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Abstract

Skeletal muscle atrophy is characterized by the degradation of myofibrillar proteins,

such as myosin heavy chain or troponin. An increase in the expression of two

muscle‐specific E3 ligases, atrogin‐1 and MuRF‐1, and oxidative stress are involved

in muscle atrophy. Patients with chronic liver diseases (CLD) develop muscle

wasting. Several bile acids increase in plasma during cholestatic CLD, among them,

cholic acid (CA) and deoxycholic acid (DCA). The receptor for bile acids, TGR5, is

expressed in healthy skeletal muscles. TGR5 is involved in the regulation of muscle

differentiation and metabolic changes. In this paper, we evaluated the participation

of DCA and CA in the generation of an atrophic condition in myotubes and isolated

fibers from the muscle extracted from wild‐type (WT) and TGR5‐deficient (TGR5−/−)
male mice. The results show that DCA and CA induce a decrease in diameter, and

myosin heavy chain (MHC) protein levels, two typical atrophic features in C2C12

myotubes. We also observed similar results when INT‐777 agonists activated the

TGR5 receptor. To evaluate the participation of TGR5 in muscle atrophy induced by

DCA and CA, we used a culture of muscle fiber isolated from WT and TGR5−/− mice.

Our results show that DCA and CA decrease the fiber diameter and MHC protein

levels, and there is an increase in atrogin‐1, MuRF‐1, and oxidative stress in WT

fibers. The absence of TGR5 in fibers abolished all these effects induced by DCA and
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CA. Thus, we demonstrated that CS and deoxycholic acid induce skeletal muscle

atrophy through TGR5 receptor.

K E YWORD S

autophagy, bile acids, muscle atrophy, muscle wasting, ROS, TGR5 receptor,

ubiquitin‐proteasome system

1 | INTRODUCTION

Several muscular pathologies are characterized by skeletal muscle

atrophy, which is the loss of muscle mass and function (Cao, Li, Dai,

Li, & Yang, 2018; Ding, Dai, Huang, Xu, & Zhong, 2018). Some fea-

tures of muscle atrophy are a decline in muscle strength, decrease of

fiber diameter, and loss of myofibrillar proteins (i.e., myosin heavy

chain [MHC] and troponin; Cabello‐Verrugio, Rivera, & Garcia, 2017;

Dumitru, Radu, Radu, & Cretoiu, 2018). The primary mechanism re-

sponsible for protein breakdown in the muscle during atrophy is the

ubiquitin‐proteasome system (UPS), which is increased under

atrophic conditions, as evidenced by an increase in the gene ex-

pression of two muscle‐specific E3‐ubiquitin ligases, atrogin‐1/MAF‐
bx and MuRF‐1/TRIM63 (Khalil, 2018). More important, MHC and

troponin are targets of MuRF‐1 and atrogin‐1 and further degraded

via the proteasome (Bilodeau, Coyne, & Wing, 2016). Besides,

autophagy, a process deregulated in muscle atrophy, is involved in

the catabolic pathway in skeletal muscle (Call & Nichenko, 2020;

Sandri, 2010, 2013). Another intracellular event that is evident in

muscle atrophy is the presence of oxidative stress. In general, the

causes of oxidative stress are an increase in the production of re-

active oxygen species (ROS) and/or a decrease of the antioxidant

mechanism in cells that cause cellular damage (Abrigo et al., 2018).

Among the causes of muscle atrophy are aging, immobilization,

sepsis, and long‐term conditions, such as chronic liver diseases (CLD;

Abrigo, Simon, Cabrera, Vilos, & Cabello‐Verrugio, 2019; Cao

et al., 2018). Patients with CLD present with a muscle weakness

named sarcopenia (Ponziani & Gasbarrini, 2017). Its influence on

mortality has defined the importance of sarcopenia in the health of

patients with CLD after a liver transplant (Dasarathy, 2013; Englesbe

et al., 2010; Tsien et al., 2014). The intracellular mechanisms involved

in CLD‐induced weakness have been studied for our group in murine

models of CLD by observing the participation of UPS, oxidative

stress, and apoptosis (Abrigo, Marin, et al., 2019; Campos

et al., 2018). One of the soluble mediators elevated in the plasma in

CLD is the bile acids (M. J. Kim & Suh, 1986; Luo et al., 2018). The

most relevant bile acids in CLD are cholic acid (CA) and deoxycholic

acid (DCA; Kobayashi et al., 2017).

