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1  |   INTRODUCTION

Muscle wasting is a serious complication of liver cirrhosis 
that increases the risk of encephalopathy and significantly 
worsens the quality of life and prognosis of the illness.1–4 A 
number of studies have demonstrated poor responsiveness 
of hepatic cachexia to the anabolic signals and that conven-
tional nutritional strategies are insufficient to stop the loss of  
muscle mass.5–7

The pathogenesis of hepatic cachexia is unclear. 
Undoubtedly, maldigestion and malabsorption of food, 
the inhibitory effect of ammonia on protein synthesis and 
compromised gut barrier function resulting in bacterial in-
fections all play a role.8–10 Several studies have shown that 
ammonia increases catabolism of branched-chain amino 
acids (BCAAs; valine, leucine and isoleucine) in muscles 
and decreases their level in the blood.11–14 It has been pos-
tulated that enhanced ammonia detoxification to glutamine 
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Summary
The aim of the study was to examine whether a rat model of liver cirrhosis induced by 
carbon tetrachloride (CCl4) is a suitable model of muscle wasting and alterations in 
amino acid metabolism in cirrhotic humans. Rats were treated by intragastric gavage 
of CCl4 or vehicle for 45 days. Blood plasma and different muscle types—tibialis an-
terior (mostly white fibres), soleus (red muscle) and extensor digitorum longus (white 
muscle) - were analysed at the end of the study. Characteristic biomarkers of impaired 
hepatic function were found in the plasma of cirrhotic animals. The weights and pro-
tein contents of all muscles of CCl4-treated animals were lower when compared with 
controls. Increased concentrations of glutamine (GLN) and aromatic amino acids (phe-
nylalanine and tyrosine) and decreased concentrations of branched-chain amino acids 
(BCAA), glutamate (GLU), alanine and aspartate were found in plasma and muscles. 
In the soleus muscle, GLN increased more and GLU and BCAA decreased less than in 
the extensor digitorum and tibialis muscles. Increased chymotrypsin-like activity (in-
dicating enhanced proteolysis) and decreased α-ketoglutarate and ATP levels were 
found in muscles of cirrhotic animals. ATP concentration also decreased in blood 
plasma. It is concluded that a rat model of CCl4-induced cirrhosis is a valid model for 
the investigation of hepatic cachexia that exhibits alterations in line with a theory of 
role of ammonia in pathogenesis of BCAA depletion, citric cycle and mitochondria 
dysfunction, and muscle wasting in cirrhotic subjects. The findings indicate more ef-
fective ammonia detoxification to GLN in red than in white muscles.
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(GLN) may increase the drain of α-ketoglutarate (α-KG) 
from the tricarboxylic acid (TCA) cycle (cataplerosis) re-
sulting in mitochondrial dysfunction and decreased ATP 
production.15,16

To understanding the pathogenesis of muscle wasting 
and to enable preclinical testing of selected agents, clinically 
relevant models of hepatic cachexia are essential. The most 
common method for experimentally inducing liver cirrho-
sis in rats is to use multiple doses of carbon tetrachloride 
(CCl4), which produces most of the features of abnormal he-
patic function observed in humans including portal-systemic 
shunts, ascites, hyperammonaemia, hypoalbuminaemia, 
low BCAA and high aromatic amino acid (phenylalanine 
and tyrosine) levels in the blood.8,17,18 The morphological 
characteristic of the cirrhotic liver usually is described as 
micronodular, and most of the deductions regarding the his-
togenesis of cirrhosis have been based on this model.19 Less 
frequently other hepatotoxins are used (eg, thioacetamide, 
dimethylnitrosamine and galactosamine). A surgical alterna-
tive to develop liver cirrhosis is the ligation of the common 
bile duct, which has been shown to be a relevant model to 
study muscle mass loss in cirrhosis.20 Unfortunately, rela-
tionships between the degree of the loss of muscle mass and 
amino acid metabolism in muscles are not well characterized 
in any of the cirrhosis models.

