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ABSTRACT 

Background. Chronic kidney disease (CKD) is associated with a significant decrease in muscle strength and mass, possibly related 
to muscle cell damage by uremic toxins. Here, we studied in vitro and in vivo the effect of indoxyl sulfate (IS), an indolic uremic toxin, 
on myoblast proliferation, differentiation and expression of myogenic regulatory factors (MRF)—myoblast determination protein 1 
( MyoD1 ), myogenin ( Myog ), Myogenic Factor 5 ( Myf5 ) and myogenic regulatory factor 4 ( Myf6 /MRF4)—and expression of myosin heavy 
chain, Myh2 . 

Methods. C2C12 myoblasts were cultured in vitro and differentiated in myotubes for 7 days in the presence of IS at a uremic concen- 
tration of 200 μM. Myocytes morphology and differentiation was analyzed after hematoxylin-eosin staining. MRF genes’ expression 

was studied using reverse transcription polymerase chain reaction in myocytes and 5/6th nephrectomized mice muscle. Myf6 /MRF4 
protein expression was studied using enzyme-linked immunosorbent assay; MYH2 protein expression was studied using western 

blotting. The role of Aryl Hydrocarbon Receptor (AHR)—the cell receptor of IS—was studied by adding an AHR inhibitor into the cell 
culture milieu. 

Results. In the presence of IS, the myotubes obtained were narrower and had fewer nuclei than control myotubes. The presence of IS 
during differentiation did not modify the gene expression of the MRFs Myf5, MyoD1 and Myog, but induced a decrease in expression 

of Myf6 /MRF4 and MYH2 at the mRNA and the protein level. AHR inhibition by CH223191 did not reverse the decrease in Myf6/ MRF4 
mRNA expression induced by IS, which rules out the implication of the ARH genomic pathway. In 5/6th nephrectomized mice, the 
Myf6 /MRF4 gene was down-regulated in striated muscles. 

Conclusion. In conclusion, IS inhibits Myf6/ MRF4 and MYH2 expression during differentiation of muscle cells, which could lead to a 
defect in myotube structure. Through these new mechanisms, IS could participate in muscle atrophy observed in CKD. 

Keywords: chronic kidney disease, indoxyl sulfate, myogenesis, uremic toxin 
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KEY LEARNING POINTS 

What was known: 

• Chronic kidney disease (CKD) is associated with a higher ris
• Uremic toxins, including the uremic toxin indoxyl sulfate (IS

the effect of IS on myoblast differentiation in myocytes rem

This study adds: 

• This study shows that IS inhibits myoblast differentiation in
• It demonstrates that IS inhibits Myf6 /MRF4 and MYH2 expre
• This is a new mechanism by which IS might induce sarcope

Potential impact: 

• This study describes a new pathophysiological mechanism o
• It also demonstrates that uremic toxin targeting (by remova

important approach in treating sarcopenia in CKD patients, 
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NTRODUCTION 

hronic kidney disease (CKD) is associated with muscle wasting
nd decrease in strength, a clinical state named sarcopenia [ 1 –4 ].
arcopenia is associated with a high risk of death and of progres-
ion of renal failure [ 5 ]. Several factors explain the loss of muscle
trength and muscle mass in CKD. Some are directly related to
KD, like uremic toxin accumulation and chronic inflammation;
thers are due to associated comorbidities, like diabetes, age, obe-
ity or a sedentary lifestyle [ 6 –9 ]. Nevertheless, the precise patho-
hysiology of sarcopenia in CKD remains to be understood. 
After muscle wounding, muscle repair involves the recruitment

f multipotent stem cells named satellite cells (SCs). SCs are qui-
scent stem cells located at the periphery of the sarcolemma of
uscle fibers, under the basement membrane. When activated,

hese cells can proliferate, differentiate and give rise to new mus-
le fibers or fuse to pre-existent muscle fibers to increase their
ize, providing new myonuclei to muscle fibers. 
The activation of SCs leads to their transformation into prolif-

rating myoblasts which, in turn, differentiate into mature mus-
le fibers. After that, a subset of myoblasts returns to a quiescent
tate. Differentiation requires the sequential transcription of four
asic helix–loop–helix transcription factors that regulate myogen-
sis. These transcription factors are the myogenic regulatory fac-
ors (MRF) family [ 10 ], which includes myogenic factor 5 ( MYF5 ),
yoblast determination protein 1 ( MYOD1 ), myogenin ( MYOG ) and
yogenic regulatory factor 4 ( MYF6/ MRF4, MYF6 being the gene
ncoding the protein MRF4). 
During embryogenesis, some MRF are essential for a healthy

triated muscle development, but others exert a partly re-
undant role. Myf5 null mice and Myod1 null mice have a
oughly normal phenotype ( Myf5 null/null mice have a retarded
runk muscle and Myod1 null/null mice have delayed early limb and
ranchial arch muscle development), but Myf5 and Myod1 dou-
le knock-out mice have a complete absence of skeletal myocytes
r myofibers [ 10 ]. Myog null/null mice have a marked reduction in
keletal muscle, indicating its role in muscle cell differentiation.
yf6 null/null mice have a normal phenotype. During post-natal
uscle repair and myogenesis, the MRF are sequentially activated

n myoblasts and drive the differentiation into muscle fibers [ 11 ].
n adults, MRF are not expressed in quiescent SCs, nor are they in
ature muscle cells except Myf6 /MRF4 which could be necessary

or mature muscle fiber innervation and maintenance of the SC
ool [ 10 , 12 , 13 ]. 
Beside MRF that are only expressed during regeneration, some

tructural proteins are permanently expressed in adult muscle,
specially proteins involved in the structure and contractibility of
uscle cells. Within them, Myosin-heavy chain 2 (MyHCIIa), en-
oded by the MYH2 gene, is a protein of the sarcomere involved in
uscle contraction. 
Muscle cells from CKD patients are permanently exposed to

