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ARTICLE INFO ABSTRACT

Keywords: Background & aims: Sarcopenia, a prevalent condition, significantly impacts the prognosis of patients with
Decompeflsate‘i cirrhosis decompensated cirrhosis (DC). Serum fibroblast growth factor 21 (FGF21) levels are significantly higher in DC
Sarcopenia patients with sarcopenia. Satellite cells (SCs) play a role in aging- and cancer-induced sarcopenia. Here, we
Fibroblast growth factor 21 . . . . . .

Klotho beta investigated the roles of FGF21 and SCs in DC-related sarcopenia as well as the underlying mechanisms.
Satellite cell Methods: We developed two DC mouse models and performed in vivo and in vitro experiments. Klotho beta (KLB)
PI3K/Akt knockout mice in SCs were constructed to investigate the role of KLB downstream of FGF21. In addition, bio-

logical samples were collected from patients with DC and control patients to validate the results.

Results: Muscle wasting and impaired SC myogenesis were observed in the DC mouse model and patients with
DC. Elevated circulating levels of liver-derived FGF21 were observed, which were significantly negatively
correlated with skeletal muscle mass/skeletal muscle index. Liver-secreted FGF21 induces SC dysfunction,
contributing to sarcopenia. Mechanistically, FGF21 in the DC state exhibits enhanced interactions with KLB on
SC surfaces, leading to downstream phosphatase and tensin homolog upregulation. This inhibits the protein
kinase B (PI3K/Akt) pathway, hampering SC proliferation and differentiation, and blocking new myotube for-
mation to repair atrophy. Neutralizing circulating FGF21 using neutralizing antibodies, knockdown of hepatic
FGF21 by adeno-associated virus, or knockout of KLB in SCs effectively improved or reversed DC-related
sarcopenia.

Conclusions: Hepatocyte-derived FGF21 mediates liver-muscle crosstalk, which impairs muscle regeneration via
the inhibition of the PI3K/Akt pathway, thereby demonstrating a novel therapeutic strategy for DC-related
sarcopenia.

an incidence rate of 46.7 % [4], leading to increased postoperative
complications, prolonged ICU stay, and reduced survival rate [5,6].
Current strategies for improving sarcopenia include nutritional supple-
mentation, resistance exercise, blood ammonia reduction, and hormone
replacement therapy; however, these strategies have exhibited limited

1. Introduction

Liver cirrhosis, a chronic liver disease characterized by progressive

and irreversible liver dysfunction, accounts for 2.4 % of all deaths
worldwide [1]. Once liver cirrhosis progresses to the decompensated
stage, the median survival time of patients is shortened to 2-4 years, and
the ultimate treatment is liver transplantation (LT) [2]. In China,
approximately half of the patients who undergo LT are diagnosed with
decompensated cirrhosis (DC) [3]. However, these patients are prone to
sarcopenia (skeletal muscle mass loss and dysfunction) before LT, with

effectiveness [7]. Therefore, it is necessary to further understand the
pathophysiological mechanisms underlying DC-related sarcopenia to
develop novel therapeutic strategies.

Previous studies have indicated an indirect link between the liver
and skeletal muscles. Liver dysfunction during DC leads to elevated
blood ammonia and estrogen levels, resulting in decreased skeletal
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List of abbreviations

AAV adeno-associated virus
ALT alanine aminotransferase
AST aspartate aminotransferase
CCL4 carbon tetrachloride

DC decompensated cirrhosis

DDC 5-diethoxycarbonyl-1,4-dihydrocollidine

FGF15 fibroblast growth factor 15
FGF19 fibroblast growth factor 19
FGF21 fibroblast growth factor 21
FGF23 fibroblast growth factor 23
GC gastrocnemius

KLB klotho beta

LT liver transplantation

MELD Model for End-Stage Liver Disease
Myf5 myogenic factor 5

Myod myogenic differentiation

Myog myogenin

NC normal control

PI3K/Akt protein kinase B

Pax7 paired box protein 7

PTEN phosphatase and tensin homolog
SCs satellite cells

TA tibialis anterior muscle

muscle protein synthesis and increased catabolism [8,9], contributing to
muscle wasting. The liver is an endocrine organ that performs metabolic
functions. The increased release of hepatokines in circulation, which is
triggered by liver damage, may directly affect the cardiovascular sys-
tem, brain, kidneys, and lungs [10-12]. However, the direct relationship
between the liver and skeletal muscle loss in DC has not been elucidated
thus far.

In addition to regulating protein synthesis and catabolism, muscle
stem cells (termed satellite cells, SCs) are pivotal in preserving skeletal
muscle mass. Positioned between the basal lamina of muscle fibers and
the plasma membrane, SCs rapidly proliferate and differentiate to
regenerate new muscle fibers to repair damaged myotubes following
muscle injury [13]. SC dysfunction leads to age-related and
cancer-induced muscle wasting, underscoring their significance in
maintaining muscle mass [14,15]. In a mouse model of portosystemic
shunting-induced cirrhosis, SC dysfunction contributed to muscle loss,
indicating their involvement in cirrhosis-related sarcopenia [16].
Maintaining normal SC function is a promising strategy for sarcopenia
treatment. However, the effects of hepatokines on SCs in DC have not yet
been reported.

The fibroblast growth factor (FGF) family consists of 22 related
proteins divided into seven subfamilies [17]. FGF21, belonging to the
FGF19 subfamily, is primarily secreted by the liver, acting as an endo-
crine factor due to its lack of affinity for heparin sulfate, and plays a role
in regulating glucose and lipid metabolism via the receptor
FGFR1-2/klotho beta (KLB) [18]. Under healthy conditions, FGF21 does
not influence skeletal muscle homeostasis [19]. FGF21 can have anti
diabetic cardiomyopathy effects through the FGF21-KLB-SIRT3 axis
[20], and may play a role in the treatment of stroke by reducing the
activity of the NF-kB pathway and improving the PPAR-y pathway
through its actions on FGFR1 [21]. However, it may act as a causative
factor or mediator of skeletal muscle atrophy in animal models of fasting
[22] or mitochondrial deficiency [23]. Interestingly, serum FGF21 levels
are significantly higher in liver cirrhosis patients with sarcopenia than in
those without [24]. Surprisingly, the receptor for FGF21 (FGFR1) has
also been detected in SCs [25]. Thus, we hypothesized that FGF21 may
be involved in DC-related sarcopenia caused by SC dysfunction; how-
ever, the underlying molecular mechanism has not yet been elucidated.

The aim of this study was to investigate the roles of FGF21 and SCs in
DC-related sarcopenia, and to elucidate the underlying mechanisms.

