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Abstract
Although liver diseases, including non-alcoholic steatohepatitis (NASH), are associated with skeletal
muscle atrophy, the mechanism behind their association has not been fully elucidated. In this study, the
effects of aging and NASH on the skeletal muscle and the interaction between the liver and muscle were
investigated using a diet-induced NASH model in senescence-accelerated mice (SAM). A total of four
groups of SAM and its control mice were fed either an NASH-inducing or control diet. In the SAM/NASH
group, the histopathology of NASH and markers of oxidative stress were signi�cant. Skeletal muscles
were also markedly atrophied. The expression of the ubiquitin ligase Murf1 in the muscle was
signi�cantly increased with muscle atrophy, while that of Tnfa was not signi�cantly different. In contrast,
the hepatic Tnfa expression and serum TNF-α levels were signi�cantly increased in the SAM/NASH
group. These results suggest that liver-derived TNF-α might promote muscle atrophy associated with
steatohepatitis and aging through Murf-1. The metabolomic analysis of skeletal muscle indicated higher
spermidine and lower tryptophan levels in the NASH-diet group. The �ndings of this study revealed an
aspect of liver-muscle interaction, which might be important in developing treatments for sarcopenia
associated with liver diseases.

Introduction
In recent years, the loss of skeletal muscle mass, known as sarcopenia, has attracted signi�cant
attention. Although sarcopenia was initially de�ned as skeletal muscle atrophy or depletion which occurs
with aging 1, studies have revealed that it is associated with a poor prognosis for various diseases,
including hepatic diseases 234. In particular, patients with liver cirrhosis have a poor prognosis because
sarcopenia and obesity may develop as co-morbidities 5. In addition, non-alcoholic steatohepatitis
(NASH) has been reported to correlate with the progression of sarcopenia 6.

The pathogenesis of sarcopenia is considered multifactorial and is caused by an imbalance between the
synthesis and degradation of muscle proteins. Factors regulating muscle mass include exercise,
cytokines, myostatin, cellular energy status, and factors concerning the endocrine system, including
insulin resistance and the levels of circulating insulin-like growth factor (IGF), corticosteroids, and
testosterone 47. Because patients with chronic liver disease have abnormalities in their nutritional,
metabolic, and biochemical status, liver diseases are recognised as common causes of secondary
sarcopenia. Although sarcopenia is one of the major complications of chronic liver disease and the
interaction between the liver and skeletal muscle has been studied, their association has not been fully
understood.

The present study was conducted to elucidate the mechanism underlying NASH-related muscle atrophy
using a diet-induced NASH mouse model. In addition, a senescence-accelerated mouse (SAM) 8 model
was employed to compare the alterations of disease state in the liver and skeletal muscle between aged
and steatohepatitic mice, and to investigate the additive effects of aging on the liver and muscle.
Because liver diseases alter the metabolic status of the whole body, metabolome analysis of the skeletal
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muscle was performed in the mouse model to examine changes in the metabolites under the condition of
muscle atrophy.

Materials And Methods
Animals and Diets. Male senescence-accelerated mouse prone (SAMP) and senescence-accelerated
mouse resistant (SAMR) were purchased from Japan SLC, Inc. (Shizuoka, Japan) and maintained at the
Gifu University Animal Facility under controlled conditions of humidity (50±10%), light (12/12 h light/dark
cycle), and temperature (23±2°C) according to the institutional animal care guidelines. All mice were
housed in plastic cages with free access to drinking water (tap water) and maintained with a choline-
de�cient, L-amino acid-de�ned, high-fat diet (CDAHFD, #A06071302, Research Diets, Inc., New Brunswick,
NJ, USA) or a control diet (#A06071314, Research Diets, Inc.). CDAHFD has been reported to be an NASH-
inducing diet in a previous paper 9. All methods are reported in accordance with ARRIVE guidelines
(https://arriveguidelines.org) and were carried out in accordance with relevant guidelines and regulations.

Experimental Procedure. Fifteen SAMR and 15 SAMP were quarantined for the �rst seven days, following
which they were separated into several groups. Six SAMRs in Group 1 and six SAMPs in Group 2 were fed
the control diet. Nine SAMRs and nine SAMPs were in Groups 3 and 4, respectively, and they were all
given CDAHFD. All mice at 20 weeks of age were euthanised after 12 h of fasting. Blood samples were
collected from the inferior vena cava for clinical chemistry, and organs and tissues, including the liver,
tibialis anterior, and gastrocnemius muscles, were removed for histopathological and biological
examinations. The experimental protocol was approved by the Committee of Institutional Animal
Experiments of Gifu University (authorization code 2020‐267).