Bile acids are not only involved in the digestive function but also

as signaling molecules with extrahepatic functions in the small in-

testine, brown adipose tissue, macrophages, and skeletal muscle

(Dossa et al., 2016; Kars et al., 2010; T. Li & Apte, 2015; T. Li &

Chiang, 2015; Qi et al., 2015). These functions are dependent on the

activation of two receptors for bile acids: intracellular farnesoid X

receptor (FXR) and plasma membrane G‐protein‐coupled TGR5 re-

ceptor (Deutschmann et al., 2018; Kawamata et al., 2003; Keitel,

Stindt, & Haussinger, 2019; Makishima et al., 1999). Several tissues

express FXR, such as the liver, heart, intestine, and adipose tissue

(Shin &Wang, 2019). Skeletal muscle express TGR5 receptor, and the

contractile activity and the unfolded protein response (UPR) are

regulators of its expression (Sasaki et al., 2018). The function de-

scribed for TGR5 in skeletal muscle is mainly the regulation of muscle

differentiation (Sasaki et al., 2018). Besides, bile acids induce the

deiodinase 2 expression, which produces the T4 to T3 transforma-

tion, and also regulate insulin resistance through a mechanism

dependent on TGR5 (Huang et al., 2019; Watanabe et al., 2006).

Interestingly, only one unique study has shown an association

between serum bile acids and skeletal muscle volume during non-

alcoholic fatty liver disease (Kobayashi et al., 2017).

In this study, we analyzed the role of CA and DCA in the in-

duction of skeletal muscle atrophy and the participation of TGR5

receptor.

2 | MATERIALS AND METHODS

2.1 | Animals

C57BL/6J Gpbar1−/− mice (referred to in this study as TGR5−/− mice)

and their C57BL/6J WT littermates were kindly donated by

Dr. Auwerx (Laboratory of Integrative and Systems Physiology, École

Polytechnique Fédérale de Lausanne, Switzerland) to Dr. Marco

Arrese. The animals were maintained in our animal facility at

Universidad Andres Bello. The study was performed on randomized

male 12–16‐week‐old mice. All applicable international, national, and

institutional guidelines for the care and use of animals were followed.

All procedures performed in this study that involves animals followed

the ethical standards. The Animal Ethics Committee belongs to the

Universidad Andrés Bello formally approved these procedures

(Approval number 007/2016).

2.2 | Cell cultures

The skeletal muscle cell line C2C12 (American Type Culture Collec-

tion) was grown and differentiated until Day 5, as previously de-

scribed (Cabello‐Verrugio et al., 2011; Droguett, Cabello‐Verrugio,
Santander, & Brandan, 2010; Painemal, Acuna, Riquelme, Brandan, &
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Cabello‐Verrugio, 2013). The myotubes were incubated with DCA,

CA (Sigma‐Aldrich), or INT‐777 (MedChem) in the concentrations

and times indicated in each figure. Myotubes were also incubated

with INT‐777 at 25 or 50 μM for the time indicated for each ex-

periment. To measure autophagy markers, myotubes were incubated

with bile acids for 8 hr. Specifically, to detect LC3II and LC3I, myo-

tubes were pre‐incubated with chloroquine (CQ; 50 μM; Sigma‐
Aldrich) for 5min before bile acids and then co‐incubated for a total

of 8 hr.

2.3 | Cell viability

C2C12 myotubes were incubated for 72 hr with the concentration of

DCA and CA indicated in each figure. The cell viability was evaluated

using the CCK‐8 kit (Sigma‐Aldrich) following the instructions of the

manufacturer. The absorbance was measured at 450 nm.

2.4 | Isolation and culture of single‐myofiber
explants

Single myofibers were isolated from the extensor digitorum longus

(EDL) muscles of C57BL/6J mice, as described by Pasut, Jones, and

Rudnicki (2013). Briefly, the EDL muscle was dissected and digested

in an F12 medium containing 750 U/ml collagenase type I

(Worthington Biochemical) at 37°C for 1 hr with gentle agitation.

Single myofibers were then carefully dissociated by flushing the

muscle with F12‐15% horse serum (HS). Single myofibers were ex-

tracted individually using a dissecting microscope and fire‐polished
pipettes and transferred serially into fresh F12‐15% HS. Approxi-

mately 20–50 myofibers were transferred into 24‐well plates cov-

ered with Matrigel (1:1 dilutes in F12) and incubated for 24 hr in a

humidified, 37°C, 5% CO2 incubator. The next day, the medium was

aspirated and exchanged with fresh medium in which the different

treatments were performed.

