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Treatment With Simvastatin and 
Rifaximin Restores the Plasma 
Metabolomic Profile in Patients With 
Decompensated Cirrhosis
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Patients with decompensated cirrhosis, particularly those with acute-on-chronic liver failure (ACLF), show profound 
alterations in plasma metabolomics. The aim of this study was to investigate the effect of treatment with simvastatin 
and rifaximin on plasma metabolites of patients with decompensated cirrhosis, specifically on compounds characteristic 
of the ACLF plasma metabolomic profile. Two cohorts of patients were investigated. The first was a descriptive cohort 
of patients with decompensated cirrhosis (n  =  42), with and without ACLF. The second was an intervention cohort 
from the LIVERHOPE-SAFETY randomized, double-blind, placebo-controlled trial treated with simvastatin 20  mg/
day plus rifaximin 1,200  mg/day (n  =  12) or matching placebo (n  =  13) for 3  months. Plasma samples were analyzed 
using ultrahigh performance liquid chromatography–tandem mass spectroscopy for plasma metabolomics characteriza-
tion. ACLF was characterized by intense proteolysis and lipid alterations, specifically in pathways associated with in-
flammation and mitochondrial dysfunction, such as the tryptophan–kynurenine and carnitine beta-oxidation pathways. 
An ACLF-specific signature was identified. Treatment with simvastatin and rifaximin was associated with changes in 
161 of 985 metabolites in comparison to treatment with placebo. A remarkable reduction in levels of metabolites from 
the tryptophan–kynurenine and carnitine pathways was found. Notably, 18 of the 32 metabolites of the ACLF sig-
nature were affected by the treatment. Conclusion: Treatment with simvastatin and rifaximin modulates some of the 
pathways that appear to be key in ACLF development. This study unveils some of the mechanisms involved in the ef-
fects of treatment with simvastatin and rifaximin in decompensated cirrhosis and sets the stage for the use of metabo-
lomics to investigate new targeted therapies in cirrhosis to prevent ACLF development. (Hepatology Communications 
2022;6:1100-1112).

Patients with cirrhosis may transition from 
compensated to a decompensated stage. 
Decompensated cirrhosis is defined by the 

occurrence of a number of complications that tend 

to recur, leading to repeated hospital admissions, 
impaired quality of life, and increased mortality.(1-3) 
Eventually, during the natural course of the disease, 
patients may develop acute-on-chronic liver failure 

Abbreviations: ACLF, acute-on-chronic liver failure; AUROC, area under the receiver operating characteristic curve; PCA, principal component 
analysis.
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(ACLF), a syndrome characterized by development 
of acute decompensation of cirrhosis associated with 
single or multiple organ failure(s), including not only 
the liver but also the kidney, lungs, brain, circulation, 
and coagulation. ACLF is associated with very poor 
prognosis and represents the most common cause of 
death in patients with cirrhosis.(4,5)

It is currently believed that mechanisms leading to 
cirrhosis progression include abnormalities of the gut–
liver axis that induce systemic inflammation triggered 
by the passage of bacteria or bacterial products from 
the intestinal lumen to mesenteric lymph nodes and 
then the systemic circulation.(6) There is a large body 
of evidence indicating that systemic inflammation 
increases progressively during the transition from the 
compensated to decompensated stage and is mark-
edly elevated in patients with ACLF.(7) Therefore, it 

is currently hypothesized that systemic inflammation 
is a key player in the pathophysiology of ACLF.(4) 
Nonetheless, the intimate mechanisms leading to 
development of ACLF are not completely understood. 
In addition, to date there are no drugs or interven-
tions that have been shown to act as disease modifiers 
preventing the progression of decompensated cirrho-
sis and development of its most severe complication, 
the ACLF syndrome. With these uncertainties, elu-
cidating the mechanisms that lead to development of 
ACLF is an important goal that would provide the 
rationale to investigate new therapeutic targets.

Several lines of evidence show that statins are prom-
ising drugs with several potential beneficial effects in 
patients with cirrhosis.(8) Treatment with statins has 
been associated with a decrease in the risk of death 
or hepatic decompensation in these patients.(9,10) 
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Mechanisms of action of statins in liver cirrhosis have 
been investigated in experimental studies, and effects 
decreasing hepatic inflammation, fibrogenesis, and 
portal pressure have been described.(11) However, to 
date there are no studies that have investigated the 
mechanism of action of statins in human cirrhosis.