2. Materials and methods
2.1. Patients

Patients with DC who underwent LT and those with cholelithiasis (as
controls) were enrolled at Jinling Hospital. Liver, rectus abdominis and
blood samples were obtained from these patients. This study conformed
to the ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Ethics Committee of Jinling Hospital (No. 2023DZKY-
118-01), written informed consent was obtained from each patient.

2.2. Animals and treatment

All experimental animals were housed in a specific pathogen-free
facility under a 12-h light/dark cycle with ad libitum access to food
and water. C57BL/6J mice were purchased from Gem Pharmatech
(Nanjing, China).

Two animal models were used to simulate the link between the liver
and skeletal muscles. Male C57BL/6J mice (aged 8-12 weeks) were
randomized and received a normal diet (NC) (Dyets, AIN-93G, USA) or a
diet supplemented with 0.1 % 5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) (Dyets, D200309, USA) for 12 weeks, detailed formulations are
provided in Table S3. For carbon tetrachloride (CCL4) (Sigma, 56-23-5,
USA) administration, CCL4 was mixed with olive oil at a volume ratio of
1:4. 8-12 weeks old male C57BL/6J mice were randomly assigned to
receive two intraperitoneal injections of CCl4 (5 pl/g body weight) or
olive oil (5 pl/g body weight; control group) every week on Tuesday and
Friday for six consecutive weeks. At the end of the experiment, the
gastrocnemius (GC) muscle, tibialis anterior muscle (TA), soleus muscle,
liver, kidney, heart, pancreas, and blood samples were collected after
euthanization under anesthesia and stored at — 80 °C until processing.

Mice with Pax7-CreER carries the Cre recombinase gene, the
expression of which is regulated by Pax7 promoter, which can target the
recombinase to skeletal muscle satellite cells. Mice with KLB-specific
deletions in SCs were generated by crossing mice carrying the Pax7-
CreFR and KLBIo¥flox gijele, K1.BSC/XO (KLB-specific knockout in SCs)
was designated as Pax7-CreER "/~ along with KLB1**/1°% and KLBS¢/WT
(as control) was designated as Pax7-CreER /"~ along with KLpflox/flox
KLBS®XC mice were developed via intraperitoneal injection of tamox-
ifen (dissolved in corn oil, 15 mg/ml), which was administered for seven
days. The Pax7-CreER mice were obtained from Prof Liwei Xie at the
Institute of Microbiology (Guangdong Academy of Sciences, China), and
were originally purchased from The Jackson Laboratory (Stock No.
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Fig. 1. Liver cirrhosis mouse model exhibited muscle atrophy and SC dysfunction

(A) Weekly changes in body weight in NC and 0.1 % DDC mice (n = 7 mice). (B) Left panel: Liver weight. Right panel: A representative image of the liver of NC and
0.1 % DDC mice at 12 weeks (n = 7 mice). (C) Ratio of skeletal muscle weight to body weight. (D) Weight of the skeletal muscle tissue in NC and 0.1 % DDC mice (n
= 7 mice). (E) Measurement of blood ALT and AST levels (n = 7 mice). (F) Total protein extracts from the GC muscle of NC and 0.1 % DDC mice were immunoblotted
with the indicated antibodies (n = 3 mice), and GAPDH was used as a control. (G) qRT-PCR analysis of the markers of satellite cell function in GC muscle (n = 3
mice). Data are represented as mean + SD. Student’s t-test was used to analyze statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: NC,
normal control; DDC, 5-diethoxycarbonyl-1,4-dihydrocollidine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GC, gastrocnemius; qRT-PCR,

Quantitative reverse transcription PCR.

017763). KLB1*1°% mjce (Stock No. T009570) were purchased from
GemPharmatech (Nanjing, China).

2.3. Statistical analyses

The Student’s t-test was used for comparisons between the two
groups. Comparisons between multiple groups were performed using
one-way ANOVA, and Bonferroni correction, Tukey’s HSD, or Fisher’s
LSD test were used for significance level correction. Spearman’s analysis
was performed to evaluate correlations between the two groups. Sta-
tistical significance was set at P < 0.05. The aforementioned analyses
were performed using GraphPad Prism software (version 8.0.2).

Power analysis: based on relevant data available in this investiga-
tion, the mean difference in serum FGF21 concentrations between the
control and patients with DC was —105.3, with standard deviations of
36.1 and 34.5, respectively. Taking into account an alpha error level at
two tails of 5 %, the study had 100 % power.

Additional methods are described in the Supplemental Materials and
Methods.

3. Results

3.1. Mice with liver cirrhosis exhibited muscle wasting and the decreased
myogenic capacity of SCs

We developed a diet-induced liver cirrhosis mouse model by
administering 0.1 % DDC to mice. After 12 weeks of intervention, the
body weight of the 0.1 % DDC mice was consistently lower than NC mice
from the first week (Fig. 1A). At the same time, the livers of these mice
were notably enlarged and accounted for approximately 8.2 % of the
total body weight (Fig. 1B). Additionally, analysis of the three skeletal

muscles, the GC, TA, and soleus, suggested that the proportion of skel-
etal muscle weight decreased, and total skeletal muscle weight was
substantially reduced in 0.1 % DDC mice, with apparent atrophy of the
GC (Fig. 1C-D and Fig. S1A). This was further confirmed by the body
composition analysis results (Figs. SIC-D). The serum transaminase
concentration was significantly higher in 0.1 % DDC mice than in NC
mice (Fig. 1E). Histological staining revealed structural disorders of the
liver lobulae, fibrotic cord formation, and pseudolobulae, which were
confirmed by the Ishak score in 0.1 % DDC mice (Figure S1E and
Figure S1F). Hence, 0.1 % DDC mice exhibited a marked decline in liver
function and structure, consistent with DC. Furthermore, mean cross-
sectional area (CSA) analysis of the GC muscle showed that the result-
ing average fiber size was significantly decreased in 0.1 % DDC mice
when compared to that in NC mice (1174 pm? vs 2049 pm?, Fig. S1B).
The grip strength of the limbs was also markedly reduced in 0.1 % DDC
mice when compared to NC mice (Fig. S1G). However, these changes
were not related to food intake (Fig. S1H). Additionally, the CCL4-
induced liver cirrhosis mouse model (Figs. S2A and S2D) exhibited
discernible body weight loss (Fig. S2B), GC muscle mass reduction
(Fig. S2B), grip strength reduction (Fig. S2C), and a significantly lower
mean CSA of the GC muscle (Fig. S2E) compared to NC mice after 6
weeks of intervention.