2.5 | Immunofluorescence microscopy

The location of MHC was analyzed by indirect immuno-

fluorescence (Meneses et al., 2015). Briefly, C2C12 myoblasts were

grown and differentiated on glass coverslips and after respective

treatments were fixed in 4% paraformaldehyde, permeabilized

with 0.05% Triton X‐100, and incubated for 1 hr with 1:100 mouse

anti‐MHC (MF‐20; Developmental Studies, Hybridoma Bank, Uni-

versity of Iowa) in a buffer containing 50 mM Tris–HCl, pH 7.7;

0.1 M NaCl; and 1% bovine serum albumin. After antibody removal

and several washes with the mentioned buffer, bound antibodies

were detected by incubating the cells for 30 min with 1:100

affinity‐purified Alexa Fluor dye‐conjugated goat anti‐mouse an-

tibody (Life Technologies). For nuclear staining, the sections were

incubated with 1 μg/ml Hoechst 33258 in phosphate‐buffered

saline (PBS) for 10 min. After rinsing, the sections were mounted

with a fluorescent‐mounting medium (Dako Corporation) under

glass coverslips, viewed, and photographed with the Motic BA310

epifluorescence microscope (Motic, Hong Kong). The MF‐20 hy-

bridoma, monoclonal antibody developed by Fischman, D.A. was

obtained from the Developmental Studies Hybridoma Bank, cre-

ated by the NICHD of the NIH and maintained at The University of

Iowa, Department of Biology, Iowa, IA.

2.6 | Measurement of myotube and isolated
myofiber diameter

C2C12 myotube and myofiber cultures were immunostained with

anti‐MHC. Photographs obtained of myotube or fiber immuno-

fluorescent for MHC in different zones of the coverslip were ana-

lyzed. The minimal Feret diameters were measured (at three

different points of each myotube or fiber) in a total of 80 myotubes

from 10 random fields and in 20–30 myofibers from each

F IGURE 1 Cell viability in C2C12 myotubes incubated with DCA

and CA acids. C2C12 myoblasts were differentiated for
5 days and then incubated with increasing concentrations of DCA
(0 up to 240 µM) or CA (0 up to 1,000 µM) acids for 72 hr. Cell

viability was evaluated through CCK‐8 kit for DCA (a) and CA (b).
The values indicate the percentage which is expressed as the
mean ± SD of three independent experiments in triplicate (one‐way

ANOVA, post‐hoc Bonferroni, *p < .05 relative to the control).
ANOVA, analysis of variance; CA, cholic acid; CCK‐8, cell counting
kit‐8; DCA, deoxycholic acid
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experimental condition in a blind fashion, using computerized image

analysis (ImageJ, National Institutes of Health [NIH]). Myotubes were

defined as all multinucleated (containing three or more nuclei) cells

positive for MHC stain (Morales et al., 2015).

2.7 | Measurement of intracellular reactive oxygen
species (ROS) levels

C2C12 myotubes were cultured on glass coverslips and further

treated with myostatin for 24 hr. At the end of this experiment, the

cells were washed with Hank's Balanced Salt Solution and incubated

with H2‐DCF‐DA for 30min at 37°C. After two washes with Hank's

Balanced Salt Solution and one wash with PBS, the cells were fixed

with 4% paraformaldehyde for 10min and washed with PBS. The

cells were incubated with 1 μg/ml Hoechst 33258 in PBS for 10min

for nuclear staining. After rinsing, the cells were mounted with a

fluorescent‐mounting medium (Dako Corporation), viewed, and

photographed with the Motic BA310 epifluorescence microscope

(Motic, Hong Kong).

2.8 | Transient plasmid transfection

One microgram of pCre‐luc, a plasmid reporter with Cre sites that

respond to increases of cAMP (Invitrogen), and 0.02 μg of pRL‐SV40
was used to co‐transfect cells using 1 μl of LipofectAMINE 3000 in

Opti‐MEM I. After 6 hr, FBS was added to the medium and the cells

were cultured for a further 12 hr. Then, the cells were differentiated

for 4 days, and the treatments were performed as indicated in the

figures. Dual‐luciferase activity assays (Promega) were performed

after 24 hr in a GloMax 20/20 luminometer (Promega).