Rifaximin is a poorly absorbed antibiotic widely 
used for prevention of recurrent hepatic encephalop-
athy in decompensated cirrhosis.(12) There is some 
evidence suggesting that rifaximin may also exert 
some disease-modifying effects in decompensated cir-
rhosis. However, the mechanisms by which rifaximin 
may induce these effects are not known. Some studies 
demonstrated beneficial effects of rifaximin on micro-
biome composition and preventing bacterial translo-
cation, while others described a modulating effect of 
rifaximin in the gut independent of its antibacterial 
action.(13,14)

In this regard, the LIVERHOPE project is aimed 
at investigating the effect of the combination of sim-
vastatin and rifaximin in the prevention of disease 
progression and development of ACLF in patients 
with cirrhosis.(15) The first study in this project was 
aimed at investigating the safety of simvastatin in 
combination with rifaximin in patients with decom-
pensated cirrhosis.(16) Apart from their potential clin-
ical beneficial effects, the mechanism by which these 
two drugs may affect the pathophysiology of decom-
pensated cirrhosis and ACLF is unknown.

Metabolomics have emerged as a promising tool to 
explore the pathophysiology of different diseases.(17) 
Among other omics, metabolomics is considered a 
very useful technique as the measurement of metab-
olites and their concentrations directly reflect the 
underlying biochemical activity of cells and tissues. 
Therefore, metabolomics may give the best insight 
into the molecular phenotype of the patients. As for 
ACLF, recent reports have revealed a profile of serum 
metabolites that is characteristic of ACLF and distin-
guishes it from the metabolomic profile of decompen-
sated cirrhosis.(18,19) Moreover, the description of the 
metabolomic profile in serum of patients with ACLF 
has also provided some clues about the pathophysiol-
ogy of this condition.

The aim of the current study was to use metabolo-
mics to unveil the potential effects that treatment with 
simvastatin and rifaximin has in patients with decom-
pensated cirrhosis. Toward this aim, we performed a 
study that includes a descriptive cohort to assess the 

metabolomic profile of patients with decompensated 
cirrhosis and ACLF and an interventional cohort of 
patients treated with simvastatin plus rifaximin or pla-
cebo to investigate the effects of these drugs in the 
metabolomic profile of patients with decompensated 
cirrhosis.

Patients and Methods
STUDY POPULATION

We analyzed two different cohorts of patients. The 
first cohort was included to perform a descriptive 
analysis of the metabolomic profile of patients with 
decompensated cirrhosis with and without ACLF to 
determine whether patients with ACLF show a spe-
cific metabolomic signature. The second cohort was an 
intervention cohort aimed at assessing the effects of 
simvastatin plus rifaximin, a pathophysiological-based 
treatment, on the metabolomic profile of patients with 
decompensated cirrhosis.

The first cohort included 42 patients with cirrho-
sis randomly selected from a prospectively collected 
database of consecutive patients admitted to the Liver 
Unit of the Hospital Clinic of Barcelona for acute 
decompensation of cirrhosis. Demographic, clinical, 
and analytical data were collected prospectively at 
admission and during a 3-month follow-up period. 
Blood samples were collected at hospital admission 
and stored at −80°C. All patients signed a written 
informed consent for use of blood samples in research 
studies.

Cirrhosis was diagnosed according to standard clin-
ical, analytical, and/or histologic criteria. Exclusion 
criteria were (1) age <18 or >85  years; (2) hepato-
cellular carcinoma beyond Milan criteria; (3) severe 
comorbidities, including extrahepatic malignancies; 
(4) previous liver or kidney transplant; (5) admis-
sion for elective procedures; (6) human immunodefi-
ciency virus (HIV) infection; and (7) lack of written 
informed consent. Patients were divided into two 
groups according to presence or absence of ACLF at 
admission to hospital. The first group consisted of 22 
patients with decompensated cirrhosis without ACLF, 
and the second group included 20 patients with 
ACLF. ACLF was defined according to the Canonic 
Study criteria.(20) Baseline characteristics of patients 
from both groups are shown in Supporting Table S1.
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The intervention cohort consisted of patients 
included in the LIVERHOPE-SAFETY Trial,(16) a 
randomized double-blind placebo-controlled clinical 
trial aimed at investigating the safety of the combi-
nation of two different doses of simvastatin (20 and 
40  mg/day) with rifaximin 400  mg/8  hours versus a 
placebo of the two medications for 12  weeks in 44 
patients with decompensated cirrhosis. Detailed infor-
mation about inclusion and exclusion criteria is shown 
in Supporting Table S2. Plasma samples were collected 
at different time points during the study period and 
stored at −80°C. Results of this study showed that the 
safest combination was simvastatin 20  mg/day plus 
rifaximin because the dose of simvastatin 40  mg/day 
plus rifaximin was associated with a high rate of liver 
and muscular toxicity.(16) Therefore, for the purpose of 
the current study, patients selected were those treated 
with simvastatin 20 mg/day plus rifaximin or placebo.

