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controls. A multiomic analysis, including gut microbiota composition and metabo-
lomics, serum myokines and systemic and intestinal inflammatory mediators, was
performed.

Results: The gut microbiota of sarcopenic cirrhotic patients was poor in bacteria
associated with physical function (Methanobrevibacter, Prevotella and Akkermansia),
and was enriched in Eggerthella, a gut microbial marker of frailty. The abundance of
potentially pathogenic bacteria, such as Klebsiella, was also increased, to the detri-
ment of autochthonous ones. Sarcopenia was associated with elevated serum levels
of pro-inflammatory mediators and of fibroblast growth factor 21 (FGF21) in cir-
rhotic patients. Gut microbiota metabolic pathways involved in amino acid, protein
and branched-chain amino acid metabolism were up-regulated, in addition to etha-
nol, trimethylamine and dimethylamine production. Correlation networks and clus-
ters of variables associated with sarcopenia were identified, including one centred on
Klebsiella/ethanol/FGF21/Eggerthella/Prevotella.

Conclusions: Alterations in the gut-liver-muscle axis are associated with sarcopenia in
patients with cirrhosis. Detrimental but also compensatory functions are involved in

this complex network.
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1 | INTRODUCTION

Muscle wasting and physical function impairment affect 30%-70%
of patients with cirrhosis.! Several factors are invoked in the patho-
genesis of muscle atrophy in this patient population. Reduced use of
carbohydrates as a source of energy at the expense of proteins, hor-
monal changes, malnutrition, gastrointestinal dysfunction, increased
resting energy expenditure and low physical activity are responsible
of the loss of muscle mass in cirrhotic patients.2

Sarcopenia has been associated with poor quality of life and has
been shown to independently predict negative outcomes, including
reduced survival, in patients with cirrhosis.® Interestingly, while liver
transplantation can cure cirrhosis, its effects on sarcopenia are vari-
able with either improvement, stability or worsening being reported
in literature.>* Therefore, a better understanding of the pathophys-
iology of sarcopenia in this setting is needed to plan targeted thera-
peutic interventions.’
In older adults, sarcopenia has been associated with a state

of chronic, low-grade inflammation, termed inflamm-ageing. This

cirrhosis, ethanol, gut microbiota, metabolomics, sarcopenia

e The role of the gut-liver-muscle axis in the development of sarcopenia in patients with cir-
rhosis is largely unknown.

e The gut microbiota contributes to sarcopenia through metabolic and pro-inflammatory net-
works, but, at the same time, it may exert compensatory functions to limit muscle wasting.

e Our findings can help to identify patients with cirrhosis who may benefit from personalized
treatments to halt the progression of muscle wasting.

condition shares the same pathophysiological traits of meta-
inflammation, which is typical of metabolic disorders and is associ-
ated with changes in the gut microbiota.® Cirrhosis is a paradigm of
chronic inflammation driven by gut dysbiosis and increased intes-
tinal permeability. However, whether alterations in gut microbiota
are associated with sarcopenia in cirrhotic patients has yet to be
established.

To fill this gap in knowledge, the present study aimed at charac-
terizing the gut-liver-muscle axis and identifying gut microbial, met-
abolic and inflammatory signatures of sarcopenia in patients with

cirrhosis.

2 | MATERIALS AND METHODS
2.1 | Patients selection and study procedures

All patients with cirrhosis consecutively admitted from 1 January to

31 June 2019 at the Hepatology Clinic of the Fondazione Policlinico
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Universitario Agostino Gemelli IRCCS in Rome were assessed for
eligibility. Inclusion criteria were as follows: age > 18 years, ab-
sence of systemic or intestinal pathologies associated with gut
microbiota alterations (eg celiac disease, inflammatory bowel dis-
eases, diabetes mellitus etc) and complete abstinence from alcohol
consumption for at least one year. Patients with previous or active
tumours, chronic neurodegenerative or muscle diseases, use of
probiotics, prebiotics or antibiotics during the previous 3 months,
and those on vegetarian or vegan diet were also excluded. Actively
exercising subjects were also excluded. A group of subjects with-
out cirrhosis comparable for age and sex distribution and meeting
the same eligibility criteria were enrolled as controls. The only co-
morbidities allowed for the control group were hypertension, prior
stroke (more than 1 year before the enrolment) or non-obstructive
peripheral vascular disease and mild chronic obstructive pulmo-
nary disease. Among controls, a small group of sarcopenic subjects
was also included to compare sarcopenic cirrhotic patients with
sarcopenic controls.

The two participant groups received a nutritional evaluation,
including a 7-day food frequency questionnaire, standard anthro-
pometry and body composition analysis by whole-body dual X-ray
absorptiometry (DXA). The diagnosis of sarcopenia was based on
the presence of low muscle mass and strength, according to the
criteria released by the Foundation for the National Institutes of
Health (FNIH) Sarcopenia Project,7 as follows: (a) appendicular
lean mass (ALM) to body mass index (BMI) ratio (ALMg,, ) < 0.789
and < 0.512 in men and women; or (b) crude ALM < 19.75 kg in
men and < 15.02 kg in women when the ALMg,,, criterion was
not met; and (c) handgrip strength < 26 kg for men or < 16 kg for
women.