Blood Biochemistry. The whole blood was centrifuged, and serum was obtained and used for chemical
analyses. Serum alanine aminotransferase (ALT) levels were determined at a commercial laboratory
(SRL, Inc., Tokyo, Japan). As a marker for oxidative stress in the liver, the levels of
8‐hydroxy‐2’‐deoxyguanosine (8-OHdG) were determined using an ELISA kit (NIKKEN SEIL Co. Ltd.,
Shizuoka, Japan). Serum IGF-1 and TNF-α levels were measured using the IGF-1 Mouse ELISA Kit
(Thermo Fisher Scienti�c Inc., Waltham, MA, USA) and Mouse TNF-alpha Quantikine ELISA Kit MTA00B
(R&D Systems, Inc., Minneapolis, MN, USA), respectively, in accordance with the manufacturer’s protocols.

Histological Analysis and Immunohistochemistry. For histological evaluation, the liver and muscle tissues
were �xed in 10% buffered formalin, embedded in para�n, and stained with haematoxylin and eosin.
Sirius red staining was performed to determine the presence of �brosis in the liver. Histological features
of the liver were evaluated using the non-alcoholic fatty liver disease (NAFLD) activity score (NAS)
system 1011.

RNA extraction and quantitative real-time reverse transcription-PCR analysis. Total RNA was isolated
from the liver and skeletal muscle of the experimental mice using the Rneasy Mini Kit (QIAGEN, Venlo,
Netherlands). cDNA was synthesised from total RNA using a High Capacity cDNA Reverse Transcription



Page 4/17

Kit (Applied Biosystems, Foster City, CA, USA). Quantitative real-time reverse transcription-PCR (RT-PCR)
analysis was performed using the LightCycler 96 System (Roche Diagnostics, Indianapolis, IN, USA) with
LightCycler 480 SYBR Green I Master Mix (Roche Diagnostics). The speci�c primers used for amplifying
Asma, Atrogin1, Col1a1, F4/80, Igf1, Inos, Murf1, Tgfb1, Tnfa, and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) genes were obtained from previous reports 12131415 designed using Primer-
BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The sequences of the primers are listed in
Table 1. The expression levels of these genes were normalised to the level of Gapdh.

Table 1
Primer sequences.

Target gene Forward Reverse

Asma ctctcttccagccatctttcat tataggtggtttcgtggatgc

Atrogin1 GCAAACACTGCCACATTCTCTC CTTGAGGGGAAAGTGAGACG

Col1a1 catgttcagctttgtggacct gcagctgacttcagggatgt

F4/80 ACAAGACTGACAACCAGACGG TAGCATCCAGAAGAAGCAGGCGA

Gapdh GACATCAAGAAGGTGGTGAAGCAG ATACCAGGAAATGAGCTTGACAAA

Igf1 tcggcctcatagtacccact acgacatgatgtgtatctttattgc

Inos CGAAACGCTTCACTTCCAA TGAGCCTATATTGCTGTGGCT

Murf1 ACCTGCTGGTGGAAAACATC CTTCGTGTTCCTTGCACATC

Tgfb1 ACCGGAGAGCCCTGGATACCA TATAGGGGCAGGGTCCCAGACA

Tnfa TGGCCCAGACCCTCACACTCAG ACCCATCGGCTGGCACCACT

Metabolome Analysis. The metabolome measurements were carried out at Human Metabolome
Technologies, Inc. (Tsuruoka, Japan), and the concentrations of the targeted metabolites were measured
and analysed as previously described 16. Brie�y, approximately 50 mg of frozen skeletal muscle was cast
into 50% (v/v) acetonitrile in Milli-Q water with 20 µM internal standards. The tissue was homogenised
and the homogenate was centrifuged. Subsequently, the upper aqueous layer was �ltered by
centrifugation to remove the proteins. The �ltrate was concentrated and resuspended in Milli-Q water for
capillary electrophoresis time-of-�ight mass spectrometry (CE-TOFMS) and capillary electrophoresis–
triple quadrupole mass spectrometry (CE-QqQMS) analysis using an Agilent system (Agilent
Technologies, Santa Clara, CA, USA). Peaks identi�ed in CE-TOF/MS and CE-QqQMS analyses were
extracted using automatic integration software (MasterHands version 2.17.1.11, Keio University) 17 and
MassHunter Quantitative Analysis B.06.00 service pack (Agilent Technologies), respectively.