Following methodological recommendations for 
statistical analysis of randomized placebo-controlled 
clinical trials, comparisons were made between simvas-
tatin 20  mg/day and rifaximin and the placebo arms, 
using samples taken at the end of the study period. No 
intragroup comparisons were done.(21,22) Among the 
14 patients included in the simvastatin 20 mg/day plus 
rifaximin arm, we excluded from this analysis 2 patients 
who received only 4  weeks of treatment. Among the 
remaining 12 patients, 1 patient received 8  weeks of 
treatment and 11 patients completed 12 weeks of treat-
ment. Among 13 patients included in the placebo arm, 
2 patients received 8 weeks of placebo and 11 patients 
competed 12 weeks, and all of them were included in 
this analysis. The baseline demographic, clinical, and 
analytical data were similar in the two groups, except 
for a younger age in the simvastatin 20  mg/day plus 
rifaximin group and a slightly higher frequency of 
hepatic encephalopathy and variceal bleeding in the 
placebo group (Supporting Table S3).

Untargeted Metabolomics by Ultrahigh 
Performance Liquid Chromatography–
Tandem Mass Spectroscopy

Analyses were performed by Metabolon, Inc. 
(Morrisville, NC) using ultrahigh performance liquid 
chromatography–tandem mass spectroscopy (UPLC/
MS-MS) (Durham, NC). Metabolic extracts were 
obtained by dry and reconstitution procedures in dif-
ferent solvents. All methods used a Waters ACQUITY 

UPLC and a Thermo Scientific Q-Exactive high-
resolution/accurate MS interfaced with a heated 
electrospray ionization (HESI-II) source. Four meth-
odological procedures were used to analyze different 
compounds depending on their hydrophilic/hydropho-
bic and acid/alkali properties. Raw data were extracted, 
peak identified, and processed by Metabolon. Peaks 
were quantified using area under the receiver operator 
characteristic curve (AUROC) analysis. Metabolites 
investigated included amino acids, carbohydrates, 
nucleotides, lipids, cofactors and vitamins, energy 
molecules, and xenobiotics.

STATISTICAL AND DATA ANALYSIS
Metabolome values were transformed to log2, add-

ing 0.01 to avoid indetermination. A total of 940 
metabolites were identified in the plasma samples of 
patients from the descriptive cohort, and 1,041 metab-
olites were detected in the plasma samples of patients 
included in the intervention cohort. Metabolites cor-
responding to drug compounds or derived metabolites 
were excluded from the analysis; therefore, the final 
analysis included 837 metabolites in the descriptive 
cohort and 985 metabolites in the intervention cohort.

A systematic analysis of the annotated metab-
olites was performed by manually querying differ-
ent databases, including the Human Metabolome 
Database (HMDB) (http://www.hmdb.ca) and the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(https://www.genome.jp/kegg).

Principal component analysis (PCA) is a 
dimensionality-reduction method that transforms a 
set of variables into a reduced set of noncorrelated 
variables. PCA was performed with the metabolom-
ics data of the descriptive and the intervention cohort 
using the open-source statistical computing environ-
ment R (http://www.r-proje​ct.org/) and the prcomp 
package.

To select metabolites that differed between patients 
with ACLF versus decompensated cirrhosis and 
patients treated with simvastatin and rifaximin versus 
placebo, we applied the unpaired Student t test for 
each pairwise comparison between groups followed 
by false discovery rate control using the Benjamini-
Hochberg approach.(23)

Pathway analysis was conducted using MetPA 
(through https://www.metab​oanal​yst.ca/),(24) which 
combines several advanced pathway enrichment 

http://www.hmdb.ca
https://www.genome.jp/kegg
http://www.r-project.org/
https://www.metaboanalyst.ca/
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analyses along with the analysis of pathway topolog-
ical characteristics across more than 800 metabolic 
pathways.

We used the nearest shrunken centroid classifier 
implemented in the open-source statistical computing 
environment R (http://www.r-proje​ct.org/) and the 
PAM package(25) to identify within the metabolites of 
the descriptive cohort the minimal set of compounds 
capable of predicting the ACLF state with an overall 
error rate of less than 10%. This method incorporates 
an internal cross-validation step during feature selec-
tion in which the model is fit on 90% of the samples 
and then the class of the remaining 10% is predicted. 
This procedure is repeated 10 times to compute the 
overall error (10-fold cross-validation). AUROC was 
computed using posterior probabilities and ACLF 
category. For the ACLF signature, criteria based on 
the unpaired Student t test and also fold-change com-
putation were used.

