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Abstract. The gut‑liver‑muscle axis is associated with the 
development of sarcopenia in liver cirrhosis. The present 
study aimed to illustrate the combined effects of rifaximin 
and L‑carnitine on skeletal muscle atrophy in cirrhotic rats 
with steatohepatitis. For this purpose, a total of 344 Fischer 
rats were fed a choline‑deficient L‑amino acid‑defined 
(CDAA) diet with the daily oral administration of rifaximin 
(100 mg/kg) and/or L‑carnitine (200 mg/kg), and measure‑
ments of psoas muscle mass index and forelimb grip strength 
were performed. After feeding for 12 weeks, blood samples, 
and liver, ileum and gastrocnemius muscle tissues were 
harvested. The effects of L‑carnitine on rat myocytes were 
assessed using in  vitro assays. Treatment with rifaximin 
attenuated hyperammonemia and liver fibrosis in the 
CDAA‑fed rats. Moreover, it improved intestinal perme‑
ability with the restoration of tight junction proteins and 
suppressed the lipopolysaccharide (LPS)‑mediated hepatic 
macrophage activation and pro‑inflammatory response. In 
addition, rifaximin prevented skeletal muscle mass atrophy 
and weakness by decreasing intramuscular myostatin and 
pro‑inflammatory cytokine levels. Moreover, rifaximin 
synergistically enhanced the L‑carnitine‑mediated improve‑
ment of skeletal muscle wasting by promoting the production 
of insulin‑like growth factor‑1 and mitochondrial biogenesis, 
resulting in the inhibition of the ubiquitin‑proteasome system 
(UPS). The in vitro assays revealed that L‑carnitine directly 
attenuated the impairment of mitochondrial biogenesis, 
thereby inhibiting the UPS in rat myocytes that were stimu‑
lated with LPS or tumor necrosis factor‑α. On the whole, the 

present study demonstrates that the combination of rifaximin 
with L‑carnitine may provide a clinical benefit for liver 
cirrhosis‑related sarcopenia.

Introduction

Sarcopenia has been well‑established to have a harmful clinical 
impact on malnutrition in patients with advanced‑stage chronic 
liver disease, and has been implicated in the poor quality 
of life and negative prognostic outcomes of patients with 
cirrhosis (1‑3). Although sarcopenia varies in prevalence due to 
different definitions and diagnostic methods, it has been esti‑
mated to affect up to 70% of patients with cirrhosis (4,5). Liver 
cirrhosis‑based skeletal muscle wasting invokes a multifacto‑
rial pathogenesis, including malnutrition; hyperammonemia; 
changes in the levels of hormones, including insulin growth 
factor‑1 (IGF‑1); chronic inflammation; increased resting 
energy expenditure; and decreased physical activity (1,2,6‑10). 
Notably, the tripartite inter‑organ crosstalk between the gut, 
liver and skeletal muscle (i.e., the gut‑liver‑muscle axis) has 
recently been suggested to contribute to the development of 
sarcopenia in patients with cirrhosis (11). Therefore, the iden‑
tification of therapeutic targets for sarcopenia in patients with 
cirrhosis has often been laborious.

L‑carnitine or β‑hydroxy‑g‑N‑trimethyl aminobutyric acid 
is an endogenous molecule involved in the β‑oxidation of fatty 
acids and is biosynthesized from the amino acids, L‑lysine 
and L‑methionine, within the brain, kidneys and liver (12). 
L‑carnitine is known to play a key role in cellular energy 
metabolism through the mitochondrial transport of long‑chain 
fatty acids (13). Clinically, the supplementation of L‑carnitine 
has been suggested to forestall skeletal muscle loss through its 
anti‑inflammatory and antioxidant effects (14,15). Moreover, 
recent studies have demonstrated that L‑carnitine has the 
potential to prevent the progression of sarcopenia, by attenu‑
ating hyperammonemia in patients with cirrhosis  (16,17). 
Although monotherapy with L‑carnitine supplementation 
appears to ameliorate the impairment of muscle mass and 
function, this is partial and insufficient. Therefore, combining 
L‑carnitine with another agent may prove to be more practical 
for treating sarcopenia accompanied by liver cirrhosis.
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Rifaximin, which is a minimally‑absorbed antibiotic 
with a broad‑spectrum activity against aerobic and anaerobic 
Gram‑positive and ‑negative bacteria, has been clinically used 
to attenuate hyperammonemia in patients with cirrhosis and 
hepatic encephalopathy (HE) (18‑20). Notably, a recent study 
that used a model of preclinical sarcopenia in cirrhosis with 
portosystemic shunts revealed that the rifaximin‑mediated 
decrease in ammonia levels had the potential to reverse skel‑
etal muscle loss (21). Moreover, previous clinical and basic 
studies by the authors have demonstrated that rifaximin can 
improve gut hyperpermeability and prevent hepatic exposure 
to endogenous lipopolysaccharide (LPS), which plays a detri‑
mental role in skeletal muscle homeostasis (22,23). However, 
the effects of rifaximin and L‑carnitine on skeletal muscle 
atrophy, as well as the underlying mechanisms that are partic‑
ularly associated with the modulation of the gut‑liver‑muscle 
axis, remain obscure.

The present study thus aimed to investigate the combined 
effects of rifaximin and L‑carnitine supplementation on skel‑
etal muscle atrophy and explored the therapeutic mechanisms 
associated with the gut‑liver‑muscle axis in a rodent model of 
cirrhosis.

Materials and methods

Animals and treatment. Fischer 344 rats (6 weeks old, male; 
body weight, 150±20 g; CLEA Japan) were randomly divided 
into five groups and treated for 12 weeks as follows (Fig. 1A; 
n=10 in each group): i)  With a choline‑sufficient amino 
acid‑defined (CSAA) diet (Research Diets, Inc.) with lactose 
hydrate (FUJIFILM, Wako Pure Chemical Corporation) as 
the vehicle; ii) with a choline‑deficient l‑amino acid‑defined 
(CDAA) diet (Research Diets Inc.) with the vehicle; iii) with 
the CDAA diet with rifaximin (ASKA Pharmaceutical Co. 
Ltd.; 100 mg/kg); iv) with the CDAA diet and L‑carnitine 
(Otsuka Pharmaceutical Co. Ltd.; 200 mg/kg); and v) with 
the CDAA diet with rifaximin and L‑carnitine, as previously 
described (23,24). All drugs were administered by intragas‑
tric gavage once a day. The rats were housed in plastic cages 
(2 rats/cage) in a pathogen‑free room and were provided with 
free access to their diet and drinking water, and were kept under 
controlled, stable ambient conditions (23±3˚C/12‑h light/dark 
cycle with 50±20% humidity). At the end of the experiment, 
all rats underwent the following procedures: Euthanasia by an 
intraperitoneal injection of pentobarbital sodium (200 mg/kg), 
the opening of the abdominal cavity, blood collection via 
puncture of the aorta and harvesting of the liver, ileum and 
gastrocnemius muscle for histological and molecular evalua‑
tion. The anesthetized rats were then decapitated for assuring 
death. The present study was approved by the Animal Ethics 
Committee of Nara Medical University (approval no. 12764), 
and all protocols were performed in accordance with the 
National Institutes of Health Guidelines for the Care and Use 
of Laboratory Animals.