2.9 | Immunoblot analysis

For the protein extracts, myotubes were homogenized in a radio-

immunoprecipitation assay buffer with a cocktail of protease in-

hibitors and 1mM of phenylmethylsulfonyl fluoride. Proteins were

subjected to sodium dodecyl sulfate polyacrylamide gel electro-

phoresis, transferred onto polyvinylidene difluoride membranes

(Millipore), and probed with mouse anti‐MHC (1:3,000; MF‐20,

F IGURE 2 Myofibrillar protein levels are reduced by DCA and CA in C2C12 myotubes. C2C12 myoblasts differentiated for 5 days were
incubated with DCA (120 μM) or CA (500 μM) for 72 hr. MHC (a), troponin I (d), and tropomyosin (g) protein levels were detected by western

blot analysis, using β‐actin as the loading control. Molecular weights are shown in kDa. Densitometric analysis for MHC (b,c), troponin I (e,f), and
tropomyosin (h,i) are shown as a fold of change expressed as the mean ± SD of three independent experiments in triplicate (t test; *p < .05
relative to the control). CA, cholic acid; DCA, deoxycholic acid; MHC, myosin heavy chain
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Developmental Studies, Hybridoma Bank, University of Iowa), goat

anti‐4‐hydroxynonenal (4‐HNE; 1:1,000; Merck), rabbit anti‐LC3B
(1:1,000), rabbit anti‐p62 (1:1,000; Cell Signaling Technology Inc.),

rabbit anti‐atrogin‐1 (1:500), rabbit anti‐MuRF‐1 (1:500; ECM Bios-

ciences), as well as rabbit anti‐troponin I (1:1,000), rabbit anti‐Iκ‐B
(1:5,000), and rabbit anti‐β‐actin (1:5,000; Santa Cruz Biotech). All

immunoreactions were visualized by enhanced chemiluminescence

(Thermo Fisher Scientific). Images were acquired using the Fotodyne

FOTO/Analyst Luminary Workstation Systems (Fotodyne, Inc.).

Densitometry analysis was determined by scanning immunoreactive

bands, and intensity values were obtained for further normalization

against the control group.

2.10 | Reverse‐transcription and quantitative PCR

Total RNA was isolated from muscle cells C2C12 and the liver using

Chomczynski solution. cDNA was obtained from 2 µg of RNA by re-

verse transcription. The messenger RNA (mRNA) relative expression

of FXR (forward, TGTGAGGGCTGCAAAGGTT; reverse, ACATCCC

CATCTTGGAC) and TGR5 (forward, CAGGAGGCCATAAACTTCCA;

reverse, GTCAGCTCCCTGTTCTTTGC) were analyzed with SYBR

Green using 18S (forward, GTAACCCGTTGAACCCCATT; reverse,

CCATCCAATCGGTAGTAGCG) as housekeeping in an Eco Real‐Time

PCR System (Illumina, CA). The mRNA expression was quantified

using the comparative CT method.

2.11 | Statistical analysis

Data were statistically analyzed using a t test or one‐way analysis of

variance with a post‐hoc Bonferroni multiple‐comparison test (Prism 8

for Mac). Differences were considered statistically significant at p < .05.

3 | RESULTS

3.1 | CA and deoxycholic acid induce an atrophic
condition in C2C12 myotubes

First, we analyzed the effect of CA and DCA on the viability of C2C12

myotubes. Our results show that DCA (Figure 1a) and CA (Figure 1b)

do not show a decrease in the myotube viability until 180 and

750 μM, respectively. The same figures show that DCA only shows a

toxic effect at 240 μM, whereas CA does at 1000 μM.

Then, we evaluated if DCA and CA can induce an atrophic

condition in vitro by a curve of doses evaluating the MHC protein

levels (Figure S1A,C). Thus, we observed that the bile acids show

an atrophic effect at 120 and 180 μM for DCA (Figure S1B) and

300 and 500 μM for CA (Figure S1D). Under these conditions, we

evaluated the levels of three myofibrillar proteins: MHC (Figure 2),

troponin (Figure 2d), and tropomyosin (Figure 2g) by western blot

analysis. The quantifications and densitometric analysis of the

experiments indicate that both DCA and CA decrease the MHC

F IGURE 3 DCA and CA reduce the diameter of C2C12 myotubes. Myotubes incubated with DCA (120 μM) or CA (500 μM) for 72 hr. (a)
MHC was detected by indirect immunofluorescence and used to delimit the myotube area. Images were captured by microscopy, and the

diameter of the myotubes was measured using ImageJ. The quantification was performed for DCA (b) or CA (c) and plotted. The values indicate
the percentage of myotubes expressed as the mean ± SEM of three independent experiments in triplicate (one‐way ANOVA, post‐hoc
Bonferroni, *p < .05 relative to the control). ANOVA, analysis of variance; CA, cholic acid; DCA, deoxycholic acid; MHC, myosin heavy chain
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(Figure 2b,c), troponin (Figure 2e,f), and tropomyosin (Figure 2h,i)

protein levels.