Statistical Analyses. Hierarchical cluster analysis (HCA) and principal component analysis (PCA) were
performed using the statistical software developed by Human Metabolome Technologies Inc. To compare
speci�c groups, one-way analysis of variance (ANOVA) was used following Shapiro-Wilk normality test. If
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the ANOVA exhibited signi�cant differences, the Tukey-Kramer multiple comparison test was performed
on items to con�rm statistical signi�cance. Kruskal-Wallis test and following Steel-Dwass test were
performed for non-parametric statistical analysis. Data were presented as mean ± standard deviations
and statistical signi�cance was set at P < 0.05.

Results
General observations. The body weight change and the liver weight of the mice in all groups at the end of
the study are shown in Fig. 1. The body weights of the mice in groups 2 and 3 were signi�cantly lower
than those of the group 1 mice. The body weights of the mice in group 4 were signi�cantly lower than
those of the group 3 mice. The relative liver weights of the mice in group 3 were signi�cantly higher than
those of the group 1 mice. The relative liver weights of the mice in group 4 were signi�cantly higher than
those in groups 2 and 3. The results indicate that the weights of the body and liver decreased and
increased, respectively, due to aging and ingestion of CDAHFD.

Aged mice develop severe steatohepatitis due to NASH-inducing diet. The livers of the SAMP fed control
diet showed slight steatosis (Fig. 2A). However, there was no signi�cant difference in the score between
non-aged and aged mice that were provided with the control diet (Fig. 2B). In contrast, the livers of aged
mice that were provided with the NASH-inducing diet exhibited massive macrovesicular steatosis, and the
NAS was markedly higher than that of control mice fed with the same diet (Fig. 2B).

Senescence exacerbates hepatic �brosis following ingestion of NASH-inducing diet. Hepatic �brosis
caused by the NASH-inducing diet was also enhanced in the aged mice (Fig. 2A). With regard to the
hepatic �brosis score according to a previous report 10, the scores of mice fed with the NASH-inducing
diet CDAHFD were signi�cantly higher than those that were provided with the control diet (Fig. 2C). In
addition, the score was markedly higher in aged mice than in control mice, both of which were fed
CDAHFD, suggesting that senescence exacerbates hepatic �brosis. The expression of genes related to
�brosis, including Asma, Col1a1, and Tgfb, was elevated in mice fed with CDAHFD compared to those
given a control diet, and several genes were also signi�cantly upregulated in aged mice (Fig. 2D).

Senescence enhances diet-induced oxidative stress and in�ammation in the liver. The mRNA expression
levels of Inos, which represents the degree of oxidative stress, were markedly higher due to CDAHFD in
aged mice than in control mice. With regard to in�ammatory cytokines, the expression of F4/80 and Tnfa
was also signi�cantly upregulated following CDAHFD in aged mice compared to that in the control (Fig.
3A). The levels of 8-OHdG, a marker of oxidative stress, were signi�cantly higher in the livers of control
mice fed with CDAHFD compared to those fed the control diet, and the levels in aged mice fed with
CDAHFD were markedly higher than those in aged and non-aged mice fed with the control diet and
CDAHFD, respectively (Fig. 3B). Similar to the difference in 8-OHdG levels, the serum ALT levels of the
mice were markedly higher because both non-aged and aged mice were fed with an NASH-inducing diet
(Fig. 3C). Although there was no signi�cant difference in the ALT levels between non-aged and aged mice
fed with the control diet, the levels in aged mice administered with CDAHFD were signi�cantly elevated
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compared to those in non-aged mice. These results suggest that ingesting an NASH-inducing diet causes
oxidative stress, hepatic damage, and in�ammation, which is enhanced in aged mice.

Serum levels of IGF-1 and TNF-α in the experimental mice. The IGF-1 and TNF-α signaling pathways are
involved in protein synthesis and skeletal muscle atrophy, respectively. Therefore, we examined the levels
of circulating IGF-1 and TNF-α in the experimental mice. Although there was no signi�cant difference in
the serum IGF-1 levels among all groups, the levels of serum TNF-α were markedly elevated in mice fed
with CDAHFD compared to those fed with the control diet. In the mice fed with CDAHFD, serum TNF-α
concentrations in aged mice were signi�cantly higher than those in non-aged mice (Fig. 3D). The results
indicated that while aging and consuming an NASH-inducing diet had no effect on serum IGF-1, they led
to elevated TNF-α levels.