Rat myoblast culture. L6 rat skeletal muscle myoblasts (cat. 
no. JCRB9081, Japanese Collection of Research Bioresources 
Cell Bank) were cultured and differentiated into myotubes as 
previously described (25,26). Briefly, the cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM, Nacalai Tesque, 

Inc.) supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.) and antibiotics (1% penicillin 
and streptomycin) at 37˚C in a 5% CO2 air environment. To 
induce differentiation into myocytes, the cells were further 
cultured in DMEM containing 2% horse serum for 8 days. 
The cells were supplemented with fresh medium every 48 h 
and were used at the stage of myotubes (60‑70%) (25,27,28). 
Myogenic differentiation into myotubes was confirmed by 
using a AE2000‑1080M microscope (Shimadzu Corporation) 
based on the morphological alignment, elongation and fusion 
(data not shown). Mycoplasma testing was performed using a 
MycoProbe® Mycoplasma Detection kit (R&D Systems, Inc.) 
according to the manufacturer's protocol. The differentiated 
myotubes were stimulated with LPS (O55:B5; MilliporeSigma) 
or tumor necrosis factor‑α (TNF‑α) at various concentrations 
and treated with LPS (1.0 µg/ml) or TNF‑α (20 ng/ml) and 
L‑carnitine (5 mM) and/or rifaximin (10 µM) for 48 h.

Measurement of psoas muscle mass index (PMI) and forelimb 
grip strength. According to the clinical criteria for sarcopenia 
assessment, the PMI (cross‑sectional area/height2) was assessed 
on a single computed tomography (CT) slice (image) at the 
level of the L3 pedicle using Slice‑O‑Matic (Tomovision) (29). 
All rats underwent an abdominal CT scan before and at 
4, 8, and 12 weeks after the start of CDAA feeding and/or 
rifaximin/L‑carnitine treatment using CosmoScan FX (Rigaku 
Corporation) as previously described (26). The forelimb grip 
strength of the experimental rats was simultaneously measured 
using a grip strength meter (MK‑380Si; Muromachi Kikai, Co., 
Ltd.) as previously described (26). During the grip strength test, 
the rats were allowed to use their front paws to grab a horizontal 
bar mounted on the gauge, and the tail was slowly pulled back. 
The peak tension was recorded at the time the mouse released 
the grip on the bar. Measurements were repeated three times, 
and the mean of three measurements was recorded.

Serum alanine aminotransferase (ALT) and albumin measure‑
ment in rats. The serum ALT and albumin concentrations in 
the rats were measured using a Rat Alanine Aminotransferase 
ELISA kit (cat. no. ab285264, Abcam) and Rat Albumin ELISA 
kit (cat. no.  ab108789, Abcam), respectively. All samples 
were processed and assayed according to the manufacturer's 
protocol.

Serum and hepatic IGF‑1 measurement in rats. The serum 
IGF‑1 concentrations in the rats were measured using 
a Mouse/Rat IGF‑I/IGF‑1 Quantikine ELISA kit (cat. 
no. MG100, R&D Systems, Inc.). All samples were processed 
and assayed according to the manufacturer's protocol.

Plasma and muscle ammonia measurement. The concentrations 
of ammonia in plasma and muscle (100 mg of rat gastrocnemius 
muscle tissue homogenate) were measured using the Ammonia 
Assay kit (cat. no. ab83360, Abcam), according to the manufac‑
turer's protocol.

Hepatic triglyceride (TG) concentration. The intrahepatic 
TG concentrations in 100 mg frozen liver tissue per mouse 
were measured using the Triglyceride‑Glo™ Assay (Promega 
Corporation), according to the manufacturer's instructions.
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Figure 1. Effects of rifaximin and L‑carnitine on hepatic phenotypes in CDAA‑fed rats. (A) Experimental protocols. (B) Changes in the body weight of the 
rats during the experimental period. The comparison was performed between the groups at the last time point. (C) Ratio of liver weight to body weight at the 
end of the experiment. (D‑F) Blood levels of ALT, albumin and NH3. (G) Representative microphotographs of liver sections stained with H&E and Sirius 
Red in the experimental groups. Scale bar, 50 µm. (H) Hepatic concentrations of TG. (I) Relative mRNA expression levels of Srebf1 and Cpt1a in the liver of 
experimental rats. (J) Semi‑quantification of Sirius Red‑stained fibrotic area in high‑power field using ImageJ software. (K) Relative mRNA expression levels 
of Acta2 and Col1a1 in the livers of experimental rats. The mRNA expression levels were measured using reverse transcription‑quantitative PCR, and Gapdh 
was used as an internal control. Histochemical quantitative analyses included five fields per section. (I‑K) Quantitative values are indicated as fold changes 
relative to the values of CSAA group. Data are the mean ± SD (n=10), *P<0.05 and **P<0.01, significant difference between groups. N.S, not significant; N.D, 
not detected; CDAA, choline‑deficient L‑amino acid‑defined diet; CSAA, choline‑sufficient amino acid‑defined diet; ALT, alanine aminotransferase; NH3, 
ammonia; H&E, hematoxylin and eosin; TG, triglycerides; RFX, rifaximin; L‑CAR, L‑carnitine; Srebf1, sterol regulatory element binding transcription factor 
1; Cpt1a, carnitine palmitoyltransferase 1A; Acta2, actin alpha 2, smooth muscle; Col1a1, collagen type i alpha 1 chain.
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Rat muscle myostatin measurements. The levels of myostatin 
in 100 mg rat gastrocnemius muscle tissue homogenate were 
measured using a myostatin ELISA kit (cat. no. DGDF80, 
R&D Systems, Inc.) following the manufacturer's instructions.