Further, we evaluated the effect of DCA and CA on the C2C12

myotube diameter. Figure 3a shows the myotube diameter

delineated by the detection of MHC through indirect immuno-

fluorescence. The quantification of these data indicates that DCA

(Figure 3b) and CA (Figure 3c) induce the displacement to the left

in the size distribution of the myotubes compared with the

control.

Together, these results indicate that DCA and CA induce an

atrophic effect in C2C12 myotubes.

3.2 | C2C12 myotubes express the TGR5 receptor
but not FXR for bile acids

We analyzed the expression of TGR5 and FXR receptor during C2C12

differentiation. First, we evaluated gene expression. The results show

that the FXR gene is not expressed during the different days of C2C12

cell differentiation (Figure 4a). However, the TGR5 gene is expressed

in C2C12 myoblast (Day 0), which is increased at 3 and 6 days of

differentiation (Figure 4b). Thus, we evaluated the TGR5 expression

at the protein level during myogenesis. Figure 4c shows that levels of

TGR5 increase at Day 2 (2.3 ± 0.4‐fold compared with Day 0) and are

maintained elevated at similar levels until Day 7 (3.0 ± 0.5‐fold
compared with Day 0; Figure 4d).

Thus, we can conclude that C2C12 cells express the TGR5 re-

ceptor, which increases during skeletal muscle differentiation. In

addition, C2C12 cells do not express the FXR receptor.

3.3 | TGR5 activation with INT‐777 agonist
decreases skeletal muscle atrophy in C2C12 myotubes

Since TGR5 is the bile acid receptor expressed in C2C12 cells, we first

evaluated the TGR5 activation through a plasmid reporter (pCre‐luc)
dependent on cAMP induced by TGR5. The results show that

INT‐777 increases the pCre‐luc activity in a manner dependent on

F IGURE 4 Expression of bile acid
receptors in skeletal muscle cells. mRNA
expression of bile acid receptors FXR (a) and

TGR5 (b) was evaluated by RT‐qPCR in C2C12

cells undifferentiated (Day 0) or
differentiated (Days 3 and 6) using 18S gene
as housekeeping. cDNA from the liver extract

was used as a positive control (+). (c) Protein
levels of TGR5 were evaluated by western
blot analysis in C2C12 at different days of

differentiation. β‐Actin was used as loading
control, and the molecular weights are shown
in kDa. (d) Densitometric analysis of the

bands in C is plotted. The values are shown as
a fold of change and expressed as the
mean ± SD of three independent experiments
in triplicate (one‐way ANOVA, post‐hoc
Bonferron, *p < .05 relative to the Day 0).
ANOVA, analysis of variance; cDNA,
complementary DNA; FXR, farnesoid X

receptor; mRNA, messenger RNA; RT‐qPCR,
reverse‐transcription quantitative
polymerase chain reaction
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the dosage (Figure S2A). Similar results are shown for DCA (Figure

S2B) and CA (Figure S2C).

Then, we analyzed the effect of TGR5 activator INT‐777 on

the atrophic condition in C2C12 myotubes. Figure 5a shows that

INT‐777 qualitatively decreases the myotube diameter. The

quantification of the data shows that INT‐777 at 25 and 50 μM

displaced the myotube size to the left, indicating a diminution of

the diameter by TGR5 activation, with a more pronounced effect

at 50 μM (Figure 5b).

Further, we evaluated the effect of INT‐77 on the MHC protein

levels by western blot analysis (Figure 5c). The results show that

INT‐777 decreases the MHC protein levels in a dose‐dependent
manner (Figure 5d), reaching a diminution similar to that shown by

DCA and CA acids (Figure 3b,c).

3.4 | Skeletal muscle atrophy induced by DCA and
CA is dependent on TGR5 receptor expression

To probe if TGR5 is involved in the effect of DCA and CA on muscle

atrophy, we used a culture of EDL muscle fiber from WT and KO for

TGR5 (TGR5−/−) adult mice. In agreement with our results in C2C12

myotubes, the diameter of muscle fibers from WT decreases when the

muscle fibers are incubated with DCA and CA (Figure 6a, upper panel).