Senescence and NASH-inducing diet causes skeletal muscle atrophy in mice. We investigated the effects
of aging and an NASH-inducing diet on the skeletal muscles of mice. Comparing between the non-aged
mice that were fed the control diet and CDAHFD, and between aged mice that were fed the control diet
and CDAHFD, the relative weights of skeletal muscles, tibialis anterior, and gastrocnemius of mice fed
with the NASH-inducing diet were signi�cantly lower than those of mice fed with the control diet (Fig. 4A).
In addition, the muscle weights of aged mice that were administered with CDAHFD were markedly
decreased compared to those in non-aged mice administered with CDAHFD (Fig. 4A). Examining the
muscle �bre areas in the tibialis anterior, smaller muscle �bre areas were observed in both non-aged and
aged mice fed with CDAHFD (Figs. 4B and 4C). In addition, the muscle �bre areas of aged mice fed with
CDAHFD were signi�cantly smaller than in the non-aged mice fed with CDAHFD (Figs. 4B and 4C).

Expression levels of ubiquitin ligases, Igf1, and Tnfa in skeletal muscles of experimental mice. The
ubiquitin ligases atrogin-1 and muscle RING-�nger protein (MuRF)-1 are important regulators of ubiquitin-
related protein degradation in skeletal muscles, thereby contributing to muscle atrophy 18. In this study,
the mRNA expression levels of ubiquitin ligases, Atrogin1 and Murf1, growth factor Igf1, and pro-
in�ammatory cytokine Tnfa in skeletal muscles were determined by qRT-PCR. There was no signi�cant
difference in the levels of Atrogin1 among all groups (Fig. 4D). On the other hand, the levels of Murf1
were markedly increased in skeletal muscles of mice fed CDAHFD compared to their control groups. In
addition, in mice administered with CDAHFD, the levels of Murf1 in aged mice were signi�cantly higher
than those in non-aged mice. There was no signi�cant difference in the levels of Igf1 and Tnfa among the
groups.

Aging and NASH-inducing diet causes metabolic alterations in skeletal muscles. In previous studies,
metabolome analyses using skeletal muscles have been performed to investigate aging-related metabolic
alterations in muscles 19. In this study, we also performed the metabolome analysis of mouse skeletal
muscles to examine the effects of aging and an NASH-inducing diet on the muscles, and to investigate
whether the metabolic alterations were related to skeletal muscle atrophy. Figs. 5A and 5B show a
principal component analysis (PCA) of metabolomics and a heat map of targeted metabolites in skeletal
muscles from all the experimental groups of mice. According to the PCA and heat map, it was suggested
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that the metabolites in skeletal muscles were altered by aging and consuming an NASH-inducing diet,
and that there appeared to be similar alterations in aged mice fed with the control diet and non-aged mice
fed with the NASH-inducing diet. Subsequently, a more detailed analysis of individual metabolites
revealed that several metabolites, including spermidine and tryptophan, were affected by aging or
consuming CDAHFD (Fig. 5C). Among them, the levels of spermidine and tryptophan were signi�cantly
up- and down-regulated, respectively, due to the NASH-inducing diet in non-aged mice. The levels of
spermidine also tended to be higher in aged mice than in non-aged mice fed with a control diet.

Discussion
Sarcopenia is known as one of the major complications of liver diseases. Recent studies have revealed
that aging contributes to an increased prevalence of NAFLD/NASH and that sarcopenia is associated
with the progression of NASH; however, the detailed mechanisms through which hepatic diseases lead to
skeletal muscle atrophy are not fully understood. In this study, the impact of aging and steatohepatitis on
skeletal muscle atrophy was investigated using an SAM model fed with an NASH-inducing diet. The
�ndings of the present study demonstrated the potential mechanism through which TNF-α, produced in
the liver showing steatosis and �brosis, might induce skeletal muscle atrophy by enhancing the ubiquitin-
related pathway.