The effect of the treatment with simvastatin and 
rifaximin on the ACLF signature was calculated by 
matching those metabolites from the ACLF signature 
of the descriptive cohort with significant differences 
between decompensated cirrhosis with and without 
ACLF and those with significant differences between 
the treatment and the placebo groups from the inter-
vention cohort. A chord diagram, using the circlize R 
package,(26) representing flows or connections between 
selected metabolites and their HMDB superpathway 
term, was created.

Results
PLASMA METABOLOMIC 
PROFILE OF PATIENTS WITH 
DECOMPENSATED CIRRHOSIS 
WITH OR WITHOUT ACLF

Patients With ACLF Exhibit a 
Different Plasma Metabolomic Profile 
Compared to That of Patients With 
Decompensated Cirrhosis Without 
ACLF

A total of 837 metabolites were analyzed in this 
cohort. PCA including the 837 metabolites showed 
differences between patients with and without ACLF 

(Fig. 1). Out of the 837 compounds, we identified 
61 metabolites that were significantly increased in 
patients with ACLF compared to those in patients 
without ACLF and only eight metabolites that were 
significantly decreased in ACLF (Supporting Table 
S4). Metabolites that were significantly increased in 
patients with ACLF were mainly amino acids and 
carbohydrates, followed by nucleotides and lipids. The 
increase in these families of metabolites suggests that 
ACLF is associated with increased proteolysis and 
glycolysis that likely reflects an increased catabolic 
status. In a pathway enrichment analysis, pathways 
related to histidine metabolism, pyrimidine metabo-
lism, cysteine and methionine metabolism, and pen-
tose and glucuronate interconversions were increased 
in patients with ACLF (Fig. 2).

We next focused on the top metabolites that were 
markedly different between patients with ACLF and 
those without ACLF (fold change >2 or <−2 and 
P  <  0.001), resulting in 21 top increased metabo-
lites. Notably, three out of these 21 metabolites were 
compounds from the same pathway, the tryptophan–
kynurenine pathway (namely, N-acetyltryptophan, 
kynurenate, and N-acetylkinurenine).

Fatty acids, such as adipoyl carnitine and hydroxy 
adipate, were also included among the top most 
increased metabolites in patients with ACLF 

FIG. 1. PCA of all patients included in the descriptive cohort and 
the 837 metabolites analyzed. Each circle corresponds to 1 patient. 
Light blue circles indicate decompensated cirrhosis without ACLF; 
purple circles indicate ACLF. PC1 explains 18.43% of the total 
variation. PC2 explains 9.71% of the total variation. Abbreviations: 
PC1, principal component 1; PC2, principal component 2.

http://www.r-project.org/
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compared to patients without ACLF. Long-chain 
fatty acids are transformed into carnitines and car-
nitine esters to be transported through the mito-
chondrial membrane and metabolized to generate 
energy.(27) Increased levels of carnitines and carnitine 
esters have been reported in the context of impaired 
fatty acid beta-oxidation, likely due to mitochon-
drial dysfunction, in inflammatory conditions and 
sepsis.(28-30)

A Metabolite-Based Signature That 
Predicts the Presence of ACLF

A predictive analysis showed that a combination 
of 32 metabolites was able to predict the presence 
of ACLF with high accuracy (AUROC, 0.901; 95% 
confidence interval, 0.820-1.000) (Fig. 3). Thirty-one 
out of the 32 metabolites included in this signature 
corresponded to compounds that were increased in 
ACLF compared to patients without ACLF, and the 
remaining metabolite was decreased in ACLF. The 
signature included mainly amino acids (19 out of 
the 32 metabolites, 59%) followed by lipids, carbohy-
drates, and nucleotides.

PLASMA METABOLOMIC PROFILE 
AFTER TREATMENT WITH 
SIMVASTATIN AND RIFAXIMIN

Treatment With Simvastatin Plus 
Rifaximin Induces Relevant Changes 
in the Plasma Metabolomic Profile 
of Patients With Decompensated 
Cirrhosis

A total of 985 metabolites were analyzed in this 
cohort. PCA obtained from the intervention cohort 
showed significant differences when comparing 
patients from the simvastatin plus rifaximin group 
versus patients from the placebo group at the end of 
treatment, which suggests the existence of relevant 
differences in plasma metabolites between the treated 
group and the placebo group (Fig. 4).