The aim of the present study was to examine whether 
muscle wasting and supposed alterations due to hyperam-
monaemia develop in the rat model of liver cirrhosis induced 
by the chronic administration of CCl4. The main attention 
was given to alterations in the tibialis anterior muscle (TIB) 
composed mostly by white fibres and small portion of red 
fibres. As a number of articles have demonstrated that white 
(fast-twitch, glycolytic) fibres are more sensitive to catabolic 
signals when compared with red (slow-twitch) fibres,21,22 se-
lected measurements were also performed in soleus (SOL, 
red muscle) and extensor digitorum longus (EDL, white mus-
cle) muscles.

2  |   MATERIALS AND METHODS

2.1  |  Animals and materials
Male Wistar rats (10 weeks old, body weight 200-220 g) 
obtained from Charles River (Sulzfeld, Germany) were 
housed in standardized cages in quarters with controlled 
temperature and a 12-hour light-dark cycle. The rats were 
maintained on an ST-1 (Velas, CR) standard laboratory 
diet and provided drinking water ad libitum. The chemi-
cals were obtained from Sigma Chemical (St. Louis, MO, 
USA), Lachema (Brno, CR), Waters (Milford, MA, USA), 
Biomol (Hamburg, Germany) and Merck (Darmstadt, 
Germany).

2.2  |  Ethical approval 

The Animal Care and Use Committee of Charles University, 
Faculty of Medicine in Hradec Kralove, (licence no. 
144879/2011-MZE-17214) specifically approved this 
study on November 1, 2016 (identification code MSMT-
33747/2016-4). All experimental procedures complied with 
the National Institutes of Health guidelines.

2.3  |  Experimental design

At the beginning of the study the animals were randomly as-
signed to an experimental group and a control group. Liver 
cirrhosis was induced by intragastric administration of CCl4 
dissolved in olive oil (1:1) in dose of 2 mL CCl4/kg, three 
times a week, for 45 days.9,17,18 The control animals under-
went vehicle administration only. At the end of the study, the 
overnight fasted animals were euthanized by exsanguination 
from the abdominal aorta after they had been administered 
ether anaesthesia. The SOL, EDL and TIB of both legs were 
quickly removed and weighed, and small pieces (approxi-
mately 0.1 g) of the tissues were frozen in liquid nitrogen. The 
left leg muscles were used for measurement of amino acid and 
protein content, and the right leg muscles were used for other 
analyses. Blood was collected in heparinized tubes and im-
mediately centrifuged for 15 minutes at 2200 g using a refrig-
erated centrifuge; blood plasma was transferred into a clean 
polypropylene tube.

2.4  |  Amino acid concentrations in blood 
plasma and tissues

Amino acid concentrations were determined in the superna-
tants of deproteinized blood plasma and tissue samples using 
high-performance liquid chromatography (HPLC; Alliance 
2695, Waters) after derivatization with 6-aminoquinolyl- 
N-hydroxysuccinimidyl carbamate with norleucine as an 
internal standard. The results are expressed as μmol/L of 
blood plasma or nmol/g wet muscle.

2.5  |  Branched-chain keto acid 
concentrations

The reversed-phase HPLC combined with o-phenylenediamine 
derivatization was used for the determination of branched-
chain keto acid (BCKA) in samples of blood plasma. The sam-
ples were pH-adjusted with 6 M sodium acetate (pH 6.0) prior 
to the chromatographic analysis. The keto acids were separated 
on LichroCart 125 × 4 mm, Purospher Star RP-18 (5 μm) end-
capped analytical column (Merck Millipore) using the mo-
bile phase consisting of methanol and water at a flow rate of 
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0.8 mL/min in a gradient mode. The quinoxalinol derivatives 
of BCKAs were detected using fluorescence with emission and 
excitation at 410 nm and 350 nm, respectively, and were quan-
tified by the internal standard method. The results are expressed 
as μmol/L of blood plasma.

2.6  |  Chymotrypsin-like activity of 
proteasome and cathepsin B and L activities

The Chymotrypsin-like activity (CHTLA) of the proteas-
ome and cathepsin B and L activities were determined using 
the fluorogenic substrates Suc-LLVY-MCA23 and Z-FA-
MCA,24 respectively, as previously described in detail.21 
The fluorescence of the samples was measured at the exci-
tation wavelength of 340 nm and the emission wavelength 
of 440 nm (Tecan Infinite™ 200, Tecan Austria GmbH, 
Salzburg, Austria). A standard curve was established for 
7-amino-4-methylcoumarin (AMC), which allowed expres-
sion of the enzyme activities in nmol of AMC/g protein/h.