Faecal and blood samples were also collected for the analysis of
the gut microbiota composition and metabolomics profile, as well as
for the quantification of circulating cytokines/chemokines, markers
of intestinal inflammation (calprotectin) and permeability (zonulin-1
[zO1], lipopolysaccharide [LPS]). In particular, the panel of inflamma-
tory cytokines measured in the present study was designed based
on their involvement in pathways and processes relevant to cirrhosis
and sarcopenia pathophysiology. A detailed description of labora-
tory techniques and procedures is provided in the Supplementary
Methods.

The study was approved by the Ethics Committee of the
Fondazione Policlinico Universitario Agostino Gemelli IRCCS (pro-
tocol ID 741). All procedures were conducted in accordance with
the principles laid down in the Declaration of Helsinki. A writ-
ten informed consent was obtained from all participants prior to

enrolment.

2.2 | Statistical analysis

Descriptive statistics were run on all data. Differences in de-
mographic, anthropometric, clinical, functional characteristics,

inflammatory and metabolic markers, and gut permeability/
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inflammation markers between cases and controls were assessed
via Wilcoxon test and Fisher's exact test, for continuous and cat-
egorical variables respectively. Comparisons between cases and
controls according to the presence of sarcopenia were performed
by Kruskal-Wallis test with Dunn's post hoc analysis when appro-
priate and Fisher's exact test, for continuous and categorical vari-
ables respectively.

The gut microbiota alpha diversity in experimental groups
was evaluated by the Chaol index, which was calculated on raw
data. Afterwards, data were processed to remove taxa not seen
more than three times in at least 20% of samples and normalized
by applying regularized logarithm transformation (rlog).8 Principal
coordinates analysis (PCoA) was performed on weighted UniFrac
distance, using permutational multivariate analysis of variance
on the distance matrix to unveil differences between cirrhotic
patients and controls, as well as among subgroups of sarcopenic
participants.

The analysis of gut microbial differential abundance at the
phylum, family and genus level was carried out using a negative
binomial distribution on raw counts normalized by ‘size factors’,
taking into account sequencing depth between samples.® This
method was chosen based on its good performance in experi-
ments involving relatively small samples.” Differences in bacterial
abundance were expressed as log2 fold change (log2FC); a log2FC
higher or lower than + 1.5 with a P-value < 0.05 adjusted for
multiple comparisons (false discovery rate [FDR] control accord-
ing to Benjamini-Hochberg method) was considered statistically
significant.

Gut microbiota metabolomics analysis was conducted by
Wilcoxon rank-sum test and then by multivariate partial least
squares-discriminant analysis (PLSDA) after removing metabolites
not seen in at least 25% of samples and normalizing raw data by
quantile, log and pareto scaling. The model performance was esti-
mated by the 10-fold cross validation method reporting the number
of components (latent variables, LVs), accuracy, R2Y and Q2 values,
and by permutation test (set at 2000 permutations) to confirm the
statistically significant separation of the groups. Variable impor-
tance in projection (VIP) scores, summarizing the contribution of
each metabolite to the model, were also plotted. Scores greater than
1 indicated the most relevant variables. Finally, metabolite set en-
richment analysis (MSEA) and metabolic pathway analysis (MetPA)
were used for the identification and the visualization of metabolic
pathways enriched in cirrhotic patients compared with controls or
in sarcopenic compared with nonsarcopenic cirrhotic patients, re-
spectively. Metabolites were identified based on common chemical
names, and annotations were verified using the human metabolome
database (HMDB), Kyoto Encyclopedia of Genes and Genomes
(KEGG), PubChem, chemical entities of biological interest (ChEBI),
and METLIN databases. The library specific to Homo sapiens was
chosen as reference. Global test algorithm was used for pathway
analysis, while out-degree centrality was used for topological anal-
ysis. All p-values were adjusted for multiple testing using the FDR

control according to the Benjamini-Hochberg method.
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Finally, to obtain a multiomic picture of sarcopenia in cirrhosis, a
correlation network based on Spearman's coefficients was built up,
including gut bacteria, metabolites, inflammatory parameters and
gut barrier markers found to be differentially represented in sarco-
penic cirrhotic patients. The Girvan-Newman algorithm'® was used
to further detect cohesive subgroups of variables in the network, in
order to unveil additional information on variables interconnection.

All of the analyses were performed using the R statistics program
(version 3.6.2), Metaboanalyst (version 4.0) and Cytoscape (version
3.7.2).

3 | RESULTS

A total of 336 candidate participants, 187 with cirrhosis and 149
controls, were evaluated for inclusion. Of them, 236 were excluded
for the following reasons: recent or active treatment with prebiot-
ics, probiotics or antibiotics at the time of the evaluation (81 cases),
history of active or previous cancer or chronic systemic or intestinal
diseases potentially influencing the gut microbiota composition (60
cases), vegetarian or vegan diet or active alcohol consumption (32
cases), and refusal to be enrolled in the study (63 cases) (Figure S1).
Finally, 50 cirrhotic patients and 50 controls were enrolled. The main
characteristics of study participants are shown in Tables 1 and S1.
Cirrhotic patients had a median age of 69 years (61.3-76) and
were mostly men (70%). The etiology of liver disease was related
to hepatitis C virus (HCV) infection (40%), nonalcoholic fatty liver
disease (NAFLD) (28%), hepatitis B virus infection (HBV) (16%) or
alcohol abuse (16%). All patients affected by HCV-related cirrhosis
had been previously treated with direct antiviral agents and had
achieved a sustained viral response. All patients with HBV-related
cirrhosis were treated with antiviral drugs (entecavir or tenofovir).
Sarcopenia was diagnosed in 19 (38%) cirrhotic patients. The
main characteristics of cirrhotic patients and controls stratified ac-
cording to the presence or absence of sarcopenia are also reported
in Table 1. No differences were observed among groups for BMI or
waist circumference. The weekly consumption of red meat, non-red
meat, milk, fish, eggs, cured meats, cereals and bakery products, le-
gumes, vegetables and fruits were similar between groups. Controls
reported a higher intake of dairy products (cirrhotic patients vs con-
trols P =.04; sarcopenic cirrhotic patients vs sarcopenic or nonsar-

copenic controls P <.05).