We then included the list of metabolites that were 
significantly modified by the treatment with simvasta-
tin plus rifaximin in a pathway analysis. We found that 
pathways associated with the catabolic state and energy 
consumption, such as pyrimidine metabolism and pen-
tose and glucuronate interconversions pathways that 
were increased in the descriptive cohort, were modified 
by treatment with simvastatin and rifaximin (Fig. 5).

Treatment With Simvastatin and 
Rifaximin Is Associated With 
Reduction in Amino Acid and Peptide 
Levels

Amino acids and peptides metabolism was the met-
abolic family that was more markedly affected by the 
treatment with simvastatin plus rifaximin (Supporting 
Table S5); 54 compounds of this family showed a sig-
nificantly reduced concentration in the treatment group 
with respect to placebo, while only five compounds 
showed a higher concentration in the treatment group 
with respect to placebo. This suggests a reduction in 
protein catabolism and degradation in patients receiv-
ing treatment with simvastatin plus rifaximin compared 
to placebo, consistent with a lower catabolic status.

We then investigated tryptophan degradation 
through the kynurenine pathway because different 
metabolites of this pathway were found in increased 
concentrations in patients with ACLF from the first 
cohort. We found three metabolites, kynurenate, 

FIG. 2. Pathway enrichment analysis, including the metabolites 
differentially expressed in patients with ACLF compared to 
patients with decompensated cirrhosis without ACLF. A significant 
enrichment for several metabolic pathways was identified for these 
metabolites (P < 0.05). The y axis represents the P value; the x axis 
represents the pathway impact (pathways more likely to be modified 
in ACLF compared with decompensated cirrhosis without ACLF). 
Node color is based on the P value (red indicates a higher level of 
significance), and node radius is based on the pathway impact value. 
Metabolites increased in ACLF versus decompensated cirrhosis 
without ACLF.
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xanthurenate, and 8-methoxykynurenate, that were 
at lower concentrations in the treatment arm with 
respect to placebo; two of these are essential metab-
olites of this metabolic pathway (Fig. 6). Tryptophan 
degradation through the kynurenine pathway is 
induced by proinflammatory molecules and cytokines, 
and metabolites of this pathway have been involved in 
the pathogenesis of inflammatory diseases and can-
cer.(31) The reduction of two of the final metabolites 
of this pathway in the plasma metabolomic profile 
of patients treated with simvastatin plus rifaximin 
strongly suggests an inhibiting effect of treatment on 
this metabolic pathway.

Treatment With Simvastatin and 
Rifaximin Is Associated With 
Reduction in Secondary Bile Acids and 
Dicarboxyl Fatty Acids Concentration

Comparison between patients treated with sim-
vastatin and rifaximin and those treated with placebo 
showed marked differences in plasma concentrations 

of bile acids. In general, treatment reduced the con-
centration of primary and secondary bile acids, but 
effects were more marked in secondary bile acids 
(Supporting Table S6). Secondary bile acids have been 
associated with disease progression in patients with 
cirrhosis(32,33); therefore, the reduction in secondary 
bile acids levels may account, at least in part, for the 
potential beneficial effects of rifaximin in the gut of 
patients with cirrhosis.

Finally, changes in fatty acids metabolism were 
also explored. We found 21 fatty acids at lower 
concentrations in the treatment group compared 
to placebo. Eleven of these were dicarboxyl fatty 
acids, which are compounds that were found to be 
increased in ACLF in the descriptive cohort and 
the ACLF signature. This type of fatty acids is pro-
duced when omega oxidation is activated to supply 
the activity of beta oxidation by the mitochondria, 
which has been associated with inflammatory states 
in previous reports.(29,30,34) The consistent decrease 
in the concentrations of dicarboxyl fatty acids 
caused by the treatment medication may reflect a 

FIG. 3. Metabolite-based signature that predicts the presence of ACLF. (A) Heatmap showing the signature of 32 metabolites that predicts 
the presence of ACLF (AUROC, 0.91). Each column represents 1 patient, and each row represents one of the 32 metabolites differentially 
expressed in patients with ACLF compared to patients with decompensated cirrhosis without ACLF. Darker red color represents higher 
blood levels (fold change), and darker blue color indicates lower levels. (B) Circular chord diagram showing the relationship between the 
32 metabolites included in the ACLF signature and their families. Chords connect each metabolite with its respective family. Chords are 
colored by signal direction (increased metabolites in red and decreased metabolites in green). Chord widths are proportional to magnitude 
of fold change in ACLF compared to decompensated cirrhosis without ACLF. Abbreviations: AD, acute decompensation of cirrhosis; 
GPC, glycero-3-phosphocholine; PLA, phenyllactate.
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lower inflammatory status associated with treatment 
and possibly an improved mitochondrial function. 
Interestingly, mitochondrial dysfunction has been 

reported as a key component of the metabolomic 
profile of patients with ACLF.(18)