The most noteworthy aspect of this study was the inter-organ crosstalk between the liver and muscle
through an in�ammatory cytokine. Another interesting point might be the in�uence of senescence on
steatohepatitis. Because aging is reported as an independent risk factor for NASH progression,
researchers have attempted to reveal the interaction between aging and NAFLD/NASH. Senescent cells in
the liver have recently attracted attention because cell senescence plays a role in age-associated
dysfunction in various organs, including the liver. Using p16 as a marker for senescent cells, these cells
were isolated, and speci�c removal or elimination of senescent cells in the NAFLD/NASH mouse models
resulted in improved hepatic disease states 2021. In a study comparing young and elderly mice, Ishibashi
et al. reported that aging exacerbates steatohepatitis due to alterations in hepatic lipid metabolism;
elderly mice fed with a high-fat diet exhibited severe steatohepatitis and lipotoxicity, increased
in�ammation, and enhanced oxidative stress in the liver 22. Consistent with the results of the
aforementioned study, this study indicated that aged mice fed with an NASH-inducing diet showed
exacerbated steatohepatitis and �brosis and enhanced oxidative stress in the liver compared to non-aged
mice. These results suggest that aged mice are susceptible to the development of diet-induced
steatohepatitis.

Metabolome analysis has contributed to novel discoveries in diseases or abnormal states of various
organs, including skeletal muscle 16192324. In this study, we examined the changes in metabolites in the
skeletal muscle by comprehensive analysis using CE-TOFMS and CE-QqQMS in order to compare
between aged and non-aged mice and between mice fed with an NASH-inducing diet and its control diet.
Interestingly, PCA and hierarchical cluster analysis showed metabolic alterations in skeletal muscles due
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to aging and consuming an NASH-inducing diet, and similarity of metabolic changes in aged mice fed
with the control diet and non-aged mice fed with the NASH-inducing diet.

Subsequent analyses for individual metabolites, however, revealed that only a few metabolites showed
signi�cant differences among the experimental groups, which appeared to be due to the small number of
samples in each group. Among the metabolites exhibiting differences, spermidine and tryptophan were
detected with a statistically signi�cant difference. Although it has been reported that spermidine, a type
of polyamine, is decreased in atrophic skeletal muscle in aged mice and supplementation with polyamine
may improve sarcopenia 19, spermidine in this study was increased in atrophic muscles. This discrepancy
was probably caused by the differences in study design and animal model. We could not provide a
conclusive answer to why spermidine was increased, but we suspect that polyamine utilization, which is
required for muscle growth and maintenance, was impaired. Because details of the relationship between
intramuscular polyamine levels and muscle atrophy are not fully understood 25, further research is
required to investigate the exact role of polyamine in skeletal muscles. Tryptophan is an important amino
acid that maintains the skeletal muscle 16. In this study, the levels of muscular tryptophan was found to
be decreased in atrophic muscle, and a marked difference was observed between non-aged mice that
were fed with the NASH-inducing and control diets. There was no signi�cant difference in tryptophan
levels among aged mice, regardless of diet. These �ndings suggested that tryptophan is associated with
skeletal muscle atrophy induced by CDAHFD in non-aged mice, and that age mice may already be
de�cient in intramuscular tryptophan and hence, CDAHFD administration did not affect the results.

In the present study, skeletal muscle atrophy, which is correlated with the degree of steatohepatitis, was
observed, especially in the experimental group of aged mice that were administered an NASH-inducing
diet. Protein synthesis and degradation in the skeletal muscle are regulated mainly by IGF-1 and TNF-α
signalling, where IGF-1 functions for synthesis through PI3K/mTOR and TNF-α induces degradation by
enhancing ubiquitin ligase 1826. Among the ubiquitin ligases, MuRF-1 is known to be regulated by TNF-α,
while atrogin-1 is controlled for forkhead box-containing protein (FoxO) which is negatively regulated by
IGF-1 18. In this study, there were no signi�cant differences in the mRNA expression levels of Igf1 in the
liver and muscle, and the serum IGF-1 concentration among all groups, suggesting that skeletal muscle
atrophy in this mouse model was not related to IGF-1 signalling. However, the levels of hepatic Tnfa
mRNA expression and serum TNF-α were increased in aged and CDAHFD-fed mice, although the Tnfa
expression in muscle showed no signi�cant differences among groups. These �ndings suggested that
skeletal muscle atrophy is induced by TNF-α, which is transported from the liver with steatosis and
in�ammation.

The role of TNF-α in skeletal muscle atrophy has been extensively investigated 272829303132. In one study,
the authors demonstrated that TNF-α produced in �brotic liver was transported to muscle through the
bloodstream, leading to atrophy of skeletal muscle. They also conducted an in vitro study using a muscle
cell line and serum from mice with liver �brosis, indicating an exclusive impact of serum TNF-α on
myotube atrophy. Consistent with the �ndings of the aforementioned study, the results from this study
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revealed that TNF-α acts as an important cytokine to induce hepatic disease-related skeletal muscle
atrophy.