Finally, we observed increased protein expression of the muscle
atrophy-related genes encoding Atrogin-1 and MuRF-1 (Fig. 1F). The
mRNA expression of paired box protein 7 (Pax7), myogenic differenti-
ation (Myod), myogenic factor 5 (Myf5), and myogenin (Myog) was
significantly decreased (Fig. 1G) in 0.1 % DDC mice compared to NC
mice. Overall, sarcopenia developed in mouse models of liver cirrhosis
along with impaired SC function.
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Fig. 2. Excessive FGF21 secretion by the liver is positively correlated with skeletal muscle atrophy in the liver cirrhosis mouse model

(A) Left panel: Venn diagram displaying overlapping genes between the liver tissues of 0.1 % DDC and NC mice (n = 4 per group); Right panel: GO (biological
process) analysis indicating up- and downregulated genes in 0.1 % DDC and NC mice. (B) GSEA of pathways upregulated in response to growth factor activity. (C)
The expression pattern of genes involved in the gene set related to growth factor activity is shown. (D) qRT-PCR analysis of Fgf21 in different organs of 0.1 % DDC
and NC mice (n = 4 mice). (E) Top panel: Total protein extracts from the GC muscle of NC and 0.1 % DDC mice were immunoblotted with FGF21 antibodies (n = 5
mice), and GAPDH was used as a control. Bottom panel: Semi-quantitative analysis. (F) Top panel: Blood FGF21 measurement (n = 7 mice); Bottom panel:
Spearman’s correlation analysis of serum FGF21 and skeletal muscle mass. Data are represented as mean + SD. Student’s t-test was used to determine statistical
significance, unless otherwise stated. *P < 0.05, **P < 0.001, ***P < 0.001. Abbreviations: NC, normal control; DDC, 5-diethoxycarbonyl-1,4-dihydrocollidine; GO,
Gene ontology; GSEA, Gene Set Enrichment Analysis; GC, gastrocnemius; qRT-PCR, Quantitative reverse transcription PCR.

3.2. Excessive secretion of FGF21 by the cirrhotic liver is positively

Table 1 correlated with skeletal muscle atrophy

Characteristics of patients received nutritional support, physical activity, and
grip strength.

RNA-Seq was performed to analyze the liver tissues of NC and 0.1 %

Controls Decompensated P DDC mice. Heat maps of gene expression in the liver indicated signifi-

clrrhosis value cant differences in the expression trends (Fig. S2F). These genes could be

Received nutritional 3(12.5%) 15 (31.25 %) 0.071 divided into two clusters: clusters I and II with progressively increasing
5_;‘:: 52:;:5231 d test (5) .54 10.51 (9.67-12.04) 0.057 and decreasing expressions, respectively. A total of 4643 differentially
(7.49-10.98) expressed genes (DEGs) were identified, of which 2502 were upregu-

Handgrip strength (kg) 32.3 26.1 (20.1-32.2) 0.212 lated and 2141 were downregulated in 0.1 % DDC mice when compared
(24.3-37.3) to NC mice (Fig. 2A). Gene Ontology (GO) analysis revealed significant

downregulation of muscle proliferation and differentiation in the bio-
logical processes, whereas growth factor activity and cytokine secretion
were significantly upregulated in the livers of 0.1 % DDC mice (Fig. 2A).
The upregulation of growth factor activity (Fig. 2B) and growth factor
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Fig. 3. Increased production of FGF21 and impaired function of muscle satellite cells in patients with decompensated cirrhosis

(A) Left panel: The representative images of skeletal muscle in L3 plane and H&E staining of rectus abdominis muscle in control patients and those with decom-
pensated cirrhosis. Scale bars: 100 um. Right panel: Cross-sectional areas (um?) of rectus abdominis muscle of control patients and those with decompensated
cirrhosis (n = 7 patients in the control group; n = 6 patients in the decompensated cirrhosis group). (B) FGF21 blood levels in the control group (n = 24 patients) and
the decompensated cirrhosis group (n = 48 patients). (C) Spearman’s correlation analysis of serum FGF21 and SMI. (D) Spearman’s correlation analysis of serum
FGF21 and Child-Pugh score. (E) Spearman’s correlation analysis of serum FGF21 and MELD score. (F) Upper panel: representative images of immunofluorescent
staining for Pax7 (red) and laminin (green) in the rectus abdominis muscle section from control patients and those with decompensated cirrhosis. Nuclei were labeled
with DAPI (blue). Scale bars: 20 pm. Lower panel: The average number of Pax7" SCs per section of rectus abdominis muscle of control patients and those with
decompensated cirrhosis (n = 3 patients). (G) Upper panel: representative images of immunofluorescent staining for Pax7 (red) and MyoD (green) in the rectus
abdominis muscle section from control patients and those with decompensated cirrhosis. Nuclei were labeled with DAPI (blue). Scale bars: 20 pm. Lower panel: The
average number of Pax7 "MyoD" and Pax7 MyoD" SCs per section of rectus abdominis muscle of control patients and those with decompensated cirrhosis (n = 3
patients). The data are shown as mean =+ SD. Student’s t-test was used to determine statistical significance unless otherwise stated. *P < 0.05, **P < 0.01, ***P <
0.001. Abbreviations: H&E, hematoxylin and eosin; qRT-PCR, Quantitative reverse transcription PCR; SMI, skeletal muscle index; MELD, Model for end-stage liver

disease. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

receptor binding-related (Fig. S2G) biological functions in the 0.1 %
DDC group was also confirmed by Gene Set Enrichment Analysis
(GSEA), with FGF21 being the first upregulated gene (Fig. 2C). QqRT-PCR
indicated that FGF21 mRNA levels were significantly increased in the
livers of 0.1 % DDC mice (Fig. 2D), which was further confirmed by
western blotting and immunohistochemistry (Fig. 2E and S2H). Simul-
taneously, serological FGF21 concentrations increased in 0.1 % DDC
mice (Fig. 2F) and were negatively correlated with skeletal muscle mass
(r = —0.774, P < 0.001, Fig. 2F). Interestingly, we observed the same
phenotype in CCL4 mice with increased hepatic FGF21 mRNA (Fig. S2.J)
and blood FGF21 levels (Fig. S2K), which were negatively correlated
with muscle weight (Fig. S2L). No differences in the mRNA levels of
endoplasmic reticulum (ER) stress marker (ATF4, Fig. S2I) were noted in
the liver. Hence, excessive FGF21 production and release into the blood
during cirrhosis may be associated with skeletal muscle wasting.