Measurement of in  vivo intestinal permeability. A 4‑kDa 
fluorescein isothiocyanate (FITC)‑dextran (MilliporeSigma) 
solution was used for the intestinal permeability measurement, 
as previously described (30). Another set of rats (n=5) in each 
group was applied to evaluate in vivo intestinal permeability. 
Briefly, 6 h after initiating fasting conditions (only fasted 
from food), FITC‑dextran was gently administered via oral 
gavage to the rats at 40 mg/kg, 200 µl body weight. Blood was 
collected from the portal vein at 1 h after the FITC‑dextran 
administration. To evaluate the degree of gut permeability, 
blood was analyzed by the fluorescence measurement of 
the concentration of FITC‑labeled dextran at an excitation 
wavelength of 490 nm and an emission wavelength of 520 nm 
using a NanoDrop 3300 fluorospectrometer (Thermo Fisher 
Scientific, Inc.).

Histological, immunohistochemical and immunofluorescent 
analyses. The liver, ileum and gastrocnemius specimens 
were fixed in 10% formalin, incubated overnight at room 
temperature and embedded in paraffin. Sections of 5‑µm 
thickness were stained with hematoxylin and eosin (H&E) 
and Sirius Red (performed at Narabyouri Research Co., 
Nara, Japan). For immunohistochemical staining, the liver 
tissue sections were blocked with 10% goat serum (Abcam) 
for 30 min following deparaffinization and antigen retrieval, 
and then incubated overnight at 4˚C with mouse‑monoclonal 
CD68 antibody (1:100; cat. no. GTX41868, GeneTex, Inc.). The 
sections were washed three times with phosphate‑buffered 
saline and subsequently incubated with a goat anti‑mouse 
IgG (H+L) HRP‑conjugated secondary antibody (1:2,000; 
cat. no. 62‑6520, Thermo Fisher Scientific, Inc.) for 30 min at 
room temperature. The slides were developed with DAB until 
the signal clearly appeared, and the nuclei were stained with 
hematoxylin for 5 min at room temperature, and images were 
obtained using a BX53 microscope (Olympus Corporation).

For immunofluorescence, the ileum sections were depar‑
affinized and rehydrated and blocked in a similar manner to 
immunohistochemical staining, and then rabbit‑polyclonal 
Zonula occludens‑1 (ZO‑1; 1:100; cat. no. 61‑7300, Invitrogen; 
Thermo Fisher Scientific, Inc.) and rabbit‑polyclonal Occludin 
(1:100; cat. no. 71‑1500, Invitrogen; Thermo Fisher Scientific, 
Inc.) were used as primary antibodies. Following overnight 
incubation at 4˚C, the immunofluorescence detection of the 
primary antibodies was performed using goat anti‑rabbit IgG 
(H+L) Alexa Fluor‑conjugated secondary antibodies (1:200; 
cat. nos. R37116 and A‑21207, Thermo Fisher Scientific, Inc.) 
for 1 h at room temperature. The sections were mounted on 
Vectashield mounting medium with 4',6‑diamidino‑2‑phe‑
nylindole Fluoromount‑G mounting medium for fluorescent 
nucleic acid staining (Vector Laboratories, Inc.) and images 
were captured using a BZ‑X700 microscope (Keyence 
Corporation). Semi‑quantitative analysis was performed for 
five fields per section in high‑power fields at x400 magnifica‑
tion using ImageJ software version 64 (National Institutes of 
Health).

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA was 
isolated from the liver and muscle tissues and cultured rat 
L6 myocyte cells. The RNeasy Mini kit (Qiagen GmbH) 
was used for the liver tissues and L6 cells, and the RNeasy 
Fibrous Tissue Mini kit (Qiagen GmbH) was used for the 
muscle tissues. The RNA samples were then treated with 
DNase in order to remove DNA contamination with TURBO 
DNA‑free™ DNase (Invitrogen; Thermo Fisher Scientific, 
Inc.) and total RNA (2 µg) was reverse transcribed into 
complementary DNA (cDNA) using the High‑Capacity 
RNA‑to‑cDNA kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) by applying the following three stages: 
37˚C for 15 min, 85˚C for 5 sec and then cooling at 4˚C. 
qPCR was performed using the primer pairs listed in 
Table SI, and SYBR™‑Green PCR Master Mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.), and an Applied 
Biosystems StepOnePlus™ Real‑Time PCR® system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
thermocycling conditions were as follows: 95˚C for 5 min, 
followed by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec 
and then 72˚C for 20 sec; melting at 95˚C for 5 sec, 65˚C for 
60 sec and 97˚C for 1 sec and cooling at 40˚C for 10 sec. 
Relative expression was normalized to Gapdh expression, 
and estimated using the 2‑ΔΔCq method, and presented as the 
fold change relative to the control (31).

Protein extraction and western blot analysis. Whole cell 
lysate proteins were extracted from the intestinal and 
muscle tissues, and cultured rat L6 myocyte cells using 
tissue‑protein extraction reagent (T‑PER) supplemented 
with proteinase and phosphatase inhibitors (all from 
Thermo Fisher Scientific, Inc.). The protein concentration 
was measured using a protein assay (Bio‑Rad Laboratories, 
Inc.). In total, 50 µg whole cell lysates were separated by 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(NuPAGE™ 4‑12%, Bis‑Tris; Thermo Fisher Scientific, 
Inc.) and transferred to Invitrolon polyvinylidene difluoride 
membranes (Thermo Fisher Scientific, Inc.), which were 
subsequently blocked for 1 h with 5% bovine serum albumin 
(Thermo Fisher Scientific, Inc.) in Tris‑buffered saline 
supplemented with Tween‑20 (Cell Signaling Technology, 
Inc.). The membranes were then incubated overnight at 4˚C 
with antibodies against rabbit‑polyclonal ZO‑1 (1:500; cat. 
no.  61‑7300) and rabbit‑polyclonal Occludin (1:125; cat. 
no. 71‑1500) (from Invitrogen; Thermo Fisher Scientific, 
Inc.), p70S6K (1:1,000, cat. no. 9202), phosphorylated (p‑)
p70S6K (Thr389; 1:1,000, cat. no. 9205), nuclear factor‑κB 
(NF‑κB) p65 (1:1,000, cat. no. 8242), p‑NF‑κB p65 (Ser536; 
1:1,000, cat. no. 3033), GAPDH (1:1,000, cat. no. 2118) and 
actin (1:1,000, cat. no. 4967) (from Cell Signaling Technology, 
Inc.). The membranes were washed and incubated at room 
temperature for 1  h with Amersham ECL horseradish 
peroxidase‑conjugated immunoglobulin G F(ab)2 fragment 
antibody (1:5,000 dilution; cat. no. NA931, GE Healthcare; 
Cytiva) and developed using Clarity Western enhanced 
chemiluminescence substrate (Bio‑Rad Laboratories, Inc.). 
Immunoblotting bands were densitometrically analyzed 
using ImageJ 64‑bit Java 1.8.0 software (National Institutes 
of Health).
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Mitochondrial DNA (mtDNA) copy number. Total DNA 
was obtained from the gastrocnemius muscle tissue using a 
DNA Extractor® TIS kit (FUJIFILM, Wako Pure Chemical 
Corporation). The mtDNA copy number was assessed 
using RT‑qPCR as described in above according to mtDNA 
(Rnr2)/nDNA (Gapdh). The primer sequences used were as 
follows: RNR2 forward, 5'‑AGC​TAT​TAA​TGG​TTC​GTT​
TGT‑3' and reverse, 5'‑AGG​AGG​CTC​CAT​TTC​TCT​TGT‑3'; 
and nuclear‑encoded GAPDH forward, 5'‑GGA​AAG​ACA​GGT​
GTT​TTG​CA‑3' and reverse, 5'‑AGG​TCA​GAG​TGA​GCA​GGA​
CA‑3'. The PCR amplification process was as follows: One cycle 
at 95˚C for 10 min, 40 cycles at 95˚C for 15 sec and 60˚C for 
1 min. Both mtDNA and nDNA threshold cycle (CT) average 
values were obtained, and the mtDNA content was calculated 
relative to nDNA as mtDNA/nDNA=2(CTnDNA‑CTmtDNA).