2.7  |  Adenine nucleotides

ATP, ADP and AMP levels were measured in blood 
plasma and TIB using HPLC. The reversed-phase HPLC 
(Alliance 2695, Waters) combined with ultraviolet (UV) 
detection was used for the determination of nucleotide 
concentrations. The HPLC conditions were as follows: 
LichroCart 250 × 4 mm, Purospher Star RP-18 (5 μm) 
endcapped analytical column (Merck Millipore) using 
the mobile phase consisting of methanol and buffer 
(50 mmol/L potassium phosphate buffer, pH = 6) at a 
flow rate 0.4 mL/min in a gradient mode. Peaks were de-
tected at 254 nm and quantified by the external standard 
method. The results are expressed as μmol/L of blood 
plasma or μmol/g of wet muscle.

2.8  |  TCA cycle intermediates

Tricarboxylic acid cycle components, including α-KG, cit-
rate, fumarate, cis-aconitate and succinate, were quantified 
in blood plasma and TIB by HPLC (Alliance 2695, Waters) 
equipped with a C18 YMC-Triart analytical column in iso-
cratic mode with 20 mmol/L potassium phosphate buffer 
(pH 2.9). The wavelength for detection was set at 210 nm. 
The results are expressed as μmol/g of wet muscle.

2.9  |  Other techniques

The plasma levels of glucose, albumin, urea, creatinine, 
bilirubin, alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), alkaline phosphatase (ALP), creatine 
phosphokinase (CPK) and ammonia were measured using 
commercial tests (Boehringer, Mannheim, Germany), 
Elitech (Sées, France), Lachema (Brno, CR) and Sigma 
Chemical.

2.10  |  Statistical analyses

The results are expressed as means ± standard error of the 
means (SEM). The Mann-Whitney U test was used to deter-
mine the effects of CCl4 treatment. NCSS 2001 statistical 
software (Kaysville, UT, USA) was used for analyses. The 
differences were considered significant at P < 0.05.

3  |   RESULTS

3.1  |  Alterations in blood biochemistry
Significantly lower blood plasma concentrations of glucose, 
albumin, urea and creatinine and significantly higher concen-
trations of bilirubin, ALT, AST, ALP, CPK and ammonia 
were observed in CCl4-treated animals (Table 1).

3.2  |  Alterations in body weight and 
food intake
There was a significantly lower increase in the gain of body 
weight in animals treated by CCl4 (Figure 1). At the end of 
the study, the body weight reached 495 ± 12 g in controls 
and 420 ± 13 g in CCl4-treated animals. The intake of food 
was lower in CCl4-treated animals in the initial phase of the 
study. Starting on the 4th day of the study, the differences in 
daily food intake were not significant.

3.3  |  Alterations in weight and protein 
content of muscles
The weights and protein contents of all muscles obtained 
from the CCl4-treated animals were lower than muscles 

T A B L E   1   Blood biochemistry

Control  
(n = 10)

Cirrhosis 
(n = 13)

Glucose (mmol/L) 8.71 ± 0.38 4.69 ± 0.27*

Albumin (g/L) 41.1 ± 0.3 27.4 ± 1.9*

Urea (mmol/L) 6.90 ± 0.37 5.60 ± 0.73*

Creatinine (μmol/L) 31 ± 1 26 ± 2*

Bilirubin (μmol/L) 2.9 ± 0.1 24.8 ± 6.7*

ALT (μkat/L) 0.57 ± 0.06 6.58 ± 0.99*

AST (μkat/L) 1.27 ± 0.05 14.28 ± 2.16*

ALP (μkat/L) 1.34 ± 0.11 5.66 ± 0.70*

CPK (μkat/L) 2.80 ± 0.30 4.60 ± 0.30*

Ammonia (μmol/L) 31 ± 3 111 ± 12*

Means ± SEM.
*P ˂ 0.05 (Mann-Whitney U test). 
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of controls. The relative protein content (g/kg body 
weight) was lower only in the TIB. The differences in 
protein concentration among muscles were insignificant 
(Table 2).