3.3. Increased production of FGF21 and decreased SC function in patients
with DC

In a cohort of patients withDC who underwent LT (48 serum samples
and 26 skeletal muscle and liver tissues) and patients with hepatic
hemangioma who underwent hepatectomy (24 serum samples and 10
skeletal muscle and liver tissues), we observed that patients withDC
exhibited a higher rate of nutritional support, a longer 5-time chair stand
test, and a lower grip strength; however, the differences were not sta-
tistically significant (Table 1). We measured the skeletal muscle area at
the third lumbar level, performed hematoxylin & eosin (H&E) staining
of the rectus abdominis muscle and quantitative analysis of the mean
CSA of muscle fibers. In patients with DC when compared to those in the
control group, the results revealed increased skeletal muscle loss in
abdominal CT images, the rectus abdominis is atrophied in cross-section
and partially converted into a triangular shape in HE staining, and a
significantly reduced mean CSA (390 pm? vs. 1386 pm? Fig. 3A).
Immunohistochemistry and qRT-PCR confirmed that FGF21 protein and
mRNA levels were markedly increased in cirrhotic livers (Figs. S4A-B).
Consistent with the mouse models, serum FGF21 was also significantly
elevated in patients with DC (Fig. 3B) and inversely correlated with
skeletal muscle index (SMI) (r = —0.588, P < 0.001; Fig. 3C). In addi-
tion, blood FGF21 concentrations were moderately positively correlated
with the Child-Pugh score (r = 0.307, P = 0.022; Fig. 3D) but not with
the Model for End-Stage Liver Disease (MELD) score (Fig. 3E). FGF15/19
and 23 also belong to the FGF19 subfamily and share functional simi-
larities with FGF21. We found that there was no significant difference in
FGF19 (Fig. S3A) and FGF23 (Fig. S3B) mRNA expression between liver
and skeletal muscle tissues from controls and patients with DC. Although
the liver serum FGF19 (Fig. S3C) and FGF23 (Fig. S3D) concentrations

were significantly higher in patients with DC, there was no significant
correlation between serum FGF19/23 and skeletal muscle index
(Figs. S3C-S3D). Consistent with the patient results, FGF15/23 mRNA
expression in the liver and skeletal muscle did not change significantly
after 12 weeks of 0.1 % DDC feeding in the mouse model (Figs. S3E-F).
Serum FGF15/23 in 0.1 % DDC mice was higher than that in NC mice;
however, there was still no marked correlation between FGF15/23 and
skeletal muscle mass (Figs. S3G-H). These results suggest that FGF15/19
and FGF23 are not involved in the effects of the liver on skeletal muscle
wasting in DC.

Here, we visually examined the number of SC and the status of SC
proliferation and differentiation using immunofluorescence staining.
The number of Pax7-positive myofibers, Pax7 Myod double-positive,
and Myod single-positive muscle fibers was significantly reduced in
patients with DC (Fig. 3F and G). Furthermore, western blotting and
quantitative analysis revealed impaired myogenic capacity of SCs in
patients with DC (Figs. S4C and S4D), which was indicated by low Pax7,
Myod, and myosin heavy chain expression. Hence, DC induces increased
FGF21 production in patients, leading to elevated circulating levels
upon release into the bloodstream. This may induce SC dysfunction,
leading to skeletal muscle atrophy.

3.4. Liver-produced FGF21 affects skeletal muscle mass and SC via blood
circulation

Since the blood FGF21 levels were elevated and significantly nega-
tively correlated with skeletal muscle mass/SMI in both liver cirrhosis
mouse models and human patients, we can assume that it may be
associated with skeletal muscle loss. We aimed to reduce in vivo circu-
lation of FGF21 to modulate the corresponding signaling pathway.

NC and 0.1 % DDC mice received FGF21 neutralizing antibody (100
pg/kg) or IgG starting at 12 weeks of intervention once a day for two
consecutive weeks (Fig. 4A). Neutralization of circulating FGF21
reduced the blood FGF21 concentration in 0.1 % DDC mice to levels
similar to those in the NC mice (Fig. S5A). Administration of anti-FGF21
prevented continued body weight loss in 0.1 % DDC mice (Fig. S5C). In
fact, the 0.1 % DDC mice exhibited a significant increase in global
skeletal muscle mass after treatment; however, it was still lower than
that in the NC mice (Figs. S5D and S5E). This was associated with a
significant improvement in GC muscle weight (Fig. 4B, Figs. S5F and
S5G). Interestingly, blood FGF21 concentrations were negatively
correlated with skeletal muscle mass at the end of treatment (r =
—0.701, P = 0.003; Fig. S5B). After treatment, H&E staining of the GC
muscle indicated that the morphology of the fibers in 0.1 % DDC mice
was restored to normal (Fig. S5H), and the muscle fiber area frequency
distribution curve shifted to the right (Fig. 4C). Surprisingly, both grip
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Fig. 4. Inhibition of serum FGF21 prevents muscle wasting and improves SC function in experimental liver cirrhosis model

(A) Left panel: experimental scheme of the treatment of NC and 0.1 % DDC mice via intraperitoneal injections of IgG or 100 pg/kg of FGF21 neutralizing antibody
administered every day, starting at 12 weeks of age for 2 weeks. Right panel: Representative image of 14-week-old mouse model; body size of NC, 0.1 % DDC, and
0.1 % DDC + Anti-FGF21 mice. (B) Weight of GC muscles of NC, 0.1 % DDC, and 0.1 % DDC + Anti-FGF21 mice (n = 5 mice). (C) Frequency distribution plots of
cross-sectional areas of the GC muscle group of the NC, 0.1 % DDC, and 0.1 % DDC + Anti-FGF21 mice (n = 3 mice). (D) Trends in grip strength in NC, 0.1 % DDC,
and 0.1 % DDC + Anti-FGF21 mice (n = 5 mice). (E) Time to exhaustion in NC, 0.1 % DDC, and 0.1 % DDC + Anti-FGF21 mice (n = 5 mice). (F) Left panel:
Representative images of immunofluorescent staining for Pax7 (red) and laminin (green) in GC muscle sections of NC, 0.1 % DDC, and 0.1 % DDC + anti-FGF21 mice.
The nuclei were labeled using DAPI (blue). Scale bars: 25 pm; Right panel: The average number of Pax7-positive SCs (Pax7 ™) per GC section of three groups of mice
(n = 3 mice). (G) Left panel: Representative images of immunofluorescent staining for Myod (red) and laminin (green) in GC muscle sections of NC, 0.1 % DDC, and
0.1 % DDC + anti-FGF21 mice. The nuclei were labeled using DAPI (blue). Scale bars: 10 pm. Right panel: The average number of Myod-positive SCs (Myod+) per GC
section of three groups of mice (n = 3 mice). Data are shown as mean + SD. The one-way ANOVA was used to analyze statistical significance. * when NC vs. 0.1 %
DDC + anti-FGF21, ® when 0.1 % DDC vs. 0.1 % DDC + anti-FGF21, * when NC vs. 0.1 % DDC. **#P < 0.05, ***% P < 0.01, ***3$$###p _ 0,001. Abbreviations: NC:
normal control; DDC, 5-diethoxycarbonyl-1,4-dihydrocollidine; GC, gastrocnemius; qRT-PCR, quantitative reverse transcription PCR. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Recombinant FGF21 protein inhibited myoblast differentiation in vitro