Mitochondrial respiration and extracellular acidification. 
The oxygen consumption rate (OCR) was measured using 
the XFe96 extracellular flux analyzer (Agilent Technologies, 
Inc.) as previously described (32). Briefly, the L6 cells were 
seeded at 8,000 cells per well in a 96‑well tissue culture 
plate 24 h before running the flux analyzer. To assess the 
mitochondrial respiration rate, the cells were incubated in 
XF base medium (Agilent Technologies, Inc.) supplemented 
with 10 mM glucose, 1 mM pyruvate and 2 mM glutamine for 
1.5 h at 37˚C. Subsequently, the OCR was measured following 
the addition of 1 µM oligomycin to inhibit ATP synthesis 
from oxidative phosphorylation, 1.5 µM carbonyl cyanide 
4‑(trifluoromethoxy) phenylhydrazone (FCCP) to uncouple 
the mitochondrial membrane that stimulates respiration, 
and a mixture containing 0.5 µM each of antimycin A and 
rotenone (A+R) to inhibit complex I and III that terminates 
mitochondrial oxidative phosphorylation. After the seahorse 
measurements were completed, total cellular content was 
measured using a CyQUANT Cell Proliferation Assay kit 
(Thermo Fisher Scientific, Inc.), and the OCR values were 
normalized to the cellular mitochondrial content (number 
of cells x mtDNA/nDNA). The basal OCR was calculated 
as follows: [OCR(initial)‑OCR(A + R)]. The maximum OCR was 
computed as follows: [OCR(FCCP)‑OCR(A + R)].

Measurement of mitochondrial membrane potential. 
Tetramethylrhodamine methyl ester (TMRM; FUJIFILM, 
Wako Pure Chemical Corporation) were used to assess the 
mitochondrial membrane potential. The L6 cells were stained 
by addition of the dye to the culture medium at 100 nM for 
30 min at 37˚C. Subsequently, the cells were stained with the 
Hoechst 33342 nuclear dye (Thermo Fisher Scientific, Inc.) 
at a 1:500 dilution in PBS at room temperature for 10 min, 
washed with PBS, and visualized using a BZ‑X700 (Keyence 
Corporation). The intensity of the fluorescence signal was 
quantified using ImageJ software version 64 (National 
Institutes of Health).

Statistical analyses. Statistical analyses were performed using 
Prism, version 9.1.2 (GraphPad Software, Inc.). Data were 
analyzed using one‑way ANOVA followed by Tukey's test as 
a post hoc test. Values are presented as the mean ± standard 
deviation. A value of P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effects of the combined use of rifaximin and L‑carnitine 
on CDAA‑induced hepatic steatosis and fibrosis. The 
experimental design of the study is illustrated in Fig. 1A. 
The CDAA‑fed rats exhibited a significant decrease in body 
weight and hepatomegaly as compared with the CSAA‑fed 
rats; however, neither rifaximin nor L‑carnitine inhibited these 
physical impairments (Fig. 1B and C). Serological analysis 
revealed elevated alanine aminotransferase (ALT) levels, 
as well as a decreased albumin level in the CDAA‑fed rats; 
neither rifaximin nor L‑carnitine significantly affected the 
ALT levels; however, L‑carnitine suppressed the progression 
of hypoalbuminemia (Fig. 1D and E). Rifaximin also mildly 
improved CDAA‑induced hyperammonemia (Fig. 1F). The 
histological assessment demonstrated that hepatic lipid accu‑
mulation in the CDAA‑fed rats was suppressed by L‑carnitine, 
but not by rifaximin (Fig.  1G). Concomitantly, treatment 
with L‑carnitine decreased the hepatic TG levels, with the 
decreased expression of the lipogenesis‑related gene, sterol 
regulatory element binding transcription factor 1 (Srebf1), and 
the increased expression of carnitine palmitoyltransferase 1A 
(Cpt1a) (Fig. 1H and I). Moreover, Sirius Red staining revealed 
that hepatic fibrosis progression was prevented by rifaximin, 
which was consistent with the reduced expression mRNA 
levels of hepatic profibrotic markers [i.e., actin alpha 2, smooth 
muscle (Acta2) and collagen type i alpha 1 chain (Col1a1)]; 
however, these events were not significantly mediated by 
L‑carnitine (Fig. 1G‑K).

Rifaximin inhibits the CDAA‑induced expansion of 
hepatic macrophages and the LPS/Toll‑like receptor 4 
(TLR4)‑mediated inflammatory response. Based on the 
suppression of liver fibrosis following rifaximin treatment, 
the present study then examined the pro‑inflammatory status 
and the hepatic LPS/TLR4 pathway. The results revealed an 
extensive hepatic infiltration of CD68‑positive macrophages 
in the CDAA‑fed rats, which was attenuated by treatment 
with rifaximin (Fig.  2A  and  B). Corresponding with the 
upregulated expression of hepatic LPS‑binding protein 
(Lbp), the mRNA levels of Tlr4 and its coreceptor, Cd14, 
were increased in the CDAA‑fed rats. Notably, treatment 
with rifaximin inhibited these effects (Fig. 2C and D). In this 
context, rifaximin treatment significantly reduced the hepatic 
mRNA levels of pro‑inflammatory cytokines, including Tnfa 
Il1b and Il6 (Fig. 2E). On the other hand, treatment with 
L‑carnitine alone did not affect the inflammatory response 
(Fig. 2A‑E).