3.1 | Gut microbiota composition in
cirrhotic patients

The gut microbiota of cirrhotic patients showed a lower alpha
diversity compared with controls (Chao 1 index 412.08 [316.12-
535.63] vs 526.95 [418.67-642.94], P =.0009; Figure 1A) and clus-
tered apart on the ordination plot (P =.001; Figure 1C). Mainly, the
relative abundance of Proteobacteria (1.67, P <.0001), Klebsiella
(3.732, P =.0006) and Streptococcus (1.73, P =.0008) was higher

in cirrhotic patients than in controls, while Methanobrevibacter
(-3.71, P <.0001) and Akkermansia (-1.76, P =.02) were decreased
(Figure 2A and Table S2).

3.2 | Gut microbiota composition in sarcopenic
Vs non sarcopenic cirrhotic patients and controls

The gut microbiota alpha diversity of cirrhotic patients with sar-
copenia (376.03 [314.52-439.49], Figure 1B) was lower relative to
both their nonsarcopenic peers (463.35 [355.43-543.16] P =.04)
and of sarcopenic controls (540.04 [450.64-616.38], P =.002).
No difference in gut microbial alpha diversity was instead found
within the control group (alpha diversity of nonsarcopenic con-
trols 517.34 [406.71-643.71], P =.51). The ordination plot dis-
played a different gut microbial composition of the four groups
(P =.03; Figure 1D).

Compared with nonsarcopenic cirrhotic patients, those with
sarcopenia showed a lower relative abundance of Prevotella (-6.38,
P <.0001), Methanobrevibacter (-2.5, P =.01) and Akkermansia (-1.96,
P =.04), at the genus level, along with other differences (Figure 2B
and Table S2). In contrast, cirrhotic patients with sarcopenia showed
higher relative abundance of Eggerthella compared with their non-
sarcopenic peers (3.24, P =.001) (Figure 2B and Table S2).

We also investigated whether the gut microbiota was differ-
ent between sarcopenic cirrhotic patients and sarcopenic controls.
Among all the differentially expressed components, Klebsiella (5.04,
P =.0003) and Streptococcus (2.66, P =.005) were more abundant
in sarcopenic cirrhotic patients. Instead, Veillonellaceae (-3.49,
P =.002), Methanobacteriaceae (-3.74, P =.011), Ruminococcus
(-1.84, P =.005) and Dialister (-4.42, P =.01) were lower in sarco-
penic cirrhotic patients than in sarcopenic controls (Figure 2C and
Table S2). The results of the comparisons among all subgroups are
reported in Table S2.

3.3 | Intestinal permeability and systemic
inflammation

We explored the integrity of the intestinal barrier using indirect
markers of permeability/inflammation. As expected, serum levels
of ZO1 (P =.0003) and LPS (P <.0001), and faecal concentration
of calprotectin (P =.04) were higher in cirrhotic patients than in
controls. However, no difference in any of these markers was ob-
served between sarcopenic and nonsarcopenic cirrhotic patients
(Table 2).

With regard to the serum inflammatory profile, sarcopenia in
patients with cirrhosis was characterized by higher serum levels of
interleukin (IL) 1 beta, IL2, IL6, granulocyte-macrophage-colony-
stimulating factor (GM-CSF), C-X-C motif chemokine ligand (CXCL)
10, tumour necrosis factor (TNF) alpha and C-reactive protein (CRP).

Circulating fibroblast growth factor 21 (FGF21) levels were

higher in cirrhotic patients with sarcopenia relative to their
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TABLE 1 Demographic and clinical characteristic of cirrhotic patients and controls stratified according to the presence/absence of
sarcopenia. Continuous variables are reported as median (IQR), categorical ones as frequencies (percentage). Statistically significant
comparisons are highlighted in bold