remic toxins. Among them, the indolic toxin indoxyl sulfate (IS)
as shown to accumulate in CKD muscle tissue in vivo [ 14 ] and
o be deleterious for muscle cells [ 15 , 16 ]. IS is an indolic uremic
oxin derived from the metabolism of dietary tryptophan by in-
estinal bacteria. The majority of the harmful effects of IS are
elated to its ability to activate its cell receptor Aryl Hydrocar-
on Receptor (AHR) [ 17 ]. AHR is a ligand-activated transcription
actor which also possesses an intrinsic E3 ubiquitin ligase func-
ion [ 18 ]. As an Ahr ligand, IS activates Ahr and increases the ex-
ression of the downstream target gene Cyp1a1 in mouse muscle
ells [ 19 ]. Hemodialyzed patients with a high level of IS showed
 greater loss of handgrip strength, even after adjustment for po-
ential confounders [ 20 ]. In CKD mice, the reduction of IS levels by
ST-120 treatment rescues the decrease in skeletal muscle weight
 21 ]. Studies have shown that IS could induce muscle atrophy by
mpairing mitochondrial function [ 21 ], inducing metabolic alter-
tions such as upregulation of glycolysis [ 14 ], and stimulating re-
ctive oxygen species-mediated production of muscle atrophy–
elated genes [ 16 ]. In the present work, we studied the effect of
S on muscle cell differentiation as well as on MRF and MYH2 ex-
ression in vitro and in vivo . 

ATERIALS AND METHODS 

ulture and differentiation of C2C12 cells 
ouse C2C12 myoblasts were purchased from the American
ype Culture Collection (ATCC, Manassas, VA, USA) and cul-
ured in high glucose Dulbecco’s modified Eagle’s medium
DMEM) containing Glutamax TM (Life technologies, ThermoFisher
cientific, Courtaboeuf, France) supplemented with 10% fetal calf
erum (Dominique Dutscher, Brumath, France) and 1% penicillin,
treptomycin and amphotericin B (PS), under 37°C and 5% CO 2 . 
Differentiation in myocytes was obtained after 7 days of culture

f C2C12 myoblasts in DMEM high glucose GlutaMAX 

TM medium
ith 1% PS added with 2% horse serum. During differentiation,
ells were incubated with IS (Sigma-Aldrich, France) at 200 μM,
 concentration in the range of those reported in CKD [ 22 ]. IS
as diluted from a stock solution prepared in water. Because IS
as purchased as a potassium salt, IS was compared with potas-
ium chloride (KCl, Sigma-Aldrich, France), used as control. So-
utes were diluted 1:1000 in culture medium to reach working
oncentrations. 

2C12 cell proliferation assay 

he effect of IS on C2C12 proliferation was assessed by measuring
-Bromo-2 ′ -deoxy-uridine (BrdU) incorporation into cellular DNA.
2C12 at a concentration of 5.10 4 cells/mL cells/mL were seeded
n 96-well culture plates in DMEM medium containing 10% fetal
alf serum and 1% PS, and cultured for 24 h. Cells were serum-
tarved for 2 h, then incubated for 48 h with IS at 200 μM or con-
rols (medium or KCl) in DMEM medium containing 10% fetal calf
erum and 1% PS. BrdU was added to the wells during the last
2 h. 
Cell incorporation of BrdU was measured by enzyme-linked

mmunosorbent assay (ELISA) with the Roche’s Cell Proliferation
LISA, BrdU (colorimetric) (Sigma-Aldrich, France), according to
he manufacturer’s instructions. In brief, cells were fixed, cellu-
ar DNA was partially digested by nuclease treatment, and incor-
orated BrdU was detected with anti-BrdU mAb conjugated with
eroxidase. The absorbance was measured at 405 nm with a mi-
roplate reader (Glomax, Promega, France) and was directly corre-
ated to the level of BrdU incorporation into cellular DNA. Results
ere expressed in % of BrdU incorporation into cellular DNA ver-
us culture medium alone. 

valuation of IS cytotoxicity by a lactate 

ehydrogenase assay 

he cytotoxicity of IS was evaluated by measuring lactate dehy-
rogenase (LDH) activity in cell supernatants. LDH was measured
sing the CyQUANT 

TM LDH Cytotoxicity Fluorescence Assay
Invitrogen), according to the manufacturer’s protocol. Fluores-
ence intensity was measured at 560/590 nm, using a Glomax
icroplate reader (Promega, France). Results were expressed in
 of cytotoxicity. 
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Hematoxylin-eosin staining 

After 7 days of differentiation in presence of IS 200 μM, the
morphology of C2C12 cells was examined by hematoxylin–eosin
(HE) staining. Briefly, cells were fixed in methanol for 10 min
at –20°C, washed with PBS, and subjected to HE staining. At
least 15 fields were analyzed by microscopy using a DM8 mi-
croscope (Leica, France). The number of myotubes per field and
the number of nuclei per myotube were counted. The thick-
ness and length of myotubes were measured and expressed in
μm. All counts and measurements were done blindly to the
experimenter. 

RNA extraction and RT-qPCR analysis of mRNA 

expression in C2C12 

C2C12 cells were incubated during 7 days of differentiation
with IS (Sigma-Aldrich, France) at 200 μM. Total RNA was ex-
tracted from C2C12 myoblasts and myocytes by RNeasy mini-kit
(Qiagen, Courtaboeuf, France). RNA concentrations were deter-
mined using a NanoDrop Spectrophotometer (Thermoscientific,
Wilmington, DE, USA). 