Subsequently, the present study assessed the changes in 
the status of IGF‑1, which is a potent myotrophic factor. Both 
the hepatic and serum concentrations of IGF‑1 were decreased 
in the CDAA‑fed rats, compared with the CSAA‑fed rats 
(Fig. 2F and G). It was found that L‑carnitine suppressed the 
CDAA‑induced decrease in IGF‑1 production (Fig. 2F and G). 
Of note, combination treatment with L‑carnitine and rifaximin 
effectively enhanced the suppressive effects of L‑carnitine 
on the reduction of the liver and serum IGF‑1 levels in the 
CDAA‑fed rats by reducing the LPS overload, which was 
recognized to suppress the hepatic production of IGF‑1 
(Fig. 2F and G).
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Rifaximin attenuates CDAA‑induced intestinal hyperper‑
meability. To elucidate the functional mechanisms of the 
rifaximin‑mediated prevention of the hepatic overload by 
endogenous LPS, intestinal permeability was then evaluated. 
Immunofluorescence staining revealed that the areas that were 
immuno‑positive for ZO‑1 and Occludin, the representative 
markers of tight junction proteins (TJPs), were profoundly less 
in number in the CDAA‑fed group than in the CSAA‑fed group; 
notably, this deprivation of TJPs was effectively restored by 

treatment with rifaximin (Fig. 3A‑C). The results of western 
blot analysis supported these findings; rifaximin replenished 
the TJP protein levels (Fig. 3D and E). In addition, the leakage 
of plasma FITC‑dextran was augmented by >2.5‑fold by the 
CDAA diet and was inversely proportional with the deprivation 
of TJPs (Fig. 3F). Treatment with rifaximin led to a marked 
decreased in the leakage of FITC‑dextran in the CDAA‑fed 
rats (Fig. 3F). Treatment with L‑carnitine alone did not affect 
the impairment of intestinal barrier function (Fig. 3).

Figure 2. Effects of rifaximin and L‑carnitine on the LPS/TLR4‑mediated inflammatory response and IGF‑1 levels in CDAA‑fed rats. (A) Representative 
microphotographs of liver sections stained with CD68 in the experimental groups. Scale bar, 50 µm. (B) Semi‑quantification of CD68‑positive cells in a 
high‑power field using ImageJ software. (C‑E) Relative mRNA expression level of (C) Lbp, (D) Tlr4 and Cd14, Tnfa, and (E) Il1b and Il6 in the livers of 
experimental rats. The mRNA expression levels were measured using reverse transcription‑quantitative PCR, and Gapdh was used as an internal control. 
(F and G) Hepatic and serum levels of IGF‑1. Data are the mean ± SD (n=10). *P<0.05 and **P<0.01, significant difference between groups. N.D, not detected; 
LPS, lipopolysaccharide; TLR4, Toll‑like receptor 4; Lbp, LPS‑binding protein; IGF‑1, insulin‑like growth factor‑1; CDAA, choline‑deficient L‑amino 
acid‑defined diet; CSAA, choline‑sufficient amino acid‑defined diet; RFX, rifaximin; L‑CAR, L‑carnitine.
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Inhibitory effects of rifaximin and L‑carnitine on CDAA‑induced 
skeletal muscle atrophy and strength. Considering the marked 
weight loss of the rats, it was hypothesized that the CDAA‑fed 
rats would undergo skeletal muscle atrophy. After 12 weeks of 

feeding, the body length of the rats was significantly shortened in 
the CDAA‑fed group, and rifaximin or L‑carnitine treatment did 
not reverse this change (Fig. 4A and B). After 4 weeks of feeding, 
the value of PMI, determined as the cross‑sectional area/height2, 

Figure 3. Effects of rifaximin and L‑carnitine on intestinal barrier function in CDAA‑fed rats. (A) Representative microphotographs of ileum sections stained 
with ZO‑1 and occludin in the experimental groups. Nuclei were counterstained with DAPI. Scale bar, 50 µm. (B and C) Semi‑quantification of ZO‑1 and 
occludin immuno‑positive areas in a high‑power field using ImageJ software. (D) Western blots for ZO‑1 and occludin in the ilea of experimental mice. Actin 
was used as an internal control. (E) Densitometric quantification of the protein expression of ZO‑1 and occludin. (F) Blood levels of FITC‑dextran (4 kDa) 
at 4 h after the oral administration. (B, C and E) Quantitative values are indicated as fold changes to the values of CSAA group Data are the mean ± SD. 
(B and C) n=10, (E) n=4, (F) n=5). **P<0.01, significant difference between groups. ZO‑1, zonula occludens‑1; CDAA, choline‑deficient L‑amino acid‑defined 
diet; CSAA, choline‑sufficient amino acid‑defined diet; RFX, rifaximin; L‑CAR, L‑carnitine.
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significantly decreased in the CDAA‑fed group (Fig. 4C and D). 
Notably, rifaximin and L‑carnitine suppressed the CDAA‑induced 
decrease in PMI after 8 weeks of treatment, which was enhanced 
after 12 weeks of combined treatment (Fig. 4C‑E).

The present study further investigated the efficacy of both 
agents on forelimb grip strength. The CDAA diet significantly 
weakened forelimb grip strength after 4 weeks (Fig. 4F and G). 
In accordance with the effects observed on muscle atrophy, 

Figure 4. Effects of rifaximin and L‑carnitine on skeletal muscle mass and strength in CDAA‑fed rats. (A) Changes in body lengths during the experimental 
period. (B) Body length at 12 weeks of treatment. (C) Representative images of CT slice at the psoas muscle at 12 weeks of treatment. (D) Chronological 
changes in the calculated PMI (cross sectional area/height²) during the experimental period. (E) PMI values at 12 weeks of treatment. (F) Chronological 
changes in the forelimb grip strength during the experimental period. (G) Forelimb grip strength at 12 weeks of treatment. Data are the mean ± SD (n=10). 
*P<0.05 and **P<0.01, significant difference between groups. N.S, not significant; PMI, psoas mass index; CDAA, choline‑deficient L‑amino acid‑defined diet; 
CSAA, choline‑sufficient amino acid‑defined diet; RFX, rifaximin; L‑CAR, L‑carnitine.
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monotherapy with rifaximin and L‑carnitine prevented the 
CDAA‑induced decrease in forelimb grip strength, and the 
combination of these agents augmented these preventive 
effects after 12 weeks (Fig. 4F and G).