CIRRHOSIS CIRRHOSIS no CONTROLS CONTROLS no
Sarcopenia (19) Sarcopenia (31) Sarcopenia (14) Sarcopenia (36)
group a group b group ¢ group d p-value*
Gender 12 (63.16) 23 (74.19) 8(57.14) 21 (58.33) 51
- male 7 (36.84) 8(25.81) 6(42.86) 15 (41.67)
-female
Age (years) 70 (63-74) 66 (58.5-76.5) 75.5 (72-77.25) 72.5(58.25-75.25) .18
Aetiology 7 (36.84) 13 (41.94) - - -
- HCV 7 (36.84) 7 (22.58) - -
- NAFLD 2(10.53) 6(19.35) - -
- HBV 3(15.79) 5(16.13) - -
- alcohol
Haemoglobin (g/dL) 13.2 (12.2-14.1) 13.9 (12.3-15) 14.5 (13.7-16) 14.7 (13.9-16.2) .26
WBC (mm?®) 5520 (4800-6400) 5900 (4700-6680) 7465 (5935-8922) 6210 (5240-7235) .05
PLTs (10%/mm°) 136 (104-181) 148 (115-197) 210 (183.5-260.25) 220 (186-251.5) <.0001 ac, ad,
bc, bd
ALT (IU/L) 22 (20-31) 22 (20-26) 16.5 (14.25-23) 18.5 (16-24) .01 ac, ad, bc, bd
Albumin (g/L) 40 (39-43) 43 (40-45.25) 40 (39-41) 41 (41-43) .02 bc
Bilirubin (mg/dL) 1(0.5-1.6) 0.9 (0.7-1.2) 0.7 (0.5-0.8) 0.75(0.6-1) 0.03 ac, bc
INR 1.1 (1.05-1.27) 1.1(1.04-1.21) 1.05 (0.96-1.05) 0.97 (0.85-1.04) .001 ad, bd
MELD 8(7-11) 8(7-10) - - -
Child-Pugh 27 12 - - -
- A5 5 4 - _
- A6 1 1 - -
- B7
Waist circumference 107.5 (102-122) 102 (97-144) 114 (107-131) 105.25(99-121) 14
(cm)
BMI (kg/m?) 29 (25.48-30.91) 27.27 (24.36-29.12) 29.99 (29-31.79) 26.2 (24.39-28.68) .02 bc
Red meat (weakly) 1(1-2) 1(0-1) 1(1-2) 1(1-2) .25
Non-red meat (weakly) 1(1-2) 2 (1-3) 2(1-2) 2 (1-2.75) .58
Milk (weakly) 2(0-7) 7 (2-7) 7 (0.75-7) 7 (5.5-7) 4
Fish (weakly) 1(1-2) 1(1-2) 2(1-2) 1(1-2) .63
Eggs (weakly) 1(1-1) 1(1-2) 1.5 (1-2) 1(1-2) .52
Cured meats (weakly) 2 (1-2) 2 (1-2) 1(0-2) 1(1-1.75) .79
Cereals and bakery 7(7-7) 7(7-7) 7(7-7) 7(7-7) 41
products (weakly)
Legumes (weakly) 1(0-2) 2(1-3) 1(0-2) 1(0.75-2) .29
Vegetables (weakly) 7 (7-7) 7 (5-7) 7(7-7) 7 (7-7) .32
Fruits (weakly) 7 (7-7) 7 (7-7) 7 (7-7) 7 (7-7) .27
Dairy products (weakly) 2 (1-3) 2 (1-3) 3(1.75-4.25) 3.5(2-4.75) .02 ac, ad
Handgrip strength (kg) 23.37(16.53-24.67) 31 (24.2-37.93) 18.35 (14.25-20.97) 29.88(22.26-33.86) <.0001 ab, ac,
bc, cd
ALM (kg) 18.69 (15.19-20.11)  22.84(17.63-25.42) 18.8 (15.71-21.5) 22.83(16.98-23.93) .04 ab, ad, bc,
ALMg,,, 0.69 (0.49-0.72) 0.82(0.66-0.92) 0.51(0.5-0.71) 0.81 (0.63-0.97) .0003 ab, ad,
bc, cd

Note: Nonalcoholic fatty liver disease (NAFLD); hepatitis C virus (HCV); hepatitis C virus (HBV); white blood cells (WBC); platelets (PLTs); alanine
aminotransferase (ALT); international normalized ratio (INR); model for end-stage liver disease (MELD); body mass index (BMI); appendicular lean
mass (ALM).

*: Overall p-value; statistically significant comparisons (P <.05) between the subgroup a, b, c and d are also specified.
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nonsarcopenic counterparts (P <.0001), while myostatin, brain-
derived neurotrophic factor (BDNF) and myeloperoxidase (MPO)
serum levels were not significantly different.

3.4 | Characterization of the gut microbiota
metabolomics of cirrhotic patients vs controls

To explore the relationship between the gut microbiota metabo-
lomic profile and sarcopenia, we conducted untargeted faecal me-
tabolomics analyses.

Univariate analysis (Table S3) showed a differential excretion
of several metabolites between cirrhotic patients and controls; the
two groups were also clearly separated at multivariate PLSDA (ac-
curacy 0.91 R2Y 0.79 Q2 0.63, permutation test P <.0001 for the
model including 2 components; Figure 3A). VIP scores > 1 were
identified for the following metabolites: 2,3-pentanedione, arab-
inose, dimethylamine, orotate, succinate, N-methylnicotinate, xy-
lose, valine, 4-hydroxyphenylacetate, methionine (all higher in the
cirrhotic patients); butanal, 6-methyl-2-heptanone, 3-hexanone,
hexadecane, 4-methyl-1H-indole (all higher in controls) (Figure 3B).
These metabolites were functionally involved in several metabolic
pathways, including aminoacyl-tRNA biosynthesis, valine, leucine
and isoleucine biosynthesis and degradation, pantothenate and
CoA biosynthesis, pentose and glucuronate interconversions, and
cysteine and methionine metabolism (Figure 3C and Table S3b).
Among all these pathways, cysteine and methionine metabolism
showed the highest capacity in discriminating between cirrhotic
patients and controls (P =.0002, impact 0.105) (Figure 3D, Table
S3c¢).