Redox Biology 76 (2024) 103333

(A) Representative images of immunofluorescence staining for MyHC in C2C12 myoblasts during differentiation after being treated with different concentrations of
recombinant FGF21, respectively. Nuclei were labeled with DAPI (blue). Scale bars: 100 pm. (B) Area of myotubes after treatment with different concentrations of
recombinant FGF21 (n = 3 myotube). (C) Effects of recombinant FGF21 on C2C12 activity and proliferation (n = 4 myotube). (D) Total protein extracts from
myotubes were immunoblotted with the indicated antibodies (n = 3 myotube), and tubulin was used as a control. (F) Quantitative analysis of Western blot (n = 3
myotube) results. The data are shown as mean + SD. One-way ANOVA and Student’s t-test were used to determine statistical significance. *P < 0.05, **P < 0.01. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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strength and endurance in anti-FGF21-treated 0.1 % DDC mice were
restored to levels similar to those in NC mice (Fig. 4D and E). Further-
more, the mRNA levels of the muscular atrophy-related genes were
restored to normal levels after treatment (Fig. S5I).

Next, we evaluated the effect of anti-FGF21 treatment on SC func-
tion. First, the number of SCs was assessed by quantitative analysis of
Pax7-positive immunofluorescence staining results. The number of
Pax7"-SCs increased remarkably in anti-FGF21-treated 0.1 % DDC mice
(Fig. 4F). Second, positive immunofluorescence staining for MyoD™
revealed the initiation of differentiation in SCs, and the number of
MyoD" cells was significantly increased after neutralization with the
FGF21 antibody (Fig. 4G). Finally, the mRNA levels of Pax7 and Myod
significantly increased in 0.1 % DDC mice after intervention (Fig. 4SJ),
confirming the restoration of SC function. Hence, circulating FGF21
negatively affects SCs, leading to skeletal muscle atrophy.

3.5. Recombinant FGF21 protein inhibits myoblast differentiation in vitro

To further elucidate the effect of FGF21 on myoblast differentiation,
recombinant FGF21 protein was added to the culture medium. We set
three concentration gradients (10, 100, and 1000 ng/ml) to explore the
optimal dose for administration. C2C12 myoblasts were then incubated
with different concentrations of recombinant FGF21 protein. Immuno-
fluorescence staining of myosin heavy chain (MyHC) demonstrated that
C2C12 myoblasts incubated with 100 ng/ml of recombinant FGF21 had
the lowest number of myotubes (Fig. 5A). Furthermore, measurement of
the myotube area indicated that the most significant skeletal muscle
atrophy was observed with 100 ng/ml of FGF21 recombinant protein
(Fig. 5B). Cell viability was detected using the CCK-8 assay 48 h after
administration; 100 ng/ml of recombinant protein reduced myoblast
proliferation (Fig. 5C). Consistently, 100 ng/ml of FGF21 recombinant
protein also effectively suppressed the protein expression levels of
myogenesis-related genes, including Myod, Myog, and MyHC, in C2C12
myoblasts during differentiation (Fig. 5D and E). Hence, high concen-
trations of FGF21 lead to myotube atrophy and restrict myoblast dif-
ferentiation, which are detrimental to skeletal muscle growth.

3.6. Skeletal muscle atrophy and SC myogenic function were improved
after liver FGF21 knockdown

We constructed adeno-associated virus (AAV) shFGF21 to knock
down liver FGF21 in NC and 0.1 % DDC mice, and employed AAV
scramble shRNA as a negative control (Fig. 6A). We evaluated whether
AAV shFGF21 exerted a silencing effect in vivo. Tail vein injection of
AAV shFGF21 for 4 weeks reduced the expression of FGF21 in the liver
(Figs. S6A and S6B) and serum (Fig. S6C), indicating highly efficient
liver knockdown.

The efficiency of the knockdown was confirmed by determining the
liver and serum FGF21 concentrations in 0.1 % DDC mice (Fig. 6B). The
body weights of 0.1 % DDC mice increased significantly, whereas AAV
injection had a negligible effect on NC mice (Fig. S6D). Furthermore,
FGF21 knockdown in 0.1 % DDC mice resulted in the significant

enhancement of muscle force and endurance (Fig. 6C and D). Impor-
tantly, the GC and TA muscles in 0.1 % DDC mice were greatly improved
after shFGF21 treatment and were found to be similar to those in NC
mice (Fig. 6E and S6E). Furthermore, serum transaminase did not rise
after FGF21 knockdown in liver, suggesting that FGF21 knockdown of
liver will not aggravate liver injury (Fig. S6F). Quantification of GC
muscle H&E staining (Fig. 6F) revealed a notable shift to the right in the
muscle area curve of 0.1 % DDC mice after FGF21 knockdown, which
was accompanied by a remarkable increase in large muscle fiber size
(>2000 pm?, Fig. 6G). The average CSA was elevated to a level com-
parable to that of the NC group (Fig. 6G). Hence, muscle atrophy in 0.1
% DDC mice was attenuated.

To examine whether the decreased proliferation and differentiation
ability of SCs in sarcopenia could be reversed by shFGF21 treatment, we
performed immunofluorescence staining and qRT-PCR in skeletal mus-
cle. The number of Pax7-positive, Myod-positive (indicating prolifera-
tion), Pax7-negative, and Myod-positive (indicating differentiation)
cells was notably increased, and the mRNA levels of Pax7 and Myod
were markedly increased in 0.1 % DDC mice after FGF21 knockdown
(Fig. 6H and I). Fiber-type analysis revealed that shFGF21 treatment
promoted an increase in the mean CSA of oxidative slow-twitch fibers
(type I, Fig. S6H), oxidative fast-twitch fibers (type Ila, Fig. S6I), and
glycolytic fast-twitch fibers (type IIb, Fig. S6J), which also reflected the
improvement in SC function (Fig. S6G).