Reverse transcription (RT) was performed from 500 ng of total
RNA with the Takara PrimeScript RT Reagent Kit (Takara, Saint-
Germain-en-Laye, France) followed by quantitative polymerase
chain reaction (qPCR) on 10 ng of cDNA using the TaqMan TM Uni-
versal Master Mix II from Applied Biosystems TM (ThermoFisher
Scientific, Courtaboeuf, France). Taqman probes were purchased
from ThermoFisher Scientific (Courtaboeuf, France); references
are provided in Supplementary data, Table S1. The housekeep-
ing gene hypoxanthine-guanine phosphoribosyl transferase ( Hprt )
was used to normalize the target gene values. 

All qPCRs were performed using an Applied Biosystems
StepOnePlus Real-Time PCR System (Thermofisher scientific,
Courtaboeuf, France). The data were acquired and analyzed
with the StepOne software (Thermofisher scientific, Courtaboeuf,
France). Normalized mRNA levels were expressed as fold-change
versus control, calculated using the 2 −��Ct method. The gene was
considered to have no expression when Ct was > 35. 

Myf6 /MRF4 ELISA 

To measure Myf6/ MRF4 protein expression in C2C12 cells,
we used a Myf6 /MRF4 colorimetric cell-based ELISA (CB5859)
(CytoGlow 

TM —AssayBiotech, Fremont, CA, USA). The assay was
performed as recommended by the manufacturer. Protein expres-
sion was evaluated by measuring the optical density at 450 nm
using a Glomax® Explorer microplate reader (Promega Corpora-
tion, Madison, WI, USA). Data were normalized with GAPDH as
recommended by the manufacturer. 

Western blot 
C2C12 cells were exposed to IS (Sigma-Aldrich, France) at 200 μM
or control KCl during 7 days of differentiation. After cell incu-
bation, cells were lysed on ice with cold RIPA buffer (50 mM
Tris–HCl, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Triton
X-100, 1 mM EDTA, pH 7.4) containing protease inhibitors (Com-
plete mini, Roche Diagnostics France, Meylan, France). Protein
concentrations were determined using the Bicinchoninic Acid Kit
BCA1 (Sigma Aldrich, St Quentin Fallavier, France). Total proteins
(25 μg) from cell lysates were separated using 4%–12% NuPAGE TM

sodium dodecyl sulfate–polyacrylamide electrophoretic gel (Life
technologies, Thermofisher Scientific, France) and transferred 
onto nitrocellulose membranes. Nonspecific binding was blocked 
with 5% skim milk for 1 h at room temperature. The mem-
branes were incubated with primary antibodies directed against 
MYH2 (A4.74 Santa Cruz, Clinisciences, France) or the loading 
control actin (D6A8, Cell Signaling, Ozyme, France), and then 
with the secondary peroxidase-conjugated goat anti-mouse (Ther- 
mofisher Scientific, France) or anti-rabbit (Thermofisher Scientific,
France) antibodies. Revelations were done by chemiluminescence 
(ECL Western blotting substrate, Pierce, Courtaboeuf, France). Gel 
images were captured using the Syngene GBox (Ozyme, Saint 
Quentin en Yvelines, France) and analyzed with the ImageJ soft- 
ware (NIH, MD, USA). Results were expressed as a ratio between 
values obtained with IS and values obtained with the control KCl,
and then normalized with values obtained with actin. 

CKD model of 5/6th nephrectomized mice 

All experimental protocols were approved by the local ethic 
committee named “comité d’éthique en expérimentation an- 
imale de la Région Rhône-Alpes, Lyon, France” (CECAPP # 
LS_2019_004). Male C57BL/6j mice were housed in an air- 
conditioned room with a controlled environment of 21 ± 0.5°C 

and 60%–70% humidity with a 12-h light/dark cycle. CKD was in-
duced by 5/6 nephrectomy with a two-step surgical procedure in 
5-week-old male mice as previously described under anes- 
thesia ketamine/xylazine (100 mg/kg and 20 mg/kg, intraperi- 
toneal, respectively) [ 23 ]. Sham mice underwent two mock 
surgeries. Eight weeks later, mice were euthanized with ke- 
tamine/xylazine (100/20 mg/kg). Plasma was collected and stored 
at –80°C, Gastrocnemius and soleus were removed, weighted,
snap-frozen in liquid nitrogen and then stored at –80°C until 
analysis. 

RNA extraction and RT-qPCR analysis of mRNA 

expression in mice 

Total RNAs from soleus and gastrocnemius muscles were ex- 
tracted using TRI Reagent ® (Sigma Aldrich, France). Purity and 
concentration of RNA were determined using NanodropOne 
(Ozyme) and quality checked using Bioanalyser (Agilent). First- 
strand cDNAs were synthesized from 1 μg of total RNAs using
PrimeScript RT kit reagent kit (Perfect Real Time) (Takara Bio 
Europe, Saint-Germain-En-Laye, France). Real-time qPCR assays 
were performed with Rotor-Gene 6000 (Qiagen) using TB Green 
Premix Ex Taq (Tli RNaseH plus) (Takara Bio Europe) as previ-
ously described [ 24 ]. TATA-box binding protein ( Tbp ) was used as a
reference gene to normalize the results. Results are the ratio of 
target mRNA levels to tbp mRNA levels and are expressed as per-
centage of the sham group values. Primers sequences are listed in
Supplementary data, Table S1. 