3.5 | Characterization of the gut microbiota
metabolomics of sarcopenic vs nonsarcopenic
cirrhotic patients and controls

The gut microbiota metabolomic profile of cirrhotic patients with
and without sarcopenia was clearly different at both univariate
analysis (Table S4a) and multivariate PLSDA (accuracy 0.9 R2Y 0.96
Q2 0.62, permutation test P <.0001 for the model including three
components; Figure 4A). Metabolites giving the most important
contribution to the model (VIP score > 1) were the following: alpha-
galactose, arabinose, glutamate, ethanol, alanine, xylose, trimeth-
ylamine (TMA) and dimethylamine (DMA) (all higher in sarcopenic
cirrhotic patients); coapene, 2-pentanone, 4-methyl-1H-indole, p-
cymene, isovalerate, butanoic acid ethyl ester, and 2-butanone (all
higher in nonsarcopenic cirrhotic patients) (Figure 4B). The main
metabolic pathways associated with cirrhosis and sarcopenia were:
glycolysis/gluconeogenesis, pentose and glucuronate interconver-
sions, alanine, aspartate and glutamate metabolism, seleno com-
pound metabolism, and aminoacyl-tRNA biosynthesis (Figure 4C,
Table S4b). The metabolome overview showed that valine, leucine
and isoleucine biosynthesis (P =.008, impact 0.25), D-glutamine and
D-glutamate metabolism (P =.008, impact 0.25), nitrogen metabo-
lism (P =.008, impact 0.25), alanine, aspartate and glutamate me-
tabolism (P =.001, impact 0.156) and arginine biosynthesis (P =.006,
impact 0.125) were the most affected pathways in the group of sar-
copenic cirrhotic patients (Figure 4D, Table S4c).

A metabolomic comparison between sarcopenic cirrhotic pa-
tients with sarcopenic controls was also performed. Results of
PLSDA showed that the most important metabolites associated with

sarcopenia in cirrhotic patients were arabinose, succinate, xylose,



PONzIANI ET AL

(A) Proteobacteria. (B) Firmicutes- o— (C) Verrucomicrobia

Actinobacteria+ Cyanobacteria- Cyancbacteria

E TM7 Bacteroidetes- Actincbacteria

= Gyanobacloria: Actinobacteria+ ™
> Firmicutes- ™ Protecbacteria

= Verrucomicrobia- Verrucomicrobia. Firmicutes:
o Proteobacteria- Bacteroidetes{

Bacteroidetes;
Euryarchaeota;

Bifidobacteriaceae |
Lactobacillaceae{
Pasteurellaceae
Turicibacteraceae |
Enterobacteriaceae+
Streptococcaceae

Coriobacteriaceae; Porphyromonadaceae-
Enterococcaceae Carnobacteriaceae
Erysipelotrichaceae Barnesiellaceae
Peptostreptococcaceae- Veillonellaceae:

Clostridiaceae+
Mogibacteriaceae

0
log2FoldChange

' |7
IN'I!E}Q{\IECI;NAL WI LEY

Eur

Enterococcaceae
Pasteurellaceae:
Lactobacillaceae
Micrococcaceae
Rikenellaceae:
Streptococcaceae:

Lachnospiraceae:
Peptostreptococcaceae
Mogibacteriaceae

log2FoldChange

B,

Erysipelotrichaceae
Streptococcaceae:
Micrococcaceae:
Lactobacillaceae
Coriobacteriaceae
Verrucomicrobiaceae
Mogibacteriaceae |
Bifidobacteriaceae
Carnobacteriaceae
Enterococcaceae
Enterobacteriaceae
Clostridiaceae