In summary, the present study indicated that senescent liver is susceptible to steatosis and �brosis due to
enhanced oxidative stress, and that TNF-α released from steatotic and �brotic liver might induce
NAFLD/NASH-associated skeletal muscle atrophy (Fig. 6). As was also suggested by a previous report 30,
this liver-muscle crosstalk has clinical signi�cance because TNF-α is considered as one of the essential
factors for skeletal muscle atrophy promoted by hepatic diseases, and this circulating cytokine can be a
potential target for the prevention and treatment of NAFLD/NASH-associated skeletal muscle atrophy.
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Figure 1

Body weight change and relative weights of liver. (A) Body weight change of the experimental mice during
the study. Weights are presented as relative to 1 at starting point. (B) Relative weights of liver of the
experimental mice at the end of study. Data are the means and standard deviations. *P < 0.05. CDAHFD,
cholin-de�cient L-amino acid-de�ned high fat diet; P8, senescence-accelerated mouse prone (SAMP8,
aged mouse); R1, senescence-accelerated mouse resistant (SAMR1, control mouse).
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Figure 2

Effects of aging and NASH-inducing diet on hepatic steatosis and �brosis. (A) Histopathological
alterations in the liver were evaluated by staining with haematoxylin and eosin and Sirius Red. Bars, 200
μm. (B) NAFLD activity scores (NAS). (C) Fibrosis scores. (D) mRNA expression levels in the liver
evaluated among all groups using qRT-PCR. Data are the means and standard deviations. *P < 0.05.
CDAHFD, cholin-de�cient L-amino acid-de�ned high fat diet; P8, senescence-accelerated mouse prone
(SAMP8, aged mouse); R1, senescence-accelerated mouse resistant (SAMR1, control mouse).



Page 14/17

Figure 3

Effects of aging and NASH-inducing diet on in�ammation and oxidative stress in liver and serum IGF-1
and TNF-α. (A) mRNA expression levels in liver were evaluated among all groups using qRT-PCR. (B)
Oxidative stress in the liver evaluated using levels of 8‐hydroxy‐2'‐deoxyguanosine (8-OHdG). (C) The
values of serum alanine aminotransferase (ALT). (D) Values of serum IGF-1 and TNF-α measured using
ELISA. Data are the means and standard deviations. *P < 0.05. ALT, alanine transaminase; CDAHFD,
cholin-de�cient L-amino acid-de�ned high fat diet; IGF, insulin-like growth factor, P8, senescence-
accelerated mouse prone (SAMP8, aged mouse); R1, senescence-accelerated mouse resistant (SAMR1,
control mouse).
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Figure 4

Effects of aging and NASH-inducing diet on skeletal muscle. (A) Relative weights of lower limb muscles,
including tibialis anterior and gastrocnemius, of the experimental mice at the end of the study. (B)
Histopathological alterations in tibialis anterior muscle were evaluated by staining with haematoxylin and
eosin. Bars, 100 μm. (C) Cross-section muscle �bre area was measured. (D) mRNA expression levels in
the skeletal muscle were evaluated among all groups using qRT-PCR. Data are the means and standard
deviations. *P < 0.05. CDAHFD, cholin-de�cient L-amino acid-de�ned high fat diet; P8, senescence-
accelerated mouse prone (SAMP8, aged mouse); R1, senescence-accelerated mouse resistant (SAMR1,
control mouse).
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Figure 5

Metabolome analyses of skeletal muscle. (A) Principal component analysis to compare the experimental
mouse groups. (B) Hierarchical cluster analysis (heatmap). (C) Comparing individual metabolite among
groups. *P < 0.05. CDAHFD, cholin-de�cient L-amino acid-de�ned high fat diet; P8, senescence-
accelerated mouse prone (SAMP8, aged mouse); R1, senescence-accelerated mouse resistant (SAMR1,
control mouse).
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Figure 6

Assumed interacting mechanism for the pathogenesis of steatotic and �brotic liver-induced skeletal
muscle atrophy. Protein synthesis and degradation in the skeletal muscle are regulated mainly by IGF-1
and TNF-α signalling, where IGF-1 functions for synthesis through PI3K/mTOR and TNF-α induces
degradation by enhancing ubiquitin ligase, such as Murf-1. The results of this study indicate that skeletal
muscle atrophy is exacerbated by elevated serum TNF-α, which is derived from steatotic and �brotic liver,
in mice fed an NASH-inducing diet.