Effects of rifaximin and L‑carnitine on skeletal muscle 
protein metabolism in CDAA‑fed rats. To elucidate the effects 
of rifaximin and L‑carnitine on skeletal muscle protein 
metabolism, the changes in protein synthesis and degradation 
in the gastrocnemius muscle tissues were further analyzed. 
As illustrated in Fig. 5A‑C, the histological assessment of 
gastrocnemius muscle fiber revealed a marked decrease in 
fiber length and density in the CDAA‑fed group. Treatment 
with either rifaximin or L‑carnitine efficiently ameliorated 
muscle fiber atrophy, and the combination of both agents 
potentiated these effects (Fig. 5A‑C). The phosphoinositide 
3‑kinase/Akt/mammalian target of rapamycin (mTOR) 
pathway is a pivotal process in muscle protein synthesis. In 
CDAA‑fed group, the phosphorylation of intramuscular 
p70S6K (Thr389), a hallmark of activation by mTOR, was 
significantly diminished as compared to CSAA‑fed group 
(Fig. 5D and E). This CDAA‑induced decrease in p70S6K 
phosphorylation was suppressed by rifaximin and L‑carnitine 
treatment (Fig. 5D and E).

The present study then evaluated the muscle levels of 
ammonia and myostatin, which is a myokine that inhibits 
muscle cell growth. In the CDAA‑fed rats, the intramuscular 
ammonia levels were elevated along with changes in serum 
ammonia levels; this effect was attenuated by rifaximin 
treatment (Fig. 5F). Consistently, the marked increase in the 
myostatin levels in the CDAA‑fed rats was suppressed by 
rifaximin treatment (Fig. 5G). Furthermore, in the CDAA‑fed 
rats, there was an upregulation in the levels of the inflam‑
matory mediators, Tnfa, Il1b and NLR family pyrin domain 
containing 3 (Nlrp3), following NF‑κB activation in the skel‑
etal muscle, and rifaximin potently suppressed the activation 
of these pro‑inflammatory pathways (Fig. 5H‑J). These effects 
were not observed in the muscles of the L‑carnitine‑treated 
rats (Fig. 5F‑J).

Based on the fact that mitochondrial function dictates 
muscle fiber homeostasis, the present study investigated mito‑
chondrial biogenesis in the gastrocnemius muscle tissue. The 
CDAA‑fed rats manifested a prominent decrease in the intra‑
muscular levels of mitochondrial biogenesis‑related genes, 
peroxisome proliferator‑activated receptor γ coactivator‑1α 
(PGC‑1α; Ppargc1a) and mitochondrial transcription factor 
A (TFAM; Tfam) (Fig. 5K). Of note, these decreases were 
efficiently restored by treatment with either rifaximin or 
L‑carnitine; this was augmented by the combination of both 
agents (Fig. 5K).

Following the changes in these regulatory factors, the 
intramuscular mRNA expression levels of Atrogin‑1 and 
muscle RING‑finger protein‑1 (MuRF‑1), which are the pivotal 
markers of the ubiquitin‑proteasome system (UPS), were 
upregulated in the CDAA‑fed group; treatment with rifaximin 
and L‑carnitine attenuated these effects (Fig. 5L).

L‑carnitine inhibits the LPS‑ or TNF‑α‑stimulated impair‑
ment of mitochondrial biogenesis and the UPS in skeletal 
muscle cells. In the model in the present study, it was found 

that L‑carnitine supplementation attenuated the impairment 
of mitochondrial biogenesis and the progression of UPS in 
the course of muscle degradation. Therefore, the present study 
then examined whether L‑carnitine could directly affect 
differentiated L6 rat myotubes in vitro (Fig. 6A). As shown 
in Fig. S1A and B, LPS stimulation decreased the mRNA 
levels of Ppargc1a and Tfam in a concentration‑dependent 
manner, and conversely increased those of Atrogin‑1 and 
MuRF‑1 in rat myotubes. Of note, L‑carnitine suppressed 
the LPS‑induced decrease in the levels of mitochondrial 
biogenesis‑related markers, and consequently inhibited the 
UPS stimulation by LPS (Fig. 6B and C). To further evaluate 
mitochondrial biogenesis, the cellular mitochondrial content 
was measured by quantifying mtDNA over nuclear DNA 
(mtDNA/nDNA). The results revealed a a marked reduction in 
mtDNA/nDNA in the LPS‑stimulated L6 myotubes, and treat‑
ment with L‑carnitine restored the LPS‑stimulated reduction in 
mtDNA/nDNA (Fig. 6D). Moreover, mitochondrial membrane 
potential, an indicator of mitochondrial function, was assessed 
by the fluorescence intensity of TMRM that accumulates in 
the mitochondria. As shown in Fig. 6E and F, mitochondrial 
membrane potential was decreased in the LPS‑stimulated L6 
myotubes, and this decrease was suppressed by treatment with 
L‑carnitine.

Subsequently, the cellular effects of both agents on mito‑
chondrial respiration were examined using seahorse analyses 
to measure the OCR of L6 myotubes stimulated with LPS. 
The OCR values were normalized to the cellular mitochon‑
drial content and the basal and maximal respiration rates were 
calculated. The results revealed that stimulation with LPS 
downregulated both the basal OCR and maximal respiratory 
capacity in L6 myotubes, which were restored by treatment 
with L‑carnitine (Fig. 6G and H).

Inflammatory cytokines have been reported to impair intra‑
muscular mitochondrial biogenesis. Thus, the present study 
also examined the effects of both agents on the TNF‑α‑induced 
impairment of mitochondrial biogenesis. TNF‑α administra‑
tion exacerbated the impairment of mitochondrial biogenesis, 
mitochondrial membrane potential and respiratory capacity 
and promoted the UPS in the rat myotubes in L6 myotubes 
(Figs. S1C and D, and S2C‑F). Notably, L‑carnitine signifi‑
cantly prevented this sequence of muscle degradation induced 
by TNF‑α stimulation (Fig. S2A‑F). By contrast, rifaximin 
did not directly affect myotubes. These findings suggest that 
L‑carnitine reversed the LPS‑ or TNF‑α‑induced impairment 
of mitochondrial biogenesis in myotubes.

Taken together, the results demonstrated that rifaximin 
enhanced the inhibitory effects of L‑carnitine supplementa‑
tion on skeletal muscle atrophy in CDAA‑fed cirrhotic rats via 
multifunctional mechanisms based on the modulation of the 
gut‑liver‑muscle axis (Fig. 7).