> Prevotellaceae |
= Carnobacteriaceae| Coriobacteriaceae Dehalobacteriaceae
E Veillonellaceae+ Paraprevotellaceae Peptostreptococcaceae
E Micrococcaceae | Ruminococcaceae: Prevotellaceae
Dehalobacteriaceae | Clostridiaceae Porphyromonadaceae
Lachnospiraceae+ Bacteroidaceae Turicibacteraceae
Ruminococcaceae Bifidobacteriaceae Lachnospiraceae
Bacteroidaceae Dehalobacteriaceae Paraprevotellaceae
Desulfovibrionaceae Christensenellaceae Bacteroidaceae
Rikenellaceae | Erysipelotrichaceae Christensenellaceae
Paraprevotellaceae Enterobacteriaceae Rikenellaceae
Porphyromonadaceae+ Desulfovibrionaceae: Ruminococcaceae
Verrucomicrobiaceae- Turicibacteraceae /eillonell
Christensenellaceae Verrucomicrobiaceae Methanobacteriaceae |
Methanobacteriaceae: € 080 Desulfovibrionaceae
Barnesiellaceae Methanobacteriaceae () Barnesi Q-
1
log2FoldChange N log2FoldChange 0 !
Klebsiella ©| Phascoarctobacterium Slackia —_— 0
Streptococcus: ° Eggerthella Klebsiella 40
Lachnobacterium ‘ Enterococcus Lachnobacterium —o
Atopobium o Lactobacillus Catenibacterium —e
Slackia: . Lachnobacterium Streptococcus 40
Catenibacterium . Parabacteroides Eggerthella ——.
Christensenella: . Veillonella Eubacterium —‘
Haemophilus . Streptococcus Atopobium ~—.
Lactobacillus . Klebsiella Akkermansia —.
Bifidobacterium L ] Granulicatella Granulicatella —@
Turicibacter . * Ruminococcus Haemophilus —.
* Ruminococcus . Atopobium Blautia —.
Enterococcus . Faecalibacterium Adlercreutzia —.
Collinsella [ ] Blautia * Ruminococcus -9
Dorea . Haemophilus Lactobacillus —.
Prevotella [ ] Adlercreutzia Rothia e ]
Granulicatella . Paraprevotella Christensenella -.
Adlercreutzia . Bilophila Collinsella: .
%) Dialister L] Lachnospira Enterococcus : ]
E Eubacterium . Anaerostipes1 Dehalobacterium
) Rothia . Rothia Anaerostipes .
o Blautia . Slackia Bifidobacterium .
Eggerthella @ Roseburia Dorea o
Faecalibacterium p Coprococcus Parabacteroides .
Veillonella: @ Oscillospira Lachnospira
Oscillospira: Collinsella Coprococcus
Dehalobacterium Bacteroides Roseburia
Coprococcus: Dehalobacterium Veillonella
Roseburia Dorea Turicibacter
© Ruminococcus Eubacterium Faecalibacterium
Anaerostipes Bifidobacterium Phascolarctobacterium
Parabacteroides © Ruminococcus Oscillospira
Bacteroides Christensenella Paraprevotella
Lachnospira Akkermansia Bacteroides
Bilophila. Turicibacter © Ruminococcus
Akkermansia Methanobrevibacter Bilophila
Paraprevotella Catenibacterium Methanobrevibacter
Phascolarctobacterium Dialister Prevotella
Methanobrevibacter Prevotella{ Dialister{ €
8

0 4
log2FoldChange log2FoldChange

FIGURE 2 Differential abundance analysis of the gut microbiota composition at the phylum (upper panels), family (middle panels) and
genus (lower panels) level between: cirrhotic patients vs controls (left, black colour); sarcopenic vs non sarcopenic cirrhotic patients (centre,
purple colour); sarcopenic cirrhotic patients vs sarcopenic controls (right, blue colour). Differential bacterial abundance is expressed as log2
fold change (log2FC); positive or negative values indicate an increase or decrease proportional to the absolute value of log2FC. Comparisons

with a log2FC higher or lower than + 1.5 and a p-value < 0.05 adjusted for multiple comparisons with the Benjamini-Hochberg method
(p-adj) were considered significant and are marked by a white spot inside the circle. *Firmicutes; Clostridia; Clostridiales; Lachnospiraceae;
Ruminococcus. °Firmicutes; Clostridia; Clostridiales; Ruminococcaceae; Ruminococcus

alpha galactose, hypoxanthine, formate, dimethylamine, isoleucine
and ethanol, while 2-pentanone, 2-nonanone, butanal, furfural, in-
dole and p-cymene were the most represented in sarcopenic con-
trols (accuracy 0.68 R2Y 0.76 Q2 0.18, permutation test P =.22 for

the model including two components; Figure S2A and B). The met-
abolic pathways differentiating sarcopenic cirrhotic patients from
sarcopenic controls were glycolysis/gluconeogenesis and butanoate
metabolism (P =.03, impact 0.133) (Table S5 and Figure S2C and D).
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FIGURE 3 Gut microbiota metabolites analysis comparing cirrhotic patients and controls. A: partial least square discriminant analysis
(PLSDA) of cirrhotic patients (green) and controls (grey); B: Variables important in projection (VIP) score plot of the most important
metabolites contributing to the model. Increased metabolites are marked in red, decreased ones in blue (right column); C: Metabolic Set
Enrichment Analysis (MSEA) showing the most altered metabolites in cirrhotic patients. The length of each bar is dependent on fold
enrichment, the colour intensity (yellow to red) is proportional to statistical significance (p-value); D: Metabolic Pathway Analysis (MetPA)
comparing cirrhotic patients vs controls. The - log p-value obtained from the pathway enrichment analysis is plotted on the y-axis, and the
pathway impact value derived from the pathway topology analysis on the x-axis. Each metabolic pathway is represented by a circle; colour
intensity (yellow to red) is proportional to the p-value, the radius to the pathway impact value

3.6 | Integrated approach to sarcopenia in
cirrhotic patients

We finally combined data of differentially represented gut micro-
bial components, intestinal barrier and inflammatory parameters,

and gut microbiota metabolomics to explore their interconnection

and networks correlated with sarcopenia in the group of cirrhotic
patients.