3.4  |  Alterations in protein breakdown
Chronic administration of CCl4 enhanced CHTLA in TIB. 
The effect on cathepsin B and L activities was insignificant 
(Figure 2).

3.5  |  Amino acid and BCKA concentrations 
in blood plasma
The blood plasma concentrations of GLN and aromatic amino 
acids (PHE and TYR) increased whereas the BCAA, gluta-
mate (GLU), alanine (ALA) and ASP decreased in cirrhotic 
rats (Figure 3). The BCKA levels were altered heterogene-
ously. A significant decrease was found in KIC (ketoleucine) 
and KMV (ketoisoleucine), whereas KIV (ketovaline) con-
centration was unaltered.

3.6  |  Amino acid concentrations in muscles
Amino acid concentrations in the muscles of cirrhotic 
animals exhibited a similar pattern to those in blood 
plasma (Table 3). GLN, PHE and TYR concentrations 
increased whereas BCAAs, GLU, ALA and ASP de-
creased in all types of examined muscles. In SOL, GLN 
increased more and GLU and BCAA decreased less than 
in EDL and TIB.

3.7  |  Alterations in TCA cycle intermediates  
and adenine nucleotides
We found a marked decrease in αKG in TIB of the CCl4-
treated animals. Cis-aconitate was also significantly 
decreased, whereas succinate increased. The citrate concen-
tration was unaltered (Figure 4).

A significant decrease in ATP and total level of adenine 
nucleotides was found in TIB of cirrhotic rats. In blood 

F I G U R E   1   Alterations in body 
weight and food intake. Means ± SEM. 
*P ˂ 0.05 (Mann-Whitney U test)

F I G U R E   2   Alterations in protein breakdown. Means ± SEM. 
*P ˂ 0.05 (Mann-Whitney U test)

T A B L E   2   Weights and protein content of muscles

Control  
(n = 10)

Cirrhosis 
(n = 13)

TIB

Weight

g 0.84 ± 0.02 0.68 ± 0.03*

g/kg b.w. 1.71 ± 0.05 1.61 ± 0.04

Protein

Concentration (mg/g) 174 ± 3 159 ± 5 

Content (g) 146 ± 5 107 ± 5*

Content (g/kg b.w.) 297 ± 10 255 ± 9*

SOL

Weight

g 0.23 ± 0.01 0.18 ± 0.01*

g/kg b.w. 0.47 ± 0.01 0.43 ± 0.01*

Protein

Concentration (mg/g) 180 ± 9 176 ± 4

Content (g) 41.9 ± 2.0 31.7 ± 1.2*

Content (g/kg b.w.) 85.3 ± 5.1 75.6 ± 2.3 

EDL

Weight

g 0.21 ± 0.00 0.16 ± 0.01*

g/kg b.w. 0.42 ± 0.01  0.39 ± 0.01 
(0.06)

Protein

Concentration (mg/g) 164 ± 4  173 ± 6

Content (mg) 34.4 ± 1.4  28.3 ± 1.3*

Content (g/kg b.w.) 69.9 ± 3.2  67.4 ± 2.8

Means ± SEM.
*P ˂ 0.05 (Mann-Whitney U test). 
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plasma, decreased concentrations of ATP, ADP and total 
level of adenine nucleotides were found.

4  |   DISCUSSION

The data collectively show that CCl4-induced cirrhosis in 
rats is a valid experimental model for the investigation of 

pathogenesis and therapy of hepatic cachexia. Alterations 
observed in blood plasma and muscles of cirrhotic rats are 
similar to those observed in cirrhotic patients. Of special 
importance are hyperammonaemia, hypoalbuminaemia, low 
BCAA and high aromatic amino acids, as well as decreased 
urea and glucose levels. Decreased blood plasma concentra-
tions of BCAA and increased concentrations of aromatic 
amino acids in blood plasma found in cirrhotic rats are 

F I G U R E   3   Alterations in amino acid and branched-chain keto acid concentrations in blood plasma. Means ± SE. *P ˂ 0.05 (Mann-Whitney 
U test)

F I G U R E   4   Alterations in TCA cycle intermediates and adenine nucleotides. Means ± SEM. *P ˂ 0.05 (Mann-Whitney U test)

