-
tioned above, there is evidence that changes in the com-
position of the gut microbiota play a fundamental rol in
the progression of NAFLD and the development of HCC.
In this study, we suggest that RIF treatment could miti-
gate the histopathologic severity of NAFLD and prevent
HCC development, likely through the modulation of the

gut microbiota. To our knowledge, there are no studies

Acta Gastroenterol Latinoam 2023;53(3):265-282

in the literature evaluating the effect of RIF treatment on
the composition of the gut microbiota in HCC secondary
to NAFLD, which complicates the discussion of the data
obtained. In addition, we emphasize that RIF could po-
tentially alter intestinal microbial interactions with me-
tabolites without a significant effect on gut composition or
abundance per se. In this regard, further studies are needed
for a more comprehensive evaluation of the mechanisms in-
volved in  this process.

This is the first article to help elucidate the role of
rifaximin in the treatment of NAFLD-HCC through
modulation of the gut microbiota. However, it has some
deficiencies that need to be emphasized. First, the NA-
FLD-HCC is a tumor with specific molecular charac-
teristics compared to other etiologies of HCC, second,
the microbiota was only assessed at the end of the exper-
iment, third, the number of animals was small. If it were
larger could generate more statistical power to the study,
reducing the possible bias of model heterogeneity. Never-
theless, we studied the NAFLD Activity Score (NAS) to
better understand the underlying disease evolution in the
groups. In fact, we consider that the experimental model
used in our study, although a mixed model with diet and
a carcinogen to induce complex diseases, which could
lead to possible heterogeneity, was efficient and replicable
with respect to previously published studies.?** In con-
clusion, in this rodent model of NAFLD-HCC, rifaximin
may have beneficial effects by reducing the histologic severity
of NAFLD and the occurrence of HCC, probably by mod-
ulating the gut microbiota independently of markers of in-
testinal permeability. However, further studies are needed to
demonstrate the protective effect of rifaximin and the mecha-
nism by which rifaximin might have a beneficial effect.
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Supplementary data

Materials and Methods
Probes Identification

Supplementary Table 1. Describes the identification of
1agMan probes used to evaluate the gene expression

Gene symbol Assay ID

Hepatic inflammatory cytokines

6 Rn01410330_m1
1o Rn00563409_m1
b Rn00580432_m1
Tnfa Rn01525859_g1

Gut permeability markers

F11r -JAMA Rn00587389_m1
Tip1 Rn02116071_s1
Ocin Rn00580064_m1
Cldn1 Rn00581740_m1
Cldn2 Rn02063575_s1
Cldn4 Rn01196224_s1
Actb Rn00667869_m1
Gapdh Rn01775763_g1
Results

Supplementary Table 2. Body weight

Bioinformatics analyses
Processing of 16S rRINA reads for downstream analyses

Sequence data exported from the Ion PGM™ sys-
tem were processed using a custom pipeline in Mothur
v.1.41.1.1 First, sequences were barcodes and primers
depleted (no mismatch allowed) and then a quality fil-
ter was applied to eliminate low quality reads. Quality
control was performed by trimming low quality reads
(those of incorrect length, containing an ambiguous base
or containing homopolymers longer than 8 bp). All po-
tentially chimeric sequences were identified and removed
using VSEARCH.?

After these initial quality filtering and trimming steps,
the remaining sequences were clustered into operation-
al taxonomic units (OTUs) at a 99% identity level and
classified using the SILVA v132 reference database at 97%
similarity.> Sequences that could not be classified (i.e.,
“unknown” sequences), as well as sequences identified
as eukaryotes, mitochondria and chloroplasts, were re-
moved prior to further analysis. To reduce spurious OTUs
caused by PCR or sequencing errors, an additional filtering
step was performed by removing OTUs with fewer than
10 reads. The resulting OTU table was normalized using
the cumulative sum scaling (CSS) method. For alpha di-
versity analysis, the OTU table was rarefied to the smallest
library size. Subsequent analyses of the sequence dataset
were performed in R v. 3.6.1 (using the vegan, phyloseq,
ggplot 2 and Microbiome Analyst R packages).

Groups Starting weight (g) Final weight (g) Delta weight (g)
CON 363.9 +22.72 551 £ 27.7° 187.1 = 48.52
HCC 352.7 + 26.4° 539.2 + 51.5° 192.2 + 33.6°
RIF 283.3 + 25.5° 504.3 + 63.3 202.1 + 51.6°

278 4

Presented as mean + standard deviation or median (minimum-maximum values); a, b: values with the same letter do not differ significantly from each other. CON: control
group, HCC: hepatocellular carcinoma group, RIF: hepatocellular carcinoma group treated with rifaximin.
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Supplementary Table 3. Biochemical parameters