Overall, 269 statistically significant correlations (Spearman's r
< =0.250 or > 0.250 and adjusted P-value < 0.05) were observed
(Table S6). The Girvan-Newman algorithm also allowed to identify

three clusters of aggregation, the main nodes of which are displayed
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FIGURE 4 Gut microbiota metabolites analysis comparing sarcopenic and nonsarcopenic cirrhotic patients. A: partial least square
discriminant analysis (PLSDA) of sarcopenic (pink) and nonsarcopenic (purple) cirrhotic patients; B: Variables important in projection (VIP)
score plot of the most important metabolites contributing to the model. Increased metabolites are marked in red, decreased ones in blue
(right column); C: Metabolic Set Enrichment Analysis (MSEA) showing the most altered metabolites in sarcopenic cirrhotic patients. The
length of each bar is dependent on fold enrichment, the colour intensity (yellow to red) is proportional to statistical significance (p-value);
D: Metabolic Pathway Analysis (MetPA) comparing sarcopenic vs nonsarcopenic cirrhotic patients. The - log p-value obtained from the
pathway enrichment analysis is plotted on the y-axis, and the pathway impact value derived from the pathway topology analysis on the
x-axis. Each metabolic pathway is represented by a circle; colour intensity (yellow to red) is proportional to the p-value, the radius to the

pathway impact value

in Figure 5. Notably, factors associated with sarcopenia in cirrhotic
patients were interconnected. The most relevant links identified
between network nodes were: Klebsiella/ethanol/ALMg,, /handgrip
strength/FGF21/Eggerthella/Prevotella; Methanobrevibacter/valine/
alpha/IL6/CCL4/CCL5/GMCSF/ILS;

Akkermansia/Streptococcus/Proteobacteria/LPS.

glutamate/methionine/ TNF

4 | DISCUSSION

The gut microbiota is one of the main actors in the develop-
ment of metabolic disorders. With this study, we have shown
that gut dysbiosis is associated with sarcopenia in patients with

cirrhosis.
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Indeed, we observed a reduced alpha diversity and a different
gut microbiota composition in sarcopenic cirrhotic patients com-
pared with their nonsarcopenic counterparts as well as with sarco-
penic controls. The detailed analysis of the gut microbial differential
abundance showed a loss of Methanobacteriaceae, Prevotellaceae,
Verrucomicrobiaceae, Prevotella and Akkermansia as well as an in-
crease in Eggerthella in cirrhotic patients with sarcopenia compared
with those without sarcopenia. Interestingly, people following a
physically active lifestyle have a completely opposite gut microbiota
composition, characterized by an increased relative abundance of
Methanobrevibacter, Prevotella and Akkermansia, which is associated
with favourable metabolic shifts in the gut microbial community.** In
fact, Methanobrevibacter smithii promotes polysaccharide digestion
by bacteria and fungi with the production of short chain fatty acids
(SCFAs),*? which are an important source of energy for the human
organism and have been associated with greater lean body mass and
better physical functioning.'®® The decrease in Prevotella is a re-

16-18 \while its increase is associated with

nowned marker of frailty,
physical functioning and lean mass in older adults!” and in young
professional athletes.?’ Conversely, the genus Eggerthella, which
was increased in sarcopenic cirrhotic patients, is overabundant in
physical frailty, a condition that often overlaps with sarcopenia.u22
Conversely, only differences related to advanced liver disease,
such as a lower abundance of Ruminococcaceae/Ruminococcus,
Veillonellaceae and Rikenellaceae, and an increase in Klebsiella and
Streptococcus, were observed by comparing sarcopenic cirrhotic pa-

tients with sarcopenic controls.?>24

FIGURE 5 Correlation network
including gut microbial components
(green), faecal metabolites (pink),
intestinal permeability markers (violet),
cytokines/chemokines/myokines (light
blue), handgrip strength and appendicular
lean mass adjusted for body mass

index (ALM/BMI) (yellow) differentially
expressed in the group of sarcopenic
cirrhotic patients. Only variables showing
a Spearman's correlation coefficient

< -0.25 or > 0.25 and adjusted p-

value < 0.05 are shown. Each variable
represents a node; positive correlations
are highlighted by continuous lines,
negative ones by dashed lines. Clusters
of cohesive variables identified by the
Girvan-Newman algorithm are highlighted
by circles

Therefore, gut microbiota modifications associated with sarco-
penia do not overlap with alterations distinctively caused by liver
disease, thus possibly producing additional, unfavourable, effects.
Interestingly, no difference was determined in the degree of alter-
ation of intestinal barrier integrity or local inflammation between
cirrhotic patients with and without sarcopenia. This observation
suggests that the gut microbiota composition may be a more relevant
factor for the development of inflammatory and metabolic changes
associated with sarcopenia in cirrhosis than gut barrier impairment.

Sarcopenic cirrhotic patients also showed a pro-inflammatory
cytokine profile which may further contribute to muscle atrophy.
Indeed, sarcopenia is associated with persistent, low-grade inflam-
mation,?> which is shared also by cirrhosis, ageing, cancer and other
diseases. In our sample, the inflammatory effects of dysbiosis as-
sociated with liver disease, and the lack of specific microbial com-
ponents with anti-inflammatory properties such as Akkermansia,?®
may favour the over-production of several cytokines/chemokines
expressed in cirrhotic patients, most of which have already been as-
sociated with sarcopenia.?”?®

Furthermore, we found higher serum concentrations of FGF21
in sarcopenic cirrhotic patients. This finding might reflect a stress-
induced increased secretion of FGF21 by the liver and/or the muscle
in the setting of perturbed inter-organ crosstalk.?’ Notably, FGF21
has been shown to induce muscle atrophy via inhibition of protein
synthesis and stimulation of autophagy.??%°
Another interesting finding of our study was the strict clus-

tering of the gut microbiota and inflammatory features associated
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with sarcopenia. Within this cluster, negative correlations were
observed among ethanol, ALMg,,, handgrip strength, FGF21,
Eggerthella and Prevotella while a positive correlation was deter-
mined between Klebsiella and ethanol. An increased ethanol pro-
duction by the gut microbiota has been already described in liver
disease and is associated with its progression.“*32 Furthermore,
ethanol can affect muscle homeostasis by stimulating protein
breakdown and autophagy.33 Intestinal ethanol may result from
either reduced clearance or an excessive production. Bacteria
such as Klebsiella, which was enriched in our population of cir-
rhotic patients, act as ethanol producers.®*3> Conversely,
Methanobrevibacter and Prevotella, which were found to be defi-
cient in sarcopenic cirrhotic patients, are involved in ethanol re-
moval.2®¥” Thus, our findings support the involvement of ethanol
in metabolic networks contributing to muscle atrophy in cirrhosis.