The quantification of these data shows that DCA induces an increase of

WT fiber percentage with a lower diameter and a decrease in the

proportion of WT fiber with a higher diameter than control (Figure 6b).

Similar results are shown for WT fibers when they are incubated with

CA (Figure 6c). When the same experiments were done with muscle

fibers from TGR5−/− mice (Figure 6a, lower panel), the change and

F IGURE 5 TGR5 agonist INT‐777 reduces the diameter of the myotubes and the MHC protein levels in myotubes. C2C12 myoblasts
differentiated for 5 days were incubated with INT‐777. (a) MHC was detected with indirect immunofluorescence and used to delimit the
myotubes area. Microscopy images were captured and the diameter of the myotubes was measured using ImageJ. The effect of INT‐777 at

25 µM (b) and 50 µM (c) was determined and the diameters of the myotubes were grouped in ranges and plotted. The values indicate the
percentage of myotubes and were expressed as the mean ± SEM of three independent experiments in triplicate (one‐way ANOVA, post‐hoc
Bonferroni, *p < .05 relative to the control). (d) Protein levels of MHC were determined by western blot analysis. β‐Actin is shown as loading

control and molecular weight is indicated in kDa. (e) Densitometric analysis of the MHC bands. The values are shown as a fold of change and
expressed as the mean ± SD of three independent experiments in triplicate (t test; *p < .05 relative to the control). ANOVA, analysis of variance;
MHC, myosin heavy chain
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displacement to the left in the diameter size of the fiber were totally

prevented for both DCA (Figure 6d) and CA (Figure 6e).

In addition, we evaluated the MHC protein levels by western blot

analysis in muscle fiber from WT and TGR5−/− mice (Figure 5c). The

results of the western blot analysis for MHC levels from WT fibers

(Figure 6f) showed a decrease of 58.7 ± 15% and 23.3 ± 10% for DCA

and CA, respectively (Figure 6g). However, no changes were ob-

served when the muscle fibers from TGR5−/− mice were incubated

with DCA and CA (Figure 6h), reaching MHC levels similar to the

control (Figure 6i).

Together, the results above suggest that TGR5 is required for DCA

and CA to produce an atrophic condition in skeletal muscle fibers.

3.5 | Deoxycholic and CAs induce an increment of
protein catabolic pathways as well as oxidative stress
through a TGR5‐dependent mechanism

We evaluated the effect of DCA and CA, and the TGR5 participation,

on the expression of atrogin‐1 and MuRF‐1, two muscle‐specific

F IGURE 6 DCA and CA produce an

atrophic effect in skeletal muscle fibers
through TGR5 receptor. EDL muscle fibers
were isolated from WT and TGR5−/− mice and

incubated with DCA (120 μM) or CA (500 μM)
for 72 hr. (a) MHC was detected by indirect
immunofluorescence and used to delimit the

fiber area. Microscopy images were captured,
and the diameter was measured using ImageJ.
The fiber diameters were grouped in ranges
and plotted as the percentage of WT fibers

incubated with DCA (b) or CA (c), and for
fibers TGR5−/− incubated with DCA (d) or CA
(e). The values indicate the mean ± SD of three

independent experiments in triplicate (one‐
way ANOVA, post‐hoc Bonferron, *p < .05
relative to the control). Protein levels of MHC

in WT (f) and TGR5−/− (g) fibers were
determined by western blot analysis, with
β‐actin as a loading control and molecular

weight shown in kDa. Densitometric analysis
of the MHC bands in WT (h) and TGR5−/− (i).
The values are shown as a fold of change and
expressed as the mean ± SD of three

independent experiments in triplicate (t test.
*p < .05 relative to the control). ANOVA,
analysis of variance; CA, cholic acid; DCA,

deoxycholic acid; EDL, extensor digitorum
longus; MHC, myosin heavy chain; WT,
wild type
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E3‐ubiquitin ligases increased in muscle atrophy. Figure 7a shows

that DCA and CA augment the atrogin‐1 and MuRF‐1 protein levels

in WT muscle fibers. The quantification of these data indicates that

DCA and CA increase atrogin‐1 (Figure 7b; 3.0 ± 0.1‐fold and

2.3 ± 0.4‐fold, respectively). Also, DCA and CA increment MuRF‐1
levels (Figure 7c; 4.8 ± 0.3‐fold and 5.8 ± 0.4‐fold, respectively). The
results from Figure 7d show the protein levels of atrogin‐1 and

MuRF‐1 in muscle fibers from TGR5−/− mice incubated with DCA and

CA. The results show that DCA and CA do not change the protein

levels of atrogin‐1 (Figure 7e) or MuRF‐1 (Figure 7f) in TGR5−/−

fibers. Besides, we also evaluated the effect of DCA and CA on

autophagy. Our results show that LC3II/LC3I ratio increases with

DCA and CA (Figure S3A,B; 2.2 ± 0.4‐fold and 1.8 ± 0.2‐fold, respec-
tively), while p62 protein levels decrease under DCA and CA in-

cubation in C2C12 myotubes (Figure S3C,D; 42.7 ± 10.1% and

52.0 ± 6.9%, respectively).