Relationship Between Changes in 
The Metabolomic Profile and Clinical 
Outcomes

We next sought to determine the potential rela-
tionship between the effects of treatment on the 
metabolomic profile and the development of compli-
cations. Overall, 4 of the 12 patients from the treat-
ment group developed complications of cirrhosis 
during follow-up (acute kidney injury, n = 1; hepatic 
encephalopathy, n = 2; bacterial infections, n = 1). At 
the end of treatment, 114 out of the 985 metabolites 
were different between patients who did and did not 
develop complications within the treatment group. 
Despite the low number of events, a PCA showed 
differences between the two subgroups (Supporting 
Fig. S1). Among the 114 differential metabolites, 
most of them were amino acids (49, 43%), followed 
by lipids, carbohydrates, and nucleotides. In patients 
who developed complications, 42 amino acids were 
significantly increased compared to patients who 
did not develop complications and seven amino 
acids significantly decreased. Interestingly, amino 
acids were the metabolite family that was found 
to be more markedly affected by treatment with 
simvastatin and rifaximin. Therefore, these results 
suggest that the effect of treatment on the metabo-
lomic profile was reduced in patients who developed 
complications.

We next compared the metabolomic profile of 
patients who did and did not develop complications 
in the treatment group to that of the placebo group. 
The metabolomic profile of patients who developed 
complications during follow-up was more similar to 
that of the placebo group than to that of patients 
who did not develop complications. At the end of 
treatment, only 47 out of the 985 metabolites were 
significantly different between patients from the 
treatment group who developed complications and 
those from the placebo group. Most of these metab-
olites were amino acids and lipids. In contrast, up to 
117 metabolites were significantly different between 
patients from the treatment group who did not 
develop complications and those from the placebo 
group. Overall, these results suggest that treatment 
with simvastatin and rifaximin had a more marked 

FIG. 4. PCA of the intervention cohort. Patients treated with 
placebo in red, patients treated with simvastatin plus rifaximin in 
blue. PCA including the 985 metabolites analyzed at the end of 
treatment versus placebo. PC1 explains 15.8% of the total variation, 
and PC2 explains 11.6% of the total variation. Abbreviations: PC1, 
principal component 1; PC2, principal component 2; var., variation.

FIG. 5. Pathway enrichment analysis, including the metabolites 
differentially expressed in ACLF in patients treated with simvastatin 
plus rifaximin compared to those in patients treated with placebo in 
the intervention cohort. The y axis represents the P value; the x axis 
represents pathway impact (pathways more likely to be modified in 
ACLF compared with decompensated cirrhosis without ACLF). 
Node color is based on the P value (red indicates higher level of 
significance), and node radius is based on the pathway impact 
value. A significant enrichment for several metabolic pathways was 
identified for these metabolites (P < 0.05).
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effect on the metabolomic profile in patients who 
did not develop complications, and this may have 
contributed to the prevention of complications. In 
contrast, the effect of treatment on patients who 
developed complications may have been lower as 
their metabolomic profile at the end of treatment 
was more similar to that of patients from the pla-
cebo group.

Effect of Simvastatin and Rifaximin 
Treatment on the ACLF Plasma 
Metabolomic Signature

Finally, we investigated whether there was concor-
dance between the ACLF signature derived from the 
descriptive cohort and the 161 metabolites that were 
found to be modified by treatment with simvastatin 
plus rifaximin. Eighteen metabolites that were present 
in the ACLF signature of the descriptive cohort were 
decreased by treatment with simvastatin and rifax-
imin (Fig. 7). Plasma levels of these 18 metabolites 

were significantly lower in patients treated with sim-
vastatin and rifaximin compared to those of patients 
treated with placebo and also in patients with ACLF. 
The 18 metabolites corresponded mainly to amino 
acids (n  =  12), followed by carbohydrates (n  =  3), 
lipids (n  =  2), and nucleotide (n  =  1). This group of 
metabolites from the ACLF signature that is targeted 
by treatment with simvastatin plus rifaximin pro-
vides new insights on possible mechanisms of action 
of this treatment combination to prevent ACLF 
development.