Statistical analysis 
Statistical analyses were performed with the Prism (GraphPad 
Software Inc., San Diego, CA, USA). Significant differences in cell 
culture experiments were revealed by the Wilcoxon signed rank 
test. In vitro data are expressed as mean ± standard error of 
the mean (SEM) of independent experiments performed on dif- 
ferent cell preparations. Significant differences in animal model 
experiments were revealed by the Mann–Whitney test. In vivo data 
are expressed as mean ± SEM. In all statistical analyses, P -values 
< .05 were considered as significant. 
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ESULTS 

S inhibits myoblast proliferation 

2C12 myoblasts were cultured during 48 h with IS, and myoblast
roliferation was studied. By measuring BrdU incorporation into
ellular DNA, a 10% decrease in C2C12 proliferation was observed
n the presence of IS, compared with the control (Fig. 1 A). The cy-
otoxicity of IS was then analyzed by evaluating LDH release by
2C12 myoblasts cultured during 48 h in presence of IS (Fig. 1 B).
S did not mediate a significant cytotoxicity, compared with its
ontrol (Fig. 1 B). 

S inhibits myoblast differentiation 

2C12 cells were differentiated into myocytes for 7 days in the
resence of IS. The effect of IS on cell differentiation was studied
y counting the number of myotubes and the number of nuclei
er myotube, and by analyzing two morphological criteria: thick-
ess and length of myotubes. Figure 2 A and B displays representa-
ive pictures of myocytes after 7 days of C2C12 cell differentiation
n presence of control KCl (Fig. 2 A) or IS 200 μM (Fig. 2 B). The pres-
nce of IS during differentiation did not affect the number of my-
tubes (Fig. 2 C), but significantly decreased the number of nuclei
er myotube (Fig. 2 D). In addition, IS reduced myotube thickness
Fig. 2 E) without affecting myotube length (Fig. 2 F). A kinetic study
f IS cytotoxicity during differentiation by measuring LDH release
y C2C12 cells was performed. This study demonstrated that the
resence of IS during differentiation did not induce cytotoxicity
Fig. 2 G). 

S inhibits the expression of the myogenic 
egulatory transcription factor Myf6/MRF4 during 

uscle cell differentiation 

he expression of the four MRF genes Myf5 , Myod1 , Myog and Myf6
n C2C12 cells exposed to IS during the 7 days of differentiation
Fig. 3 ) was studied. As expected, and in accordance with the lit-
rature, the expression of Myf5 , which is normally expressed in
yoblasts but not in myotubes, decreased during differentiation

rom Day 4 (Fig. 3 A). Myod1 (Fig. 3 B) and Myog (Fig. 3 C) increased
ith differentiation from Day 3. Myf6 , which is the latest MRF to be
xpressed during differentiation, increased from Day 4 (Fig. 3 D). 
After 7 days of C2C12 cell differentiation, IS induced a de-
rease ( P < .05 vs control) in Myf6 mRNA expression (Fig. 3 D)
ithout changing the expression of Myf5 (Fig. 3 A), Myod1 (Fig. 3 B)
nd Myog (Fig. 3 C). Using a colorimetric Cell-Based ELISA,
e found that MRF4 protein expression was also decreased

n myocytes exposed to IS during 7 days of differentiation
Fig. 3 E and F). 

yf6/MRF4 expression is decreased 

n the muscles of CKD mice 

e investigated whether CKD modified Myf6 expression in vivo ,
nd measured Myf6 mRNA expression in gastrocnemius and soleus
uscles in a 5/6th nephrectomy CKD mouse model. CKD mice
ad higher urea levels than sham mice (24.0 ± 2.4 mmol/L vs
.2 ± 0.5 mmol/L, respectively, P < .0001). Myf6 expression in gas-
rocnemius and soleus muscles was significantly lower in CKD mice
han in sham mice (Fig. 4 A and B). 

ole of Ahr in Myf6/MRF4 inhibition during 

uscle cell differentiation 

o analyze the mechanism of Myf6 downregulation by IS in C2C12
ells, we studied the role of Ahr, the intracellular receptor of
S. We first investigated the activation of Ahr by measuring the
RNA level of the Ahr target genes Cyp1a1 (Fig. 5 A) and Cyp1b1

Fig. 5 B) in the presence of IS and of the Ahr inhibitor CH223191.
oth genes showed an upregulation by IS which was strongly de-
reased by CH223191, demonstrating the activation of the ge-
omic pathway of Ahr by IS and its inhibition by CH223191
Fig. 5 A and B). The expression of Ahr itself was not modified
n the presence of IS, in the presence of CH223191, or both
Fig. 5 C). 
To study the involvement of Ahr in Myf6 downregulation in-

uced by IS, C2C12 cells were exposed to IS and CH223191 during
he 7 days of differentiation (Fig. 6 ). CH223191 did not reverse the
ecrease in Myf6 mRNA expression induced by IS (Fig. 6 A). More-
ver, when cells were incubated only with CH223191, it decreased
yf6 mRNA expression ( P < .01 vs control), as IS did (Fig. 6 A). As
xpected, CH223191 had no effect on the mRNA expression of the
RF that were not modified by IS, namely Myf5 , Myod1 and Myog

Fig. 6 B–D). 
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IS down-regulates Myh2 expression during
myoblast differentiation
Because IS induced an impairment of myotube structure, we in-
vestigated whether IS affected proteins involved in structural
and mechanical integrity of the contractile apparatus of mus-
cle. For this purpose, the expression of myosin heavy chain My- 
HCIIa (encoded by the Myh2 gene) was examined in C2C12 cells 
exposed to IS during 7 days of differentiation (Fig. 7 ). After
7 days, the presence of IS strongly decreased Myh2 mRNA ex- 
pression (Fig. 7 A). In addition, the induction of MyHCIIa protein 
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xpression observed after 7 days of differentiation was inhibited
y IS (Fig. 7 B). 
To analyze the involvement of Ahr in Myh2 mRNA downreg-

lation induced by IS during differentiation, we tested the ef-
ect of CH223191 on Myh2 mRNA expression (Fig. 7 C). CH223191
id not reverse the decrease in Myh2 mRNA expression induced
y IS, nor modified Myh2 mRNA expression in the absence of IS
Fig. 7 C). 
In vivo , we found no difference in Myh2 mRNA expression in