Discussion

The present study demonstrated that the additional administra‑
tion of rifaximin effectively potentiated the preventive effects 
of L‑carnitine supplementation on skeletal muscle wasting in 
a CDAA‑fed rat model. To date, studies have proposed several 
experimental models of cirrhosis‑based sarcopenia in rodents. 
Giusto et al (33) observed skeletal muscle myopenia in both 
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Figure 5. Effects of rifaximin and L‑carnitine on protein synthesis and the degradation of gastrocnemius muscle in CDAA‑fed rats. (A) Representative 
microphotographs of gastrocnemius muscle sections stained with H&E in the experimental groups. Scale bar, 50 µm. (B and C) Summary data of myocyte 
cross‑sectional length and density. (D) Western blots for p70S6K phosphorylation in gastrocnemius muscle tissues. (E) Quantification of phosphorylated 
p70S6K/total p70S6K. (F) Ammonia levels in gastrocnemius muscle tissues of experimental rats. (G) Myostatin concentrations in gastrocnemius muscle 
tissues of experimental rats. (H) Western blots for NF‑κB p65 phosphorylation in gastrocnemius muscle tissues. (I) Quantification of phosphorylated p65/total 
p65. (J‑L) Relative mRNA expression levels of (J) Tnfa, Il1b and Nlrp3, (K) Ppargc1a and Tfam, and (L) Atrogin‑1 and MuRF‑1 in the gastrocnemius muscle 
of experimental rats. (D and H) GAPDH was used as the loading control for western blot analysis. The mRNA expression levels were measured using reverse 
transcription‑quantitative PCR and Gapdh was used as an internal control. Quantitative values are indicated as fold changes to the values of CSAA group 
(E‑G and I‑L). Data are the mean ± SD. (B, C, F, G and J‑L) n=10, (E and I) n=4. *P<0.05 and **P<0.01, significant difference between groups. H&E, hematox‑
ylin and eosin; CDAA, choline‑deficient L‑amino acid‑defined diet; CSAA, choline‑sufficient amino acid‑defined diet; RFX, rifaximin; L‑CAR, L‑carnitine; 
Ppargc1a, peroxisome proliferator‑activated receptor γ coactivator‑1α; Tfam, mitochondrial transcription factor A; MuRF‑1, muscle RING‑finger protein‑1.
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Figure 6. Cellular mitochondrial biogenesis in LPS‑stimulated rat L6 myocytes. (A) In vitro experimental protocol. (B and C) Effects of L‑carnitine and/or 
rifaximin on the mRNA expression levels of (B) Atrogin‑1 and MuRF‑1, and (C) Ppargc1a and Tfam in LPS‑stimulated rat L6 myocytes. The mRNA expres‑
sion levels were measured using reverse transcription‑quantitative PCR, and Gapdh was used as an internal control. (D) The mitochondrial content was 
assessed using quantitative PCR as described in the Materias and methods. (E) Representative images of TMRM live stains corresponding to mitochondrial 
membrane potential. Scale bar, 50 µm. (F) Quantification of TMRM intensity per cell; data shown as the mean ± SD for 100 cells per condition in three 
representative experiments. Nuclei were stained with Hoechst 33342. (G) Measurements of OCR using a seahorse extracellular flux analyzer. (H) Calculations 
of the basal and maximal respiration rates. Cells were treated with LPS (1.0 µg/ml) and L‑carnitine (5 mM) and/or rifaximin (10 µM) for 48 h. Quantitative 
values are indicated as fold changes to the values of non‑treated (NT) groups (B, C and D). Data are the mean ± SD; (B, C and D) n=8, (F) n=3, or the 
mean ± SEM (G and H) n=5. aaP<0.01 vs. LPS (‑)/L‑CAR (‑)/RFX (‑), bP<0.05 and bbP<0.01 vs. LPS (+)/L‑CAR (‑)/RFX (‑). LPS, lipopolysaccharide; TMRM, 
tetramethylrhodamine methyl ester; OCR, oxygen consumption rate; CSAA, choline‑sufficient amino acid‑defined diet; RFX, rifaximin; L‑CAR, L‑carnitine; 
Ppargc1a, peroxisome proliferator‑activated receptor γ coactivator‑1α; Tfam, mitochondrial transcription factor A; MuRF‑1, muscle RING‑finger protein‑1.
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bile duct ligation and carbon tetrachloride‑induced cirrhosis. 
Moreover, choline has been reported to be required for 
skeletal muscle homeostasis based on its proper modulation 
of fat and protein metabolism and counteraction of inflam‑
mation, apoptosis and autophagy (34). Indeed, a recent study 
by the authors suggested that CDAA feeding induced marked 
steatohepatitis and fibrosis, accompanied by significant skel‑
etal muscle atrophy in rats (26). Moreover, it has also been 
found that CDAA‑fed rats exhibit gut hyperpermeability (35). 
Therefore, this model was assumed to be suitable to address 
the therapeutic interventions through the gut‑liver‑muscle axis.

The present study demonstrated that monotherapy with 
rifaximin exerted an inhibitory effect on the atrophic changes 
in the skeletal muscle of CDAA‑fed rats. In this context, the 
involvement of multifunctional mechanisms was suggested 
(Fig. 7). First, rifaximin attenuated hyperammonemia in the 
CDAA‑fed rats according to its pharmacological property. 
Hyperammonemia has been recognized to trigger skeletal 
muscle wasting related with liver cirrhosis (1,2). In patients 
with cirrhosis, muscle ammonia levels are often elevated 
and can lead to the induction of NF‑κB, and thus to a further 
increase in myostatin expression, followed by the inhibition 
of myogenesis and an increase in autophagy (36). Likewise, 
Kumar  et  al  (21) reported that combination therapy with 
rifaximin and L‑ornithine L‑aspartate reversed sarcopenia 
in a rat model of portocaval anastomosis by suppressing the 
GCN2‑dependent hyperammonemic cellular stress response. 
Consistently, the present study demonstrated a reduction in 
intramuscular ammonia levels, as well as improved hyperam‑
monemia following rifaximin treatment of the CDAA‑fed 
rats. This suggested that lowering the ammonia level partially 
contributed to the rifaximin‑mediated inhibition of the 

development of sarcopenia. On the other hand, sarcopenia has 
been noted to be irreversible following liver transplantation 
despite normal ammonia metabolism in the graft, suggesting 
that the withdrawal of ammonia alone is insufficient for the 
recovery of sarcopenia (37). In this respect, rifaximin was 
likely to more potently attenuate skeletal muscle atrophy than 
hyperammonemia in the model used herein. Thus, this suggests 
the possible involvement of another functional mechanism in 
this anti‑myopenic effect.