3.7. Increased PI3K/AKT signaling in the muscles of 0.1 % DDC mice
following FGF21 inhibition

To identify the downstream signaling pathways influenced by FGF21
inhibition in cirrhotic mouse muscles, we performed a transcriptomic
analysis comparing scrambled shRNA-treated and shFGF21-treated GC
muscles in 0.1 % DDC mice. The gene heatmap and principle component
analysis plot revealed significant differences in gene expression between
the two groups (Fig. 7A). Compared with scrambled shRNA-treated
control mice, 705 DEGs were noted in shFGF21-treated mice, among
which the expressions of 306 were upregulated and 397 were down-
regulated (Fig. 7B). GO analysis (biological process) identified genes
that were primarily involved in the regulation of skeletal muscle
development and muscle cell homeostasis. Downregulated DEGs were
involved in the regulation of mitochondrial depolarization, positive
regulation of collagen biosynthetic processes, I-kappaB phosphoryla-
tion, and lipid biosynthetic processes, whereas upregulated genes were
mainly involved in muscle cell development, regulation of stem cell
division, positive regulation of stem cell differentiation, and muscle cell
cellular homeostasis (Fig. 7C). GSEA revealed that mitochondrial func-
tions, such as oxidative phosphorylation and mitochondrial ATP syn-
thesis, were also significantly improved after liver FGF21 knockdown
(Fig. S7A). ShFGF21 treatment in 0.1 % DDC mice led to increased SDH
activity in the mitochondria of muscle cells, as reflected by SDH staining
(Figs. S7B and S7C). The PI3K-Akt signaling pathway is among the top
KEGG signaling pathways upregulated after shFGF21 treatment of 0.1 %
DDC mice (Fig. 7D). Previous studies have reported that the PI3K/Akt
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Fig. 6. Liver-specific downregulation of FGF21 protects from cirrhosis-induced skeletal muscle loss and SC dysfunction

(A) Schematic illustration of the experimental design: mice were fed a normal diet or 0.1 % DDC-supplemented diet for 12 weeks and injected with AAV-shFGF21 or
AAV-scr via the tail vein before feeding and at week six after feeding. (B) Left panel: liver FGF21 levels in 0.1 % DDC mice injected with AAV-shFGF21 or AAV-scr (n
= 3 mice). Right panel: blood FGF21 levels in 0.1 % DDC mice injected with AAV-shFGF21 or AAV-scr (n = 8 mice). (C, D) The grip strength and endurance of NC and
0.1 % DDC mice injected with AAV-shFGF21 or AAV-scr (n = 8 mice). (E) The weights of GC muscle, TA muscle, and soleus muscle of NC and 0.1 % DDC mice
injected with AAV-shFGF21 or AAV-scr (n = 8 mice). (F) Representative H&E staining images of GC muscle derived from 0.1 % DDC mice injected with AAV-shFGF21
or AAV-scr. Scale bars: 100 pm. (G) Left panel: Frequency distribution curves of cross-sectional areas of muscles of 0.1 % DDC mice injected with AAV-shFGF21 or
AAV-scr (n = 3 mice). Right panel: Mean cross-sectional area of GC muscle derived from NC and 0.1 % DDC mice (n = 3 mice). (H) Representative Pax7 and Myod
immunofluorescence staining images of GC muscle of 0.1 % DDC mice injected with AAV-shFGF21 or AAV-scr. Nuclei were labeled with DAPI (blue). Scale bars: 100
pm. (I) Top panel: Percentage of Pax7-and Myod-double positive (Pax7 "Myod*) muscle fibers and Pax7-negative and Myod-positive (Pax7 Myod*) muscle fibers in
0.1 % DDC mice injected with AAV-shFGF21 or AAV-scr (n = 3 mice); Bottom panel: The mRNA levels of Pax7 and Myod in 0.1 % DDC mice injected with AAV-
shFGF21 or AAV-scr (n = 5 mice). Data are shown as mean + SD. One-way ANOVA and Student’s t-test were used to determine statistical significance. *P < 0.05,
**P < 0.01, **P < 0.001. Abbreviations: DDC, 5-diethoxycarbonyl-1,4-dihydrocollidine; GC, gastrocnemius; TA, anterior tibialis; scr, scramble; AAV, Adeno-
zissociated virus. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

pathway plays a fundamental role in regulating the proliferation and not affect PTEN expression in the skeletal muscles (Fig. S9C), suggesting
differentiation of SCs. Western blotting confirmed that PI3K/Akt that PTEN may be associated with KLB activation. This was confirmed
pathway protein expression was increased in skeletal muscle after liver by western blotting, which indicated that PTEN expression was signifi-

FGF21 knockdown (Fig. 7E). Importantly, PI3K/Akt protein expression cantly reduced after KLB knockout in SCs (Fig. 8L) and was accompanied
was significantly reduced in the skeletal muscle of DC patients compared by the upregulation of p-Akt expression (Fig. 8M). Taken together, these
to that in control patients. Similar results were observed in 0.1 % DDC data indicate that FGF21-mediated KLB activation leads to PTEN upre-
mouse muscles (Fig. S7D). gulation and inhibition of the PI3K/Akt signaling pathway.

To further elucidate whether FGF21 regulates SC function via the
PI3K/Akt signaling pathway, a PI3K inhibitor was locally injected into 4. Discussion
the GC muscle of 0.1 % DDC mice every other day for 2 weeks after AAV

intervention (Fig. 7G). The GC muscle weight (Fig. 7H) and grip strength Cytokines secreted by the liver regulate skeletal muscle develop-
(Fig. 7I) were significantly reduced after PI3K inhibition, and body ment, growth, and mass. During liver dysfunction, cytokine function is
weight was similar between the two groups (Fig. S7E). H&E staining of dysregulated, leading to skeletal muscle loss and sarcopenia. Previous
the GC muscle (Fig. 7J) revealed that the improvement in the average studies have found that insufficient nutritional intake, physical inac-
CSA induced by FGF21 knockdown was reduced after PI3K inhibition tivity, and ascites may be associated with sarcopenia in liver cirrhosis

(Fig. 7K). Similarly, Western blot analysis suggested that the protein [26]. Here, we elucidated the effect of the hepatokine FGF21 on skeletal
expression of p-Akt (Fig. 7L), MyoD, and Pax7 decreased markedly after muscle during DC. Abnormal elevation of hepatocyte-derived FGF21
PI3K inhibition (Fig. 7M). Collectively, these results suggest that FGF21 aggravates the deregulation of the PI3K/Akt pathway via KLB in SCs and
impairs SC proliferation and differentiation by inhibiting the PI3K/Akt accelerates the development of sarcopenia. A reduction in elevated
pathway. FGF21 or KLB levels not only improved the myogenic function of SCs,
but also alleviated sarcopenia in the DC model. Thus, we identified a
novel direct liver-muscle crosstalk pathway in the context of DC and
provided evidence for its use as a potential therapeutic target for
sarcopenia.