T A B L E   3   Amino acid concentrations in muscles

TIB SOL EDL

Control  
(n = 10)

Cirrhosis 
(n = 13) 

Control 
 (n = 9)

Cirrhosis 
(n = 13) 

Control 
 (n = 10)

Cirrhosis 
(n = 13) 

VAL 218 ± 13 130 ± 9* 134 ± 7 91 ± 7* 173 ± 5 107 ± 8*

ILE 131 ± 12 75 ± 7* 69 ± 3 52 ± 5* 92 ± 3  54 ± 5*

LEU 207 ± 15 126 ± 12* 104 ± 5 70 ± 6* 123 ± 6 72 ± 5*

 Σ BCAA 556 ± 40 331 ± 27* 308 ± 15 214 ± 16* 389 ± 14 232 ± 17*

PHE 121 ± 14 139 ± 8* 64 ± 2 111 ± 5* 114 ± 2 133 ± 4*

TYR 181 ± 12 263 ± 15* 103 ± 5 209 ± 20* 129 ± 2 220 ± 12*

GLN 3240 ± 168 3876 ± 175* 5109 ± 234 8013 ± 281* 4156 ± 132 5575 ± 253*

GLU 1412 ± 136 621 ± 136* 3467 ± 82 2192 ± 227* 2639 ± 104 820 ± 148*

ALA 2228 ± 73 964 ± 81* 1930 ± 70 944 ± 92* 1882 ± 59 680 ± 59*

ASP 350 ± 39 176 ± 23* 2718 ± 113 883 ± 180* 519 ± 47 163 ± 12*

Means ± SEM in nmol/g of muscle.
*P ˂ 0.05 (Mann-Whitney U test). 
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characteristic for subjects with liver cirrhosis,25,26 but not for 
acute liver injury.27 The BCAA deficiency and their positive 
effects on protein metabolism in muscles provide a clear ra-
tionale to recommend their supplementation in patients with 
cirrhosis. In fact, the lack of success has been reported in 
a number of clinical trials, and some adverse effects of en-
hanced BCAA consumption have been suggested.28,29

Decreased weight and protein content of muscles are in 
line with reports showing a decrease in the cross-sectional 
area of muscles and muscle fibres in CCl4-treated mice30 
and rats.31 Enhanced CHTLA in the muscles of cirrhotic rats 
indicates that enhanced protein degradation plays a role in 
the loss of muscle tissue. The finding is in agreement with 
the report of upregulation of the proinflammatory cytokines 
and increased expression of NF-κB and MuRF-1 in cirrhotic 
mice.30 Indirect markers of muscle wasting in CCl-4 treated 
animals are decreased creatinine concentration and increased 
CPK activity in the blood.

4.1  |  Alterations in amino acid concentrations 
 in muscles related to ammonia detoxification 
to GLN
Alterations in amino acid concentrations in muscles of CCl4 
treated animals are in line with a well-defined role of mus-
cles in ammonia detoxification to GLN (Figure 5). Of spe-
cial interest should be the increased concentrations of GLN 
and decreased concentrations of BCAA, GLU and ALA. The 
alterations indicate enhanced synthesis of GLN from GLU 
and the shift of GLU metabolism from its use as a donor of 
nitrogen to pyruvate for synthesis of ALA to GLN synthesis. 
The BCAAs decrease due to their use as donors of nitrogen 

to α-KG for synthesis of GLU, which is a direct substrate for 
ammonia detoxification to GLN.12,13

Unfortunately, the number of studies which refer to amino 
acid changes in the muscles due to cirrhosis is limited and 
most of the data are older. A marked decrease in the BCAA in 
muscles in patients with cirrhosis was reported by Iob et al.32 
Plauth et al.33 reported decreased levels of VAL and ILE, 
and unaltered concentration of LEU, in quadriceps femoris 
muscle. A significant decrease in VAL and unaltered levels 
of ILE and LEU in patients with stable liver cirrhosis were 
found by Montanari et al.34