Discussion
In the current study, we report the effects of 

treatment with simvastatin plus rifaximin on plasma 
metabolomic profile of patients with decompensated 
cirrhosis, using high-throughput untargeted metab-
olomic analysis. First, we defined the metabolites 
and functional pathways associated with ACLF and 

FIG. 6. Graphic representation of the most important intermediate metabolites and enzymes involved in the functional pathway of 
tryptophan degradation through the kynurenine pathway. Green arrows represent metabolites reduced in patients treated with simvastatin 
plus rifaximin compared to placebo. Abbreviation: NAD, nicotinamide adenine dinucleotide.
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generated a metabolomic-based signature charac-
teristic of ACLF. Second, we reported the plasma 
metabolites that are modified by treatment with 
simvastatin plus rifaximin in patients with decom-
pensated cirrhosis. Finally, the effects of treatment 
with simvastatin plus rifaximin on metabolites 
involved in ACLF pathogenesis were described. To 
our knowledge, this is the first study in which high-
throughput untargeted metabolomics methodology 
was used to unveil the effects of a therapeutic inter-
vention aimed at preventing progression of cirrhosis 
and ACLF development.

Among the different families of metabolites 
involved in the ACLF signature, specifically the 
amino acids and peptides family was significantly 
modified by treatment. A number of peptides and 
amino acids were found at lower concentrations in 
the treatment group with respect to placebo. High 
levels of amino acids and peptides likely reflect 
increased proteolysis and have been associated with 
a high catabolic status characteristic of inflamma-
tory conditions and sepsis.(35-37) Notably, in our 
descriptive cohort and also in previous reports on the 
ACLF metabolomic profile, amino acids were the 
most commonly increased metabolites in patients 
with ACLF.(18) Our findings show that treatment 

with simvastatin and rifaximin significantly reduces 
the concentrations of these metabolites, which sug-
gests that this treatment combination could reduce 
the catabolic status characteristic of decompensated 
cirrhosis and ACLF. Considering the mechanistic 
effects of simvastatin and rifaximin, we can spec-
ulate that the decrease in catabolic status may be 
the result of a decrease in systemic inflammation 
induced either by the immunomodulatory effects of 
simvastatin(38,39) and/or by the potential effects of 
rifaximin in decreasing endotoxemia and modulat-
ing gut microbiome.(40,41)

Among the amino acids and peptides family modi-
fied by treatment, we found the tryptophan–kynurenine 
pathway to be of special interest. This pathway is 
involved in tryptophan degradation by gut microbi-
ome as well as several cell types, and its downstream 
metabolites are involved in several important physi-
ological metabolic processes.(42,43) The kynurenine 
pathway generates a number of metabolites that are 
involved in inflammation and immune response. The 
kynurenine pathway is mainly initiated by indoleam-
ine 2,3-dioxygenase, which is up-regulated in the 
context of increased proinflammatory cytokine lev-
els, such as interferon-γ or tumor necrosis factor α in 
inflammatory or infectious conditions.(42) Kynurenine 

FIG. 7. Metabolites from the ACLF signature that are significantly affected by treatment with simvastatin and rifaximin. (A) Circular 
chord diagram showing the relationship between the 18 metabolites of the ACLF signature affected by the treatment and their families. 
Chords connect each metabolite with its respective family. Chords are colored by signal direction (increased metabolites in red and 
decreased metabolites in green). Chord widths are proportional to magnitude of fold change in ACLF compared to decompensated 
cirrhosis without ACLF. (B) List with the 18 metabolites and the fold change in the treatment group compared to placebo. Abbreviations: 
PLA, phenyllactic acid.
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metabolites have been shown to be involved in mech-
anisms leading to immune suppression by effects on 
cells from both the innate and the adaptive immune 
system. In addition, there are data showing that low-
grade chronic inflammation can also lead to increased 
circulating kynurenine levels.(44) Abnormalities in the 
kynurenine pathway have been described in patients 
with cirrhosis and ACLF(45) and were also found in 
our descriptive cohort. Importantly, treatment with 
simvastatin plus rifaximin reduced the concentrations 
of three key compounds of this metabolic pathway, 
kynurenate, xanthurenate, and 8-methoxykynurenate, 
which suggests that this could be a potential mecha-
nism by which the combined treatment with simvas-
tatin plus rifaximin could exert its potential beneficial 
effects in cirrhosis.

The exact molecular mechanism by which sim-
vastatin and rifaximin treatment can modify the 
tryptophan–kynurenine pathway cannot be elucidated 
from the results of our study. Nonetheless, previous 
studies reported a decrease in kynurenines in patients 
treated with simvastatin in chronic inflammatory con-
ditions, such as patients with cardiovascular or chronic 
kidney diseases.(46) Results from these studies sug-
gest that the effect of simvastatin on the kynurenine 
pathway may be driven by a decrease in systemic 
inflammation.