To the best of our knowledge, this is the first study to systematically
evaluate the phenotype of sarcopenia in a preclinical DC model and
show that FGF21 impairs SC proliferation and differentiation, thereby
attenuating skeletal muscle growth. Whether FGF21 is beneficial or
detrimental to skeletal muscle remains controversial, as its effects can
vary based on the source and pathophysiology. In a fasting mouse
model, excessive FGF21 production in the skeletal muscle led to muscle
atrophy via enhanced mitophagy in a Bnip3-dependent manner and
reduced the protein synthesis rate [22]. However, in a catheterized
mouse model of critical illness induced by surgery and sepsis, FGF21
knockout aggravated muscle loss, which may be related to the accu-
mulation of cellular ER stress [27]. Sarcopenia is associated with
elevated serum FGF21 levels in patients with cirrhosis, and FGF21 is
negatively correlated with grip strength, as shown by cluster network
analysis [24]. FGF21 is a 210-amino acid secreted protein, which is
produced by the liver and secreted into the blood, ultimately reaching
the muscle cells [28]. In our study, both theDC mouse model and patient
data further support the hypothesis that elevated serum FGF21 is facil-
itated by the liver and is significantly negatively correlated with skeletal
muscle mass/SMI. More importantly, the harmful effects of FGF21 on
skeletal muscle disappeared when the FGF21 blood concentration and
expression in the liver returned to normal, suggesting that the liver

3.8. DC-induced sarcopenia requires KLB

First, we studied the impact of FGFR1-4/KLB in skeletal muscle. The
qRT-PCR and Western blot results showed no differences, with the
exception of KLB expression, between NC and 0.1 % DDC mice at the
mRNA level (Fig. 8A and Figs. S8A-S8B). The immunofluorescence re-
sults suggested that KLB could co-stain with Pax7 but not Desmin
(Fig. 8B). These data indicate that skeletal muscle tissue may be a direct
target of FGF21. Specifically, it may directly affect SCs. To determine the
role of KLB in muscle wasting, we generated SC-specific KLB knockout
(KLBS®/%%) mice and developed DC models (Fig. 8C). KLB protein
expression was remarkably reduced in the skeletal muscles of KLBS¢/XO
mice (Fig. 8D). KLBS®XC mice had higher body weights (Fig. 8E) with
preservation of the skeletal muscle mass (Fig. 8F and Fig. S9A) and grip
strength (Fig. 8G). H&E staining of the GC muscle (Fig. 8H) revealed that
KLBS¢/X© mijce could maintain normal morphology, and the mean CSA
was remarkably high (Fig. S9B). More importantly, KLB knockout in SCs
significantly enhanced their myogenic capacity, as indicated by the
increased protein expression of Pax7 and Myod in KLB5¢X© mice
(Fig. 8I).

We examined Phosphatase and Tensin Homolog (PTEN) expression
under different conditions to determine the specific cause of the FGF21-
mediated decrease in PI3K pathway activity. PTEN expression signifi-
cantly increased in the skeletal muscles of 0.1 % DDC mice (Fig. 8J) and
patients with DC (Fig. 8K). Interestingly, hepatic FGF21 knockdown did
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Fig. 7. Liver FGF21 inhibition alters PI3K/Akt signaling pathway to improve SC function

(A) 3D principal component analysis of gene expression in 0.1 % DDC mice liver treated with AAV shFGF21 or AAV scramble (n = 3 mice). (B) Left panel: Volcano
plot of the gene expression in (A). Right panel: Heatmap of differentially expressed genes identified in the liver of 0.1 % DDC mice treated with AAV shFGF21 or AAV
scr. (C) GO (biological process) analysis of downregulated (black) and upregulated (red) processes. (D) Scatter plots for KEGG pathway analysis of differentially
expressed genes. (E-F) Western blot of p-Akt in the muscle of 0.1 % DDC mice, and quantitative analysis of the results after shFGF21 or scr treatment (n = 4 mice) and
in control or muscles of cirrhosis patients (n = 4 patients). (G) Experimental scheme: 0.1 % DDC mice received AAV shFGF21 treatment twice followed by local
skeletal muscle injection of PBS or PI3K inhibitor for two weeks. (H) Left panel: Representative images of GC muscle in 0.1 % DDC mice injected with AAV shFGF21
followed by LY294002 or PBS intervention. Right panel: GC muscle weight in 0.1 % DDC mice injected with AAV shFGF21 followed by LY294002 or PBS intervention
(n = 5 mice). (I) Grip strength in 0.1 % DDC mice injected with AAV shFGF21 followed by LY294002 or PBS intervention (n = 5 mice). (J) Representative H&E
staining images of GC muscles from 0.1 % DDC mice injected with AAV shFGF21 followed by LY294002 or PBS intervention. Scale bars: 100 pm. (K) The average
cross-sectional area of GC muscle in (J). (L-M) Left panel: Total protein extracts from GC muscle were immunoblotted with the indicated antibodies (n = 5 myotube),
and GAPDH was used as a control. Right panel: the quantitative analysis of Western blot (n = 5 mice). Data are shown as mean + SD. Student’s t-test was used to
determine statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: DDC, 5-diethoxycarbonyl-1,4-dihydrocollidine; GC, gastrocnemius; GO, Gene
Ontology; H&E, hematoxylin and eosin; AAV, Adeno-associated virus. (For interpretation of the references to colour in this figure legend, the reader is referred to the
\A/Veb version of this article.)

directly acts on skeletal muscle by secreting FGF21. ER stress can induce with the highest expression noted in fat cells, and in the liver and
the secretion of FGF21; however, ATF4 (an ER stress marker, Fig. S21) pancreas. Its expression can also be detected in skeletal muscle [48]. The
expression in our mouse model remained unchanged. Hence, alternative effect of KLB on muscle wasting may be related to the disease state, and
pathways may be involved in activating FGF21, warranting further its localization in skeletal muscle is still not fully understood. FGF19
clarification in future studies. promotes skeletal muscle hypertrophy under physiological conditions