As ROS is implicated in several forms of skeletal muscle atrophy,

ROS production was assessed in WT and TGR5−/− muscle fibers ex-

posed to DCA and CA. Figure 8a shows the ROS detection through

DCF fluorescence. The quantification of the data indicates that, in WT

fibers, the increment of ROS production by DCA and CA was 4.2 ± 0.3‐
fold and 3.1 ± 0.3‐fold, respectively (Figure 8b). In TGR5−/− fibers,

F IGURE 7 Atrogin‐1 and MuRF‐1 protein levels are increased by DCA and CA through TGR5 receptor in muscle fibers. EDL muscle fibers

were isolated from WT and TGR5−/− mice and incubated with DCA (120 μM) or CA (500 μM) for 72 hr. Protein levels of atrogin‐1 and MuRF‐1
were determined by western blot analysis in WT (a) and TGR5−/− (d) fibers, with β‐actin as the loading control. Molecular weights are shown in
kDa. Densitometric analysis was performed for atrogin‐1 in WT (b) and TGR5−/− (e) fibers, and for MuRF‐1 in WT (c) and TGR5−/− (f) fibers.
The values are shown as a fold of change and expressed as the mean ± SD of three independent experiments in triplicate (one‐way ANOVA,

post‐hoc Bonferron, *p < .05 relative to the control). ANOVA, analysis of variance; CA, cholic acid; DCA, deoxycholic acid; EDL, extensor
digitorum longus; WT, wild type
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there is no induction of ROS production by DCA or CA (Figure 8c). To

corroborate the oxidative stress participation in the effect of DCA and

CA, we evaluated the protein modifications by 4‐HNE adducts. Our

results, as shown in Figure 9a, indicate that DCA (Figure 9c; 2.2 ± 0.1‐
fold) and CA (Figure 9d; 1.8 ± 0.1‐fold) increase the 4‐HNE reactivity

compared with control in WT fibers. Figure 9b shows that in TGR5−/−

fibers, the effect of DCA (Figure 9e) and CA (Figure 9f) was lost

(1.3 ± 0.4‐fold and 1.1 ± 0.3‐fold, respectively).
These results indicate that DCA and CA can increase the ex-

pression of markers of UPS, autophagy, and oxidative stress through

a TGR5‐dependent mechanism in skeletal muscle fibers.

4 | DISCUSSION

In this paper, we have demonstrated that DCA and CA bile acids

induce an atrophic condition in skeletal muscle fibers and C2C12

myotubes. Besides, we have demonstrated that this effect is depen-

dent on TGR5 receptor expression.

In general, few antecedents of the role of bile acids in skeletal

muscle have been described. Thus, bile acids, through the TGR5 re-

ceptor, participate in the regulation of metabolic activity and energy

expenditure by the induction of deiodinase 2 expression (Watanabe

et al., 2006). In addition, a specific TGR5 agonist decreases insulin

resistance in skeletal muscles and improves glucose homeostasis in

diabetic mice (Huang et al., 2019). Recently, it was described that

TGR5 could regulate the muscle mass‐producing hypertrophy (Sasaki

et al., 2018). This antecedent contrasts with our results and can be

explained because this paper used a transgenic mouse to over-

expresses TGR5. Therefore, the effects of taurolithocholic acid

published in this paper are not observed in mice with endogenous

levels of the TGR5 receptor (Sasaki et al., 2018). Our data showed,

for the first time, an atrophic effect of DCA and CA bile acids on

muscle fibers or differentiated myotubes with endogenous levels of

TGR5 receptor. Interestingly, our data are also supported by the

atrophic effect observed when TGR5 agonist INT‐777 was used, and

with the loss of atrophic condition when TGR5−/− fibers were in-

cubated with DCA and CA.