4.2  |  Alterations in BCKA concentrations
An observed decrease in the BCKA in the blood plasma of 
CCl4-treated animals is in line with reports of decreased 
BCKA levels in cirrhotic rats and patients with liver cir-
rhosis.35,36 These findings support the suggestion that hy-
perammonaemia decreases BCAA not only by the enhanced 
use of their nitrogen for the synthesis of GLU, but also ac-
tivates their oxidation. Enhanced oxidation of the BCAA in 
hyperammonaemic conditions has been reported in a num-
ber of studies.11,12,14,18 Activation of the BCKA dehydroge-
nase, which regulates irreversible oxidation of BCKAs, has 
been shown in the cirrhotic liver of rats with chronic liver 
failure.35

The unaltered concentration of KIV (ketovaline) might 
be explained by impaired gluconeogenesis from VAL in the 
liver (VAL is glucogenic and unlike LEU and ILE is not 
catabolized to acetyl-CoA). The finding is in agreement with 
the report of delayed clearance of VAL and KIV from blood 
in cirrhotic patients and supports the suggestion that people 
with cirrhosis have a diminished tolerance for VAL.36

4.3  |  Alterations in intermediates of TCA 
cycle and adenine nucleotides
The decrease in α-KG in the muscles of rats with cirrhosis 
supports the theory that enhanced ammonia detoxification 
to GLN causes cataplerotic efflux of α-KG from the TCA 
cycle and impairs the energy status of muscles (Figure 5). 
Hyperammonaemia decreased mitochondrial respiration, 
NAD+/NADH ratio, TCA cycle intermediates and ATP con-
tent in C2C12 myotubes.15,16 The cause of the reduction of 
α-KG but no other intermediates of the TCA cycle could be 
compensatory anaplerotic reactions including metabolites of 
ILE and VAL that can enter the TCA cycle via succinyl CoA. 
This speculation is supported by increased succinate concen-
tration in the TIB of cirrhotic rats.

Decreased ATP levels in blood plasma and muscles of 
CCl4-treated animals indicate impaired energy status, which 
may play a role in fatigue and muscle wasting. The data re-
ported in the present study indicate a role of cataplerosis 

F I G U R E   5   Metabolic reactions involved in ammonia 
detoxification to GLN in muscles resulting in enhanced BCAA 
catabolism, cataplerosis of α-KG, mitochondrial dysfunction and 
ATP depletion. In addition, GLN synthesis from GLU catalysed 
by glutamine synthetase is the ATP consuming reaction. Clinical 
manifestations are fatigue and muscle wasting
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induced by ammonia detoxification to GLN. ATP consump-
tion in synthesis of GLN from GLU also may have a role. 
ATP and the total level of adenine nucleotides were mark-
edly reduced in skeletal muscle biopsy specimens of patients 
with liver cirrhosis.37,38 A decrease of 25%-39% in blood 
ATP levels was reported in patients with alcoholic hepatitis 
and both alcoholic and non-alcoholic liver cirrhosis.39

4.4  |  Differences between red and 
white muscles

A number of articles have demonstrated that white muscles 
(fast-twitch, glycolytic) are more sensitive to various sig-
nals when compared with red (slow-twitch) muscles utiliz-
ing glycogen and fat for energy.21,22 In the present study, the 
differences in the effect of cirrhosis on the weight loss and 
protein content in various muscle types were insignificant. 
However, marked differences were manifested in GLN, 
GLU and BCAA levels. In SOL, the increase in GLN con-
centration was higher and the decrease in GLU and BCAA 
lower when compared with EDL. These finding indicate 
higher rates of ammonia detoxification to GLN in SOL (red 
muscle) than in EDL (white muscle). Higher protein turno-
ver and higher BCAA aminotransferase activity in red com-
pared to white muscles might play a role in this metabolic 
difference.21,40

5  |   CONCLUSIONS

We conclude that the rat model of liver cirrhosis induced by 
CCl4 exhibits (i) muscle mass loss and multiple metabolic 
similarities with liver cirrhosis in humans, and (ii) alterations 
in GLN, ALA, BCAA, TCA cycle and ATP concentrations in 
blood plasma and muscles, which are in line with the theory 
of a role of ammonia in the pathogenesis of hepatic cachexia 
and BCAA depletion in patients with cirrhosis. The findings 
also indicate higher rates of ammonia detoxification to GLN 
in red (slow-twitch) than in white (fast-twitch) muscles.
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