astrocnemius (Fig. 7 D) and soleus (Fig. 7 E) muscles between 5/6th
ephrectomized and sham mice. 
ISCUSSION
his work shows that the uremic toxin IS inhibits myoblast differ-
ntiation by decreasing Myf6 /MRF4, thereby impairing myotube
egeneration. It also suggests that IS could induce muscle atrophy
ia myosin heavy chain Myh2 inhibition. These two mechanisms
re newly described pathways that could participate in muscle
eakness and sarcopenia in CKD patients. 
First, we report two important anomalies in C2C12 myotubes

hat were obtained from myoblasts exposed to IS during differen-
iation: a reduced myotube thickness and a reduced number of
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uclei per myotube. In the literature, Enoki and colleagues have
lready reported that C2C12 cells exposed to IS for 7 days of dif-
erentiation produce fewer myotubes (lower number of myotubes
er field) which are also narrower [ 16 ]. Another study has also
eported decreased diameters of myotubes exposed to IS during
ifferentiation [ 25 ]. Our data showing that IS exposure during dif-
erentiation leads to reduced number of nuclei per myotube is an
mportant finding because we propose that the mechanism lead-
ng to a lower number of nuclei in myotubes is fusion inhibition,
 different mechanism from myotube growth. 
We show for the first time that muscle cells exposed to

S during differentiation display an inhibition of Myf6 /MRF4
xpression—but not the expression of other MRFs. Myf6 /MRF4 is
 central MRF for myocyte–myocyte and myocyte–myotube fu-
ion during embryogenesis and repair and plays a role in the
ery late states of differentiation [ 11 ]. Its expression in regen-
rating fibers in vivo is restricted to the time around and af-
er fusion [ 26 ]. Thus, Myf6 /MRF4 inhibition could explain the
ower number of nuclei per myotube obtained in C2C12 cul-
ures exposed to IS. This suggests that IS may impair myocyte
usion during myotube formation. A decrease of 10% of MRF4
rotein expression could be interpreted as a small effect, but
n hemodialysis patients, muscle strength declines over several
ears. Thus, a small but long-lasting decrease in the muscle regen-
ration capacities after lesion could be of clinical relevance in CKD
atients. 
We investigated the AHR-dependent mechanism of Myf6 down-
egulation by IS and showed that the decrease in Myf6 expres-
ion by IS was not reversed by the AHR inhibitor CH223191. AHR
an activate several signaling pathways, the first described being
he genomic pathway that regulates the expression of AHR target
enes such as Cytochrome p450 1A1 ( CYP1A1 ) and 1B1 ( CYP1B1 )
 18 ]. Here, the up-regulation of Cyp1a1 and Cyp1b1 by IS was re-
ersed by CH223191, supporting that CH223191 does inhibit IS-
ediated activation of the AHR genomic pathway in C2C12 in
ouse muscle cells. However, CH223191 did not reverse the ef-

ect of IS on Myf6 downregulation, ruling out an involvement
f the AHR genomic pathway. The role of AHR via non-genomic
athways, including modulation of signaling pathways like Src,
APK or Wnt/b-catenin, or via its function as an E3 ubiquitin lig-
se [ 27 ] was not studied. 
A decrease in Myf6 /MRF4 expression was observed in striated
uscles of the 5/6th nephrectomy mouse model. In this model,
igh urea serum levels confirm the presence of CKD and we
ave already reported that 5/6th nephrectomized mice display
igh IS blood concentrations [ 28 ]. Our in vitro approach was an
S “single toxin” approach and the decrease in Myf6 /MRF4 ex-
ression observed in the 5/6th nephrectomized model, a CKD
odel in which all uremic toxins, including IS accumulate,
ould result from the effect of IS alone, or from a cocktail
ffect of IS with other uremic toxins. In this model, it has
een observed that a decrease of weight and muscle-fiber size
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distribution in skeletal muscle is associated with a shift toward
small myofibers [ 29 ]. 

Few data are available on the role of Myf6 /MRF4 in adult muscle
fibers but it could negatively regulate muscle mass [ 30 , 31 ]. It has
been proposed that the biological effect of MRF4 is modulated by
its phosphorylation under the control of p38 MAPK [ 32 ], whose
activation by IS was demonstrated in many cell types, including 
cardiomyocytes [ 33 ]. The effect of IS on the phosphorylation level
of MRF4 in muscle cells might be interesting to study. MYF6 /MRF4
is also important to maintain the SC pool in adult skeletal muscle
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 13 ], but CKD patients have a normal number of SCs and a normal
AX7 expression in muscles [ 34 ]. 
Unlike Myf6 /MRF4, the expression of other MRFs Myod1 and
yog was not modified by IS exposure during differentiation. In
he literature, results are conflicting regarding Myod1 and Myog ex-
ression in CKD. Some studies report a down regulation of Myod1
nd Myog in animal models of CKD, but others did not confirm
uch findings [ 34 –36 ]. Regarding the effect of IS on gene expression
n cultured muscle cells, Rodrigues and colleagues did not find any
odification in Myod1 and Myog expression in cultured C2C12 my-
blasts during differentiation, even at IS concentration of 1 mM
 15 ]. Enoki and colleagues described a slight down-regulation of
yoD protein, but not myogenin in C2C12 myoblasts exposed

o 1 mM IS, as well as in half-nephrectomized mice injected in-
raperitoneally with IS [ 16 ]. 
The effect of IS was studied on a protein playing a key role in