Furthermore, we observed an increased faecal concentration of
TMA and its derivative DMA in sarcopenic cirrhotic patients. TMA
is oxidized by the liver enzyme flavin-containing monooxygenase 3
(FMO3) into trimethylamine-N-oxide (TMAO), which is involved in
atherosclerosis and cardiovascular disease.®® The detrimental ef-
fects of TMAO are mediated by the induction of inflammation and
oxidative stress in vascular endothelial and smooth muscle cells.3®
Whether TMAO can also contribute to the pathogenesis of sarco-
penia in cirrhotic patients through the promotion of inflammation
warrants investigation.

Pathways including metabolites involved in amino acid and
protein metabolism, in particular glutamine, glutamate, alanine,
aspartate, arginine, aminoacyl-tRNA biosynthesis and branched-
chain amino acids (BCAAs) were also up-regulated in cirrhotic
patients with sarcopenia. Liver impairment causes a shift from
carbohydrates to amino acids as a source of energy, which con-
tributes to muscle wasting.®’ In healthy people, half of the am-
monia produced from this process is metabolized by the liver in
the urea cycle, while the remaining ammonia is detoxified by the
skeletal muscle.® Conversely, in patients with cirrhosis glutamine
synthesis from glutamate in the muscle becomes the most import-
ant detoxification route.*® This process involves BCAAs, such as
valine, leucine and isoleucine, which are also relevant to muscle
homeostasis.*> While humans have no biosynthetic pathways
for BCAAs, the gut microbiota can synthesize them. Hence, our
results confirm the enrichment of the gut microbiota in bacteria
involved in BCAA metabolism in cirrhotic patients, which was es-
pecially evident in those with sarcopenia.42 Furthermore, our data
indicate that, in patients with mild liver dysfunction, this ‘gut mi-
crobial buffer’ may support the gut-liver-muscle axis, as none of
our patients presented high ammonia serum levels or clinical signs
of hepatic encephalopathy.

Finally, we found that the gut microbiota of sarcopenic cir-
rhotic patients may contribute to the generation of intermediates
of glycolysis/gluconeogenesis and pentose and glucuronate in-
terconversions pathways, such as xylose and arabinose, as well
as to the production of metabolites with antioxidant proper-

ties (ie arginine, a precursor of nitric oxide, from glutamate and
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selenocompounds from methionine). These metabolites may fur-
ther support muscle homeostasis and counteract sarcopenia in
cirrhotic patients.**4”

The present study has several strengths. First, we obtained
a landscape of sarcopenia in patients with cirrhosis. We focused
our analysis on patients with mild liver dysfunction, to capture the
early metabolic and compositional changes of the gut microbiota
that could contribute to the development of sarcopenia, avoid-
ing the influence of other factors (eg hyperammonemia, malnu-
trition, inactivity) usually associated with a more advanced liver
impairment. This information may be crucial in clinical practice,
as it can help identify patients who may benefit from personal-
ized treatments (eg gut microbiota modulation, anti-inflammatory
treatments, nutritional support) to halt the progression of muscle
wasting. The prevalence of cirrhosis in older adults has increased,
and this is also confirmed by the median age of our patient pop-
ulation.*® For this reason, we matched patients and controls by
age and sex in order to exclude the effect of these factors on the
results. Therefore, our findings open an interesting debate on
whether changes in host metabolism or in the gut microbiota com-
position caused by diseases or clinical conditions other than aging
share similar pathophysiological pathways leading to sarcopenia in
different ways.

At the same time, our study has limitations. The original de-
sign did not include the analysis of plasma and urinary metabolites.
Furthermore, the relatively strict eligibility criteria and the restric-
tion of enrolment to Caucasian people, while allowing us to exclude
confounding factors, could have limited the generalizability of our
results. Finally, the metabolomic comparison between sarcopenic
cirrhotic patients and sarcopenic controls was limited by the small
sample size, thus additional analyses are needed to clarify the meta-
bolic differences between these subjects.

In summary, a complex spectrum of alterations of the gut-liver-
muscle axis may contribute to the development of sarcopenia in pa-
tients with cirrhosis. The loss of bacteria such as Methanobrevibacter,
Prevotella and Akkermansia and the increase in Eggerthella and
Klebsiella, installs a metabolic and pro-inflammatory network involv-
ing ethanol, TMA, myokines such as FGF21, cytokines and chemo-
kines, which might ultimately contribute to muscle wasting. At the
same time, the peculiar gut microbial composition in cirrhotic pa-
tients may act as a metabolic buffer, to limit muscle decay. Whether
the dysfunction of the gut-liver-muscle axis is amenable for cor-
rective interventions needs to be established to improve patients’

outcomes.
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