Variables (nCSNg) (nHSC7) (nR=|F7) p
AST 71.5 (48-81)? 125.5 (92-184)° 101 (80-370)° 0.001
ALT 45.5 (42-56) 47.5 (37-71) 47 (37-169) 0.939
Total cholesterol 98.4 +19.3 167.8 £ 23.1° 139.4 + 33.5° < 0.001
Triglycerides 80.5+21.8 942 +42.8 67 +20.7 0.266
HDL 76.3+124 89.5+99 79.4 +16.9 0.205
LDL 5(0-17.8) 62.1 (31.4-85.4) 47 (18-79) 0.001

Described as means + standard deviations or medians (minimum-maximum values); a, b: Values with the same letter are not significantly different according to a Tukey
test (symmetric distribution) or Kruskal-Wallis and Dunn tests (asymmetric distribution). ALT: alanine aminotransferase, AST: aspartate aminotransferase, CON: control
group, HCC: hepatocellular carcinoma group, HDL: high-density lipoprotein, LDL: low-density lipoprotein, RIF: hepatocellular carcinoma group treated with rifaximin.

Supplementary Figure 1. Hepatic gene expression of pro- and anti-inflammatory cytokines
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Gene expression of inflammatory cytokines in the liver. Data are described as medians and interquartiles using the Kruskal-Wallis test; a, b: values with the same letter
are not significantly different from each other. CON: control group; HCC: hepatocellular carcinoma group; IL: interleukin; RIF: hepatocellular carcinoma group treated with

rifaximin; TNF: tumor necrosis factor.
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Supplementary Figure 2. Gene expression of intestinal permeability markers
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Supplementary Figure 3. Assessment of liver fibrosis
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Hepatic fibrosis. (A) Liver histological evaluation: micrographs of liver sections with picrosirius red staining, (B) CON group: normal hepatic parenchyma, (C) HCC group:
shows areas of fibrosis, (D) same as does the RIF group (D). Picrosirius staining at 20X magnification. CON: control group, HCC: hepatocellular carcinoma group, RIF:

hepatocellular carcinoma group treated with rifaximin.
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Supplementary Figure 4. Composition of the gut microbiota in phyla, families and genera

A B . - c

-
I
.

& & v & & &

et ymterer
ot avresrm

PHOE eten: [l s [l Srwcwrs

Bacteroidetes Firmicutes

0.3 1

Lactobacillaceae

B CON

Moraxellaceae

W HCC
W HCC+RIF

0.2

0.1

CON HCC  HCC+RIF CON HCC  HCC+RIF

Verrucomicrobia

0.5

CON HCC  HCC+RIF

Bifidobacteriaceae
Burkholderiaceae
Family_XIIl
Tannerellaceae
Enterobacteriaceae
Erysipelotrichaceae
Akkermansiaceae
Ruminococcaceae
Bacteroidaceae
Peptostreptococcaceae

Christensenellaceae

Streptococcaceae
Aerococcaceae
Gastranaerophilales_fa
Mollicutes_RF39_fa

LDA Score

Relative abundance of the phyla (A), families (B) and genera (C) observed in the CON, HCC and RIF groups. The relative abundance of 3 phyla changed significantly
(p < 0.05) among all groups (D). Differentially abundant families in each group (E). Statistical confidence was assessed using the Kruskal-Wallis test. Genera were ranked
by LDA score. CON: control group; HCC: hepatocellular carcinoma group; RIF: rifaximin. The acronym HCC+RIF represents the RIF (hepatocellular carcinoma group treated

with rifaximin) information in the image.

Supplementary Table 4. Distribution of histologic fin-
dings of fibrosis scores

Supplementary Table 5. Distribution of histological fin-
dings of cancer grading

; CON HCC RIF : CON HCC RIF
Variables Variables
M=8% M=% (=N% ' n=8% O=70% (=%
Fibrosis <0.001  Cancer grade 0.004
0 8 (100)* 0(0.0) 3429
0 8 (100)* 0(0.0) 0(0.0)
1 0(0.0) 0(0.0) 0(0.0)
1 0(0.0) 3(42.9) 3(42.9) 2 0(0.0) 0(0.0) 0(0.0)
2 0(0.0) 4 (57.1) 4(57.1) 3 0(0.0) 4(57.1) 2 (28.6)
4 0(0.0) 3(42.9) 2 (28.6)

Statistically significant association by an adjusted residual test. CON: control
group; HCC: hepatocellular carcinoma group; RIF: hepatocellular carcinoma group
treated with rifaximin.

Statistically significant association by the adjusted residuals test. CON: control
group; HCC: hepatocellular cancer group; RIF: rifaximin treatment group.
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Supplementary Figure 5. Distribution of the 124 identi-
fied taxonomic genera among the samples

NN

CON: control group, HCC: hepatocellular carcinoma group, RIF: rifaximin. The
acronym HCC+RIF represents the RIF (hepatocellular carcinoma group treated
with rifaximin) information in the image.
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