tructural and mechanical integrity of the contractile apparatus
f muscle tissue: myosin heavy chain MyHCIIa, encoded by the
YH2 gene. The MYH2 gene is expressed in fast type 2A and 2B
uscle fibers and functions in skeletal muscle contraction. MYH2
utations are responsible for myopathy, characterized by a lack of
r a reduction in the number and size of type 2A fibers, with mild
o moderate muscle weakness [ 37 ]. Enoki and colleagues reported
 down-regulation of MyHCIIa protein expression in mature my-
cytes exposed to IS [ 16 ], which was not found by Rodrigues and
olleagues even at high IS concentrations [ 15 ]. Here, we found that
S down-regulated MyHCIIa mRNA expression and protein pro-
uction in C2C12 cells when added during cell differentiation. The
own regulation of MyHCIIa during myogenesis could be involved
n the myotube atrophy that we observed in presence of IS. How-
ver, unlike Myf6 , we did not observe an inhibition of Myh2 expres-
ion in myocytes exposed to CH223191 and CKD mice displayed a
ormal Myh2 expression in striated muscles, suggesting that the
nderlying mechanism by which IS inhibits Myh2 in vitro is distinct
rom the mechanism involved for Myf6 . 
In addition to its effects on differentiation, IS inhibited C2C12
yoblast proliferation at a uremic concentration of 200 μM.
lcalde-Estévez and colleagues reported that a mix of IS and
aracresyl sulfate (PCS), each at uremic concentration of 100 μM,
nhibited the entry of myoblasts in phase M and their prolif-
ration, associated with a slower wound healing [ 38 ]. However,
t is not clear if this effect was due to IS or to PCS. Using a
ethylene blue assay, Enoki and colleagues reported an inhibi-

ion of 40% of myoblast proliferation when cells were exposed
o a high IS concentration of 1 mM [ 16 ]. In Enoki’s study, IS had
he strongest antiproliferative effect compared with other ure-
ic toxins (indole-3-acetic acid, PCS, hippuric acid, kynurenic acid
nd 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid). Here,
e show that the antiproliferative effect of IS is also relevant
t a concentration of 200 μM which can be found in CKD pa-
ients. The inhibition of myoblast proliferation induced by IS
as not due to IS cytotoxicity. Indeed, by measuring LDH re-
ease, IS at uremic concentration has no cytotoxic effect on my-
blasts, nor on myocytes throughout their differentiation. The
bsence of a cytotoxic effect on myoblasts of IS at a uremic
oncentration (53.0 mg/L or 211 μM) was also described by Ro-
rigues and colleagues using the 3-(4,5-dimethylthiazol-2-yl)-2,5,-
iphenyltetrazolium bromide (MTT) assay. A cytotoxic effect of IS
n myoblasts was observed only at a supraphysiological concen-
ration of IS (236.0 mg/L or 940 μM) [ 15 ], which had no cytotoxic
ffect on myotubes [ 25 ]. 
In conclusion, IS inhibits myoblast proliferation, down-

egulates Myf6 /MRF4 and Myh2 expression during muscle cell dif-
erentiation, and leads to a defect in myotube structure. Through
hese mechanisms, IS could contribute to the muscle atrophy ob-
erved in CKD. 

UPPLEMENTARY DATA
upplementary data are available at ndt online. 

ONFLICT OF INTEREST STATEMENT
he authors declare they have no disclosure regarding this study.

UTHORS’ CONTRIBUTIONS
.B. designed and performed experiments, and wrote the paper.
.M. performed cell culture experiments. L.K., A.B. and B.B. per-
ormed animal experiments. M.B. helped in the study design.
.D.S. helped with cell culture methods. S.P. designed and per-
ormed animal experiments, participated in data interpretation
nd wrote the paper. J.A. helped in performing experiments. R.C.
elped with cell cultures. S.B. participated in the study design and
rote the paper. L.D. designed and performed experiments and
rote the paper. All authors helped in the writing of the paper.

UNDING
he study was performed thanks to a grant of the French nephrol-
gy society: Société Francophone de Néphrologie, Dialyse et
ransplantation. 

ATA AVAILABILITY STATEMENT
he data underlying this article will be shared on reasonable re-
uest to the corresponding author. 

EFERENCES
. Bataille S, Serveaux M, Carreno E et al. The diagnosis of sar-

copenia is mainly driven by muscle mass in hemodialysis pa-
tients. Clin Nutr 2017; 36 :1654–60. https://doi.org/10.1016/j.clnu.
2016.10.016

. Fahal IH. Uraemic sarcopenia: aetiology and implications.
Nephrol Dial Transplant 2014; 29 :1655–65. https://doi.org/10.1093/
ndt/gft070

. Carrero JJ, Johansen KL, Lindholm B et al. Screening for mus-
cle wasting and dysfunction in patients with chronic kidney
disease. Kidney Int 2016; 90 :53–66. https://doi.org/10.1016/j.kint.
2016.02.025

. Cruz-Jentoft AJ, Bahat G, Bauer J et al. Sarcopenia: revised
European consensus on definition and diagnosis. Age Ageing
2019; 48 :16–31. https://doi.org/10.1093/ageing/afy169

. Wilkinson TJ, Miksza J, Yates T et al. Association of sarcopenia
with mortality and end-stage renal disease in those with chronic
kidney disease: a UK Biobank study. J Cachexia Sarcopenia Muscle
2021; 12 :586–98. https://doi.org/10.1002/jcsm.12705

. Bataille S, Landrier JF, Astier J et al. The “dose-effect” rela-
tionship between 25-hydroxyvitamin D and muscle strength in
hemodialysis patients favors a normal threshold of 30 ng/ml for
plasma 25-hydroxyvitamin D. J Ren Nutr 2016; 26 :45–52. https:
//doi.org/10.1053/j.jrn.2015.08.007

. Bataille S, Chauveau P, Fouque D et al. Myostatin and muscle
atrophy during chronic kidney disease. Nephrol Dial Transplant
2021; 36 :1986–93. https://doi.org/10.1093/ndt/gfaa129

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad123#supplementary-data
https://doi.org/10.1016/j.clnu.2016.10.016
https://doi.org/10.1093/ndt/gft070
https://doi.org/10.1016/j.kint.2016.02.025
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1002/jcsm.12705
https://doi.org/10.1053/j.jrn.2015.08.007
https://doi.org/10.1093/ndt/gfaa129


S. Bataille et al . | 11

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RA. 