Our data indicated that TGR5 activation induces an increment in

ROS production and 4‐HNE modification on proteins, which is in line

with the idea of increased oxidative stress. Moreover, we have recently

described that N‐acetyl cysteine treatment of mice with cholestatic CLD

(with high plasma levels of bile acids) prevented the development of

oxidative stress and diminution of muscle strength (Abrigo, Marin,

F IGURE 8 DCA and CA through TGR5 receptor increase the ROS levels in skeletal muscle fibers. Skeletal muscle fibers isolated from EDL

muscle of WT and TGR5−/− mice were incubated with DCA (120 μM) or CA (500 μM) for 24 hr. (a) ROS levels in the fibers were detected with
the CM‐H2‐DCF‐DA dye (nuclei were stained with Hoechst). The green fluorescence intensity in the fiber area was determined and was
indicated for WT (b) and TGR5−/− (c) fibers. The values are shown as the mean of the fold change ± SD of three independent experiments
(one‐way ANOVA, post‐hoc Bonferroni, *p < .05 relative to the control). ANOVA, analysis of variance; CA, cholic acid; DCA, deoxycholic acid;

ROS, reactive oxygen species
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et al., 2019). There are antecedents that TGR5 activation is involved in

the generation of oxidative stress in hepatic, breast cancer, and eso-

phageal adenocarcinoma cells (Gonzalez‐Sanchez et al., 2016; Kovacs

et al., 2019; Li & Cao, 2016). We must perform other studies about the

effect of DCA and CA on the activity of antioxidant machinery to

correlate with oxidative stress and also determine the source of ROS

production stimulated by DCA and CA.

The increment in ROS production correlates with an increase in

MuRF‐1 and atrogin‐1 expression. Other authors and we have shown

that these muscle‐specific E3 ligases are typical markers of muscle

atrophy and indicators of UPS overactivation (Abrigo et al., 2016;

Attaix et al., 2005; Campos et al., 2018; Morales et al., 2015). Also, an

increment in UPS activity and autophagy correlates with a decrease

in myofibrillar proteins, such as MHC and troponin, observed in our

data. Our data is the first report that the bile acids, DCA and CA,

induce an increase in UPS and autophagy components associated

with muscle atrophy. These results are in agreement with a report

that bile acids cause the degradation of bile acid transporter via UPS

from ileum and impaired autophagy in the liver (Kim et al., 2018;

Miyata et al., 2013). Thus, our results suggest that DCA and CA could

be stimulating the protein breakdown in skeletal muscle and thus

contributing to muscle wasting.

Several studies indicate that skeletal muscles express only

TGR5 as a receptor for bile acids (Sasaki et al., 2018; Watanabe

et al., 2006). However, the data for the FXR receptor is not

available or is not directly shown. Thus, we have probed that

skeletal muscle cells do not express FXR. Moreover, we have

shown that TGR5 increases its expression during myogenesis in

vitro. Our data is in agreement with the study in which TGR5

overexpression suggests that this receptor enhances muscle dif-

ferentiation in C2C12 cells (Sasaki et al., 2018). However, more

analysis must be performed to elucidate the possible participation

of myogenic regulatory factors or other transcription factors in the

increased expression of TGR5 gene during skeletal muscle differ-

entiation. In skeletal muscle, TGR5 has been described as a re-

ceptor that can be regulated by exercise through a mechanism

dependent on the activating transcription factor 6 (ATF6) and UPR

(Sasaki et al., 2018).

5 | CONCLUSIONS

In summary, in this paper, we have shown for the first time that CA

and DCA, in a form dependent on TGR5 expression, induce an

F IGURE 9 DCA and CA increase the protein oxidation levels through TGR5 receptor in skeletal muscle fibers. Skeletal muscle fibers isolated

from EDL muscle of WT and TGR5−/− mice were incubated with DCA (120 μM) or CA (500 μM) for 72 hr. (a, b) Levels of oxidation‐dependent
4‐HNE protein adducts were detected by western blot analysis using anti‐4‐HNE antibody. β‐Actin levels were used as loading control.
Molecular weights are shown in kDa. Quantitative analysis based in the densitometry of the bands was performed for WT‐DCA (c) and WT‐CA
(d), as well for TGR5−/−‐DCA (e) and TGR5−/−‐DCA (f). The values are shown as a fold of change and expressed as the mean ± SD of three
independent experiments (one‐way ANOVA, post‐hoc Bonferron, *p < .05 relative to the control)
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atrophic condition in skeletal muscle fibers, concomitant with in-

creased levels of oxidative stress and protein catabolic pathways.
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