The present study focused on the impact of rifaximin on 
the status of endogenous LPS. Endotoxemia is exacerbated due 
to an impaired intestinal barrier integrity and dysbiosis in liver 
cirrhosis, particularly when related to alcoholic liver injury and 
non‑alcoholic steatohepatitis (38,39). In line with a previous 
study by the authors, the rifaximin‑mediated blunting of intes‑
tinal hyperpermeability suppressed the CDAA‑induced hepatic 
proinflammatory response and fibrogenesis by inhibiting 
hepatic the LPS/TLR4 signaling pathway (23). Subsequently, 
the upregulation in the levels of inflammatory mediators was 
suppressed by rifaximin treatment in skeletal muscle. Given 
that TNF‑α is a key mediator of liver fibrosis‑induced muscle 
atrophy, the rifaximin‑mediated anti‑sarcopenic effect was 
also relevant to the improved hepatic pathology (40). Previous 
studies have documented that an LPS stimulus decreases the 
circulating levels and hepatic expression of IGF‑1, and leads to 
the inhibition of skeletal muscle protein synthesis (41,42). In 
the present study, the CDAA‑fed rats exhibited a reduction in 
both serum and hepatic levels of IGF‑1 along with the hepatic 
overload of LPS. Of note, rifaximin significantly suppressed 
the decrease in the IGF‑1 level, corroborating the likelihood 
that rifaximin could also prevent sarcopenia by shielding from 
exposure to gut‑derived LPS.

Figure 7. Graphic representation of the effects of rifaximin and L‑carnitine on skeletal muscle atrophy in choline‑deficient L‑amino acid‑defined diet‑fed 
cirrhotic rats. RFX, rifaximin; L‑CAR, L‑carnitine; IGF‑1, insulin growth factor‑1.
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The present study underscored the results on the enhanced 
effect of L‑carnitine supplementation on skeletal muscle 
atrophy with the addition of rifaximin. Previous studies have 
documented that L‑carnitine increases the plasma IGF‑1 level 
and results in the suppression of the UPS‑induced myofibrillar 
protein degradation in humans and rodents (43,44). Consistently, 
the findings of the present study demonstrated that L‑carnitine 
exerted a limited effect on hepatic and gut phenotypes in the 
CDAA‑fed rats, while it significantly improved lipid metabo‑
lism in the liver, increased hepatic and serum levels of IGF‑1, 
and promoted mTOR signaling activation and mitochondrial 
biogenesis in the skeletal muscle, resulting in the suppres‑
sion of muscle atrophy. Moreover, the results suggested that 
L‑carnitine increased the levels of key regulators involved in 
skeletal muscle mitochondrial biogenesis in the CDAA‑fed 
rats. To reflect this, the in vitro experiments demonstrated 
that L‑carnitine directly improved mitochondrial biogenesis 
and oxygen respiratory function, and consequently attenu‑
ated the UPS in rat myotubes stimulated with both LPS and 
TNF‑α. Moreover, rifaximin did not directly affect myotubes, 
suggesting that it predominantly suppressed skeletal muscle 
atrophy by reducing the exposure of LPS and inflammatory 
cytokines, as well as ammonia to muscle tissue. These findings 
strongly suggest that L‑carnitine is available as a conventional 
therapy for cirrhosis‑related sarcopenia and that its combined 
use with rifaximin has the potential to be a novel effective 
therapy.

The present study had several limitations which should 
be noted. First, the effect of rifaximin on microbial profiles 
was obscure in the present model. In this context, previous 
research has indicated the impact of rifaximin on the gut 
microbiota. Patel  et  al  (45) demonstrated that rifaximin 
reduced the mucin‑degrading sialidase‑rich species, leading 
to gut barrier repair in patients with cirrhosis with HE. 
Kitagawa et al (46) demonstrated that rifaximin attenuated 
ethanol‑induced liver injury in mice followed by a decrease 
in Erysipelotrichales and an increase in Bacteroidales. Given 
these findings, further analyses are required to identify the 
interaction between microbial alterations by rifaximin and 
the therapeutic effects in the current model. Second, although 
the doses of rifaximin (100  mg/kg/day) and L‑carnitine 
(200 mg/kg/day) for use in the in vivo experiments were 
selected based on previous studies (23,24), the results did not 
disclose that these selected doses were relevant to the clinical 
dose. The package insert from ASKA Pharmaceutical Co. 
Ltd. has documented that when rifaximin is used at the dose 
used in the present study and orally administered to male 
rats, the maximum plasma concentration is almost equal to 
that observed with the clinical dose (1,100 mg/day) orally 
administered to patients with liver cirrhosis for 14 days. 
Moreover, since rifaximin is a poorly absorbable drug and 
specifically affects the gastrointestinal tract, it is relatively 
difficult to determine the dose equivalent to clinical doses by 
measuring the blood concentration. A previous study demon‑
strated that the dose of rifaximin (100 mg/kg/day) sufficiently 
affected the intestine and colon in rats (47). Additionally, it 
was observed that these doses of both drugs did not exhibit 
hepatic and renal toxicity in rats (data not shown). Thus, 
these doses are considered to be within tolerance for use 
in in vivo experiments. However, further pharmacokinetics 

analyses are required to evaluate whether the doses used in 
the present study were relevant to the clinical dose. Third, the 
present study did not observe the suppression of body weight 
loss in the CDAA‑fed rats by treatment with both agents, in 
spite of the improvement of skeletal muscle atrophy. In this 
regard, it was hypothesized that both agents would possibly 
reduce visceral fat, as well as increase skeletal muscle in the 
CDAA‑fed rats. However, this is merely a speculation and 
further investigations are required to confirm this hypothesis 
by evaluating the changes in visceral fat following treatment 
with both agents.

In conclusion, the present study demonstrated that rifax‑
imin enhanced the anti‑myopenic properties of L‑carnitine 
supplementation in the skeletal muscle of CDAA‑fed rats. 
Notably, this effect of rifaximin was based on the modulation 
of the gut‑liver‑muscle axis through the suppression of the 
endogenous LPS overload by maintaining intestinal barrier 
function, in addition to its ammonia‑lowering properties. 
Of note, both drugs are clinically available for patients with 
chronic liver diseases and that the aforementioned effects on 
skeletal muscle wasting were achieved without observing any 
drug toxicity. Therefore, these findings suggested that this 
combination regimen may provide a clinical benefit for liver 
cirrhosis‑related sarcopenia.
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