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/advance-article/doi/10.1093/ndt/gfad123/7205509 by ER

A - M
em

ber Access user on 17 July 2023
8. Mori K. Maintenance of skeletal muscle to counteract sarcope-
nia in patients with advanced chronic kidney disease and es-
pecially those undergoing hemodialysis. Nutrients 2021; 13 :1538.
https://doi.org/10.3390/nu13051538

9. Chauveau P, Moreau K, Lasseur C et al. Sarcopenia or uremic
myopathy in CKD patients. Nephrol Ther 2016; 12 :71–5. https://
doi.org/10.1016/j.nephro.2015.08.002

10. Rescan PY. Regulation and functions of myogenic regulatory fac-
tors in lower vertebrates. Comp Biochem Physiol B Biochem Mol Biol
2001; 130 :1–12. https://doi.org/10.1016/S1096- 4959(01)00412- 2

11. Asfour HA, Allouh MZ, Said RS. Myogenic regulatory factors:
the orchestrators of myogenesis after 30 years of discovery.
Exp Biol Med (Maywood) 2018; 243 :118–28. https://doi.org/10.1177/
1535370217749494

12. Zammit PS. Function of the myogenic regulatory factors Myf5,
MyoD, Myogenin and MRF4 in skeletal muscle, satellite cells
and regenerative myogenesis. Semin Cell Dev Biol 2017; 72 :19–32.
https://doi.org/10.1016/j.semcdb.2017.11.011

13. Lazure F, Blackburn DM, Corchado AH et al. Myf6/MRF4 is a myo-
genic niche regulator required for the maintenance of the mus-
cle stem cell pool. EMBO Rep 2020; 21 :e49499. https://doi.org/10.
15252/embr.201949499

14. Sato E, Mori T, Mishima E et al. Metabolic alterations by in-
doxyl sulfate in skeletal muscle induce uremic sarcopenia in
chronic kidney disease. Sci Rep 2016; 6 :36618. https://doi.org/10.
1038/srep36618

15. Rodrigues GGC, Dellê H, Brito RBO et al. Indoxyl sulfate con-
tributes to uremic sarcopenia by inducing apoptosis in my-
oblasts. Arch Med Res 2020; 51 :21–9. https://doi.org/10.1016/j.
arcmed.2019.12.020

16. Enoki Y, Watanabe H, Arake R et al. Indoxyl sulfate po-
tentiates skeletal muscle atrophy by inducing the oxidative
stress-mediated expression of myostatin and atrogin-1. Sci Rep
2016; 6 :32084. https://doi.org/10.1038/srep32084

17. Sallée M, Dou L, Cerini C et al. The aryl hydrocarbon receptor-
activating effect of uremic toxins from tryptophan metabolism:
a new concept to understand cardiovascular complications of
chronic kidney disease. Toxins 2014; 6 :934–49. https://doi.org/10.
3390/toxins6030934

18. Rothhammer V, Quintana FJ. The aryl hydrocarbon receptor: an
environmental sensor integrating immune responses in health
and disease. Nat Rev Immunol 2019; 19 :184–97. https://doi.org/10.
1038/s41577- 019- 0125- 8

19. Bataille S, Dou L, Bartoli M et al. Mechanisms of myostatin and
activin A accumulation in chronic kidney disease. Nephrol Dial
Transplant 2022; 37 :1249. https://doi.org/10.1093/ndt/gfac136

20. Lin YL, Liu CH, Lai YH et al. Association of serum indoxyl
sulfate levels with skeletal muscle mass and strength in
chronic hemodialysis patients: a 2-year longitudinal analy-
sis. Calcif Tissue Int 2020; 107 :257–65. https://doi.org/10.1007/
s00223- 020- 00719- x

21. Enoki Y, Watanabe H, Arake R et al. Potential therapeutic inter-
ventions for chronic kidney disease-associated sarcopenia via
indoxyl sulfate-induced mitochondrial dysfunction: therapy for
CKD-associated muscle dysfunction. J Cachexia Sarcopenia Muscle
2017; 8 :735–47. https://doi.org/10.1002/jcsm.12202

22. Vanholder R, Schepers E, Pletinck A et al. The uremic toxicity
of indoxyl sulfate and p-cresyl sulfate: a systematic review. J
Am Soc Nephrol 2014; 25 :1897–907. https://doi.org/10.1681/ASN.
2013101062

Received: March 14, 2023; Editorial decision: June 16, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of the E

All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
23. Koppe L, Nyam E, Vivot K et al. Urea impairs β cell gly-
colysis and insulin secretion in chronic kidney disease.
J Clin Invest 2016; 126 :3598–612. https://doi.org/10.1172/
JCI86181

24. Barba C, Benoit B, Bres E et al. A low aromatic amino-acid diet
improves renal function and prevent kidney fibrosis in mice with
chronic kidney disease. Sci Rep 2021; 11 :19184. https://doi.org/10.
1038/s41598- 021- 98718- x

25. Changchien CY, Lin YH, Cheng YC et al. Indoxyl sulfate in-
duces myotube atrophy by ROS-ERK and JNK-MAFbx cascades.
Chem Biol Interact 2019; 304 :43–51. https://doi.org/10.1016/j.cbi.
2019.02.023

26. Zhou Z, Bornemann A. MRF4 protein expression in regenerating
rat muscle. J Muscle Res Cell Motil 2001; 22 :311–6. https://doi.org/
10.1023/a:1013133616449