We also evaluated the effects of hepatocytes on SCs during DC. SCs via KLB-mediated activation of ERK but does not indicate its site of ac-
are adult stem cells that were discovered by Mauro in 1961 [29]. SCs are tion. KLB may mediate muscle weakness in patients with chronic
usually quiescent in their physiological state and can be divided into two obstructive pulmonary disease and co-localize to the plasma membrane
subsets during muscle atrophy [30]. One subset can replenish the and centralized nuclei [49]. In addition to inhibiting mTORCI1 activity
quiescent SC (QSC) pool, whereas the other subsequently proliferates and reducing myogenic capacity, it has been found to mediate intra-
and differentiates into new muscle fibers [31]. Pax7 is a transcription uterine growth restriction in a porcine model [50]. In contrast to pre-
factor in SCs that plays a regulatory role in the occurrence, survival, vious findings, the present study is the first to show that KLB co-localizes
maintenance of resting state, and proliferation of SCs [32]. Myogenic with the SC marker Pax7 in a DC mouse model, and that the inhibitory
regulatory factors, such as Myod, Myf5, and Myog, facilitate cell pro- effect of FGF21 on PI3K/Akt is abolished by reducing the expression of
liferation and differentiation, and the upregulation of Myod is required PTEN after KLB knockout, resulting in the restoration of SC function
for myogenesis [33,34]. An impaired SC pool and dysfunction of SC without sarcopenia. As a negative regulator of the PI3K-Akt pathway,
proliferation and differentiation can delay skeletal muscle repair, lead- PTEN also plays an important role in SC homeostasis. A previous study
ing to sarcopenia. Internal factors, such as aging, oxidative stress, and found that PTEN expression in differentiated mature myotubes is low,
DNA damage [35], and external factors, such as inflammation, cyto- and high-fat diet feeding or palmitic acid treatment stimulates the
kines, and metabolites [36], can also impair SC function. SC activation, expression of PTEN, which impairs muscle cell growth and muscle
proliferation, and differentiation are regulated by a variety of pathways, repair. Skeletal muscle-specific knockout of PTEN promotes muscle

such as p38/MAPK [37], ERK/MAPK [25], and JAK/STAT3 [38], among regeneration after injury induced by a high-fat diet [51]. KLB activation
which PI3K/Akt is the regulatory center of SC activation through mTOR increased PTEN expression, which was responsible for the inhibition of

activation and inhibition of FOXO in QSCs. PI3K increases mitochon- the PI3K/Akt pathway. However, the mechanism underlying the
drial activity in a state of mobilization before SC activation to provide KLB-mediated regulation of PTEN expression remains unknown and
sufficient energy for activation [39,40]. Here, an improvement in PI3K should be explored in future studies.

pathway activity was accompanied by an increase in mitochondrial In summary, we confirmed that the excessive secretion of FGF21 in
activity, as indicated by the enhanced SDH levels (Fig. S7C). The the liver inhibits SC proliferation and differentiation, leading to skeletal
PI3K/Akt signaling pathway regulates myogenesis via various path- muscle wasting. Hepatocyte-derived FGF21 inhibited the PI3K/Akt
ways. Akt activation can mitigate the inhibitory effect of Raf on ERK to pathway in SC via blood circulation and accelerated skeletal muscle loss
promote SC proliferation [41], increase the phosphorylation activity of (Fig. S10). This may explain the strong association between liver
histone acetyltransferase p300, and enhance the transcriptional activity dysfunction and sarcopenia in patients with DC, as observed in multiple
of Myod to promote SC differentiation [42,43]. IGF-1 typically acts via clinical studies. Most importantly, our results demonstrate restoring
its receptor to activate the PI3K pathway. For the first time, we normal FGF21 levels by the systemic administration of an FGF21
demonstrated that FGF21 impairs SC proliferation and differentiation by neutralizing antibody or by reducing KLB expression in skeletal muscle
inhibiting the PI3K/Akt pathway in skeletal muscles, leading to the may be a potential new therapeutic strategy for treating DC-related
development of sarcopenia in DC. Interestingly, PI3K/Akt activation sarcopenia.

also increases the activity of myocyte enhancer factor 2 and promotes

fiber-type switching to a slow oxidative phenotype. This is consistent Financial Support

with our results, which showed that the cross-sectional area of type I

muscle fibers (Fig. 6I) was significantly enlarged after FGF21 This study was supported by the National Natural Science Founda-
knockdown. tion of China (82170575, 82370900) and Jiangsu Province Key

KLB is a single-channel transmembrane receptor that binds to FGFRs Research and Development Project (BE2022822).
as a co-receptor and is responsible for FGF19/21/23 signal transduction
[44,45]; FGF21 binds to the FGFR/KLB-a model of the 2:2:1 receptor CRediT authorship contribution statement
complex of FGF21:FGFR1:KLB [46]. FGF19/21/23 mainly activates the

downstream MAPK, PI3K, PLCy, and STAT signaling pathways via Da Zhou: Writing — original draft, Formal analysis, Data curation,
FGFRS/KLB, and contributes to cell growth, proliferation, differentia- Conceptualization. Yifan Shi: Data curation. Donghua Zhang: Inves-
tion, and apoptosis [47]. KLB is widely distributed in various tissues, tigation. Junbo Zuo: Investigation. Chenghao Zeng: Investigation.
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Fig. 8. FGF21 negatively regulates SCs through KLB

(A) Quantitative RT-qPCR of FGFR and KLB expression in GC muscle from NC and 0.1 % DDC mice (n = 7 mice). (B) Representative images of immunofluorescent
staining for KLB (green) and Pax7 (red), and KLB (green) and Desmin (red) in GC muscle sections of NC and 0.1 % DDC mice. The nuclei were labeled with DAPI
(blue). Scale bars: 25 pm. (C) Experimental scheme. (D) Left panel: Western blot of KLB in KLBS“WT and KLB*“/%© mice (n = 3 mice). Right panel: Semi-quantitative
analysis. (E-G) Body weight, GC muscle weight, and grip strength in KLB®’"T and KLBS“/X© mice (n = 5 mice). (H) Representative H&E staining images of GC muscle
sections from KLB**WT and KLB%“X° mice (n = 3 mice). Scale bars: 100 pm. (I) Western blot and semi-quantitative analysis of Pax7 and Myod expression in KLBS
WT and KLBS“C mice (n = 5 mice). (J) Western blot and semi-quantitative analysis of PTEN in NC and 0.1 % DDC mice (n = 5 mice). (K) Western blot and semi-
quantitative analysis of PTEN in control and patients with DC (n = 5 patients). (L) Western blot and semi-quantitative analysis of PTEN in KLB®/"WT and KLBS¢/X©
mice (n = 5 mice). (M) Western blot and semi-quantitative analysis of p-Akt in KLBS*/"W" and KLB*“/*° mice (n = 5 mice). Data are shown as mean =+ SD. Student’s t-
test was used to determine statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: DDC, 5-diethoxycarbonyl-1,4-dihydrocollidine; GC,
gastrocnemius; H&E, hematoxylin and eosin; PTEN, phosphatase and tensin homolog; KLB, klotho beta; FGFR, fibroblast growth factor receptor. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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