In addition, treatment with simvastatin plus rifaxi-
min was associated with reduction in plasma levels of 
a number of lipid metabolites. Among them, a reduc-
tion in the levels of fatty acids, probably associated 
with simvastatin lipid-lowering effects, was found. On 
the other hand, an increase in acyl carnitines has also 
been reported in the context of impaired fatty acid 
beta oxidation in inflammatory conditions and sep-
sis.(29,30,34) Therefore, the immunomodulatory effects 
of the combination of simvastatin and rifaximin could 
also explain the decrease of these fatty acids after 
treatment.

Secondary bile acids were also found at reduced 
concentrations after simvastatin plus rifaximin treat-
ment. Secondary bile acids are produced as a result 
of bacterial metabolism in the gut, and increased 
plasma concentrations of these metabolites have 
been described in patients with cirrhosis.(47) A proof-
of-concept study on the effect of rifaximin on the 
metabolomic profile of patients with cirrhosis showed 
an effect of rifaximin treatment reducing plasma con-
centrations of secondary bile acids; this was associated 

with changes on the microbiome composition.(48) In 
the current study, we found similar effects of combined 
treatment with simvastatin and rifaximin on plasma 
secondary bile acids concentration that could account, 
at least in part, for the positive effects of rifaximin in 
patients with cirrhosis.

The current study has some strengths and limita-
tions that should be mentioned. First, for the first 
time we provide evidence of the existence of dynamic 
changes in disease pathophysiology during admin-
istration of a pharmacological treatment aimed at 
targeting some of the pathogenic events of cirrhosis. 
Although the clinical effects of treatment with the 
combination of simvastatin and rifaximin have not 
been investigated, there is strong evidence of the ben-
eficial effect of either drug in reducing mortality and 
preventing hepatic encephalopathy recurrence, respec-
tively, when given individually.(10,49) The study was 
performed in the context of a double-blind, placebo-
controlled, randomized trial. Therefore, results in 
patients treated with simvastatin and rifaximin could 
be compared to those in patients treated with placebo, 
thus allowing a precise evaluation of the effects of 
treatment and avoiding selection bias.

The study has, however, some limitations. The 
number of patients studied was relatively small, and 
results will need to be reproduced in a larger series of 
patients. In addition, treatment was given for a rela-
tively short period of time, 8 or 12 weeks. Therefore, 
it is not known whether the effects persist during a 
longer period of treatment or, alternatively, whether a 
longer duration of treatment could have more marked 
beneficial effects on metabolic alterations of cirrho-
sis. The intervention group was treated with the 
combination of simvastatin and rifaximin, but there 
were no intervention groups treated with either sim-
vastatin or rifaximin alone. Therefore, the design of 
our study does not allow us to address the question 
as to whether the effects on the metabolomic profile 
are due to either simvastatin, rifaximin, or the combi-
nation of both. However, based on existing literature 
we can speculate which of the drugs may be responsi-
ble for the different findings. Finally, the intervention 
trial was aimed at evaluating the safety of two doses 
of simvastatin, and the follow-up period is short; 
therefore, the number of clinical outcomes developed 
during follow-up is low. In this regard, the analysis of 
the effects of changes on the metabolomic profile on 
clinical outcomes is limited and should be taken with 
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caution. A large multicenter international study with 
longer treatment duration and evaluation of clinical 
outcomes is underway (LIVERHOPE Efficacy Trial, 
clinical trials.gov NCT03780673).

In conclusion, our results show that treatment with 
simvastatin and rifaximin modulates the metabolomic 
profile of patients with decompensated cirrhosis and 
decreases and deactivates a number of metabolites and 
metabolomic pathways associated with cirrhosis progres-
sion and development of ACLF. In particular, evidence 
from the present study suggests that the simvastatin and 
rifaximin combination may decrease protein catabolism, 
inhibit the tryptophan–kynurenine pathway, reduce lip-
ids and fatty acid plasma levels (possibly reflecting an 
improvement in mitochondrial function), and decrease 
plasmatic concentrations of secondary bile acids. Our 
study shows that some of the pathways that may be key 
for ACLF development can be targeted and modulated 
by a specific therapeutic intervention, setting the stage 
for the use of metabolomics in the development of new 
targeted therapies in cirrhosis to prevent disease pro-
gression and ACLF development.
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