27. Larigot L, Juricek L, Dairou J et al. AhR signaling pathways and
regulatory functions. Biochimie Open 2018; 7 :1–9. https://doi.org/
10.1016/j.biopen.2018.05.001

28. Dou L, Poitevin S, Sallée M et al. Aryl hydrocarbon receptor is ac-
tivated in patients and mice with chronic kidney disease. Kidney
Int 2018; 93 :986–99. https://doi.org/10.1016/j.kint.2017.11.010

29. Mak RH, Gunta S, Oliveira EA et al. Growth hormone im-
proves adipose tissue browning and muscle wasting in mice
with chronic kidney disease-associated cachexia. Int J Mol Sci
2022; 23 :15310. https://doi.org/10.3390/ijms232315310

30. Schiaffino S, Dyar KA, Calabria E. Skeletal muscle mass is con- 
trolled by the MRF4-MEF2 axis. Curr Opin Clin Nutr Metab Care
2018; 21 :164–7. https://doi.org/10.1097/MCO.0000000000000456

31. Moretti I, Ciciliot S, Dyar KA et al. MRF4 negatively reg- 
ulates adult skeletal muscle growth by repressing MEF2
activity. Nat Commun 2016; 7 :12397. https://doi.org/10.1038/
ncomms12397

32. Suelves M, Lluís F, Ruiz V et al. Phosphorylation of MRF4 transac-
tivation domain by p38 mediates repression of specific myogenic
genes. EMBO J 2004; 23 :365–75. https://doi.org/10.1038/sj.emboj.
7600056

33. Yang K, Wang C, Nie L et al. Klotho protects against indoxyl
sulphate-induced myocardial hypertrophy. J Am Soc Nephrol
2015; 26 :2434–46. https://doi.org/10.1681/ASN.2014060543

34. Zhang L, Wang XH, Wang H et al. Satellite cell dysfunction and
impaired IGF-1 signaling cause CKD-induced muscle atrophy.
J Am Soc Nephrol 2010; 21 :419–27. https://doi.org/10.1681/ASN.
2009060571

35. Wang XH, Du J, Klein JD et al. Exercise ameliorates chronic kidney
disease–induced defects in muscle protein metabolism and pro- 
genitor cell function. Kidney Int 2009; 76 :751–9. https://doi.org/10.
1038/ki.2009.260

36. Avin KG, Chen NX, Organ JM et al. Skeletal muscle regen- 
eration and oxidative stress are altered in chronic kidney
disease. PLoS One 2016; 11 :e0159411. https://doi.org/10.1371/
journal.pone.0159411

37. Tajsharghi H, Darin N, Rekabdar E et al. Mutations and sequence
variation in the human myosin heavy chain IIa gene (MYH2).
Eur J Hum Genet 2005; 13 :617–22. https://doi.org/10.1038/sj.ejhg.
5201375

38. Alcalde-Estévez E, Sosa P, Asenjo-Bueno A et al. Uraemic tox- 
ins impair skeletal muscle regeneration by inhibiting myoblast
proliferation, reducing myogenic differentiation, and promoting
muscular fibrosis. Sci Rep 2021; 11 :512. https://doi.org/10.1038/
s41598- 020- 79186- 1
 

https://doi.org/10.3390/nu13051538
https://doi.org/10.1016/j.nephro.2015.08.002
https://doi.org/10.1016/S1096-4959(01)00412-2
https://doi.org/10.1177/1535370217749494
https://doi.org/10.1016/j.semcdb.2017.11.011
https://doi.org/10.15252/embr.201949499
https://doi.org/10.1038/srep36618
https://doi.org/10.1016/j.arcmed.2019.12.020
https://doi.org/10.1038/srep32084
https://doi.org/10.3390/toxins6030934
https://doi.org/10.1038/s41577-019-0125-8
https://doi.org/10.1093/ndt/gfac136
https://doi.org/10.1007/s00223-020-00719-x
https://doi.org/10.1002/jcsm.12202
https://doi.org/10.1681/ASN.2013101062
https://doi.org/10.1172/JCI86181
https://doi.org/10.1038/s41598-021-98718-x
https://doi.org/10.1016/j.cbi.2019.02.023
https://doi.org/10.1023/a:1013133616449
https://doi.org/10.1016/j.biopen.2018.05.001
https://doi.org/10.1016/j.kint.2017.11.010
https://doi.org/10.3390/ijms232315310
https://doi.org/10.1097/MCO.0000000000000456
https://doi.org/10.1038/ncomms12397
https://doi.org/10.1038/sj.emboj.7600056
https://doi.org/10.1681/ASN.2014060543
https://doi.org/10.1681/ASN.2009060571
https://doi.org/10.1038/ki.2009.260
https://doi.org/10.1371/journal.pone.0159411
https://doi.org/10.1038/sj.ejhg.5201375
https://doi.org/10.1038/s41598-020-79186-1
mailto:journals.permissions@oup.com

	INTRODUCTION
	MATERIALS AND METHODS
	Culture and differentiation of C2C12 cells
	C2C12 cell proliferation assay
	Evaluation of IS cytotoxicity by a lactate dehydrogenase assay
	Hematoxylin-eosin staining
	RNA extraction and RT-qPCR analysis of mRNA expression in C2C12
	Myf6/MRF4 ELISA
	Western blot
	CKD model of 5/6th nephrectomized mice
	RNA extraction and RT-qPCR analysis of mRNA expression in mice
	Statistical analysis

	RESULTS
	IS inhibits myoblast proliferation
	IS inhibits myoblast differentiation
	IS inhibits the expression of the myogenic regulatory transcription factor Myf6/MRF4 during muscle cell differentiation
	Myf6/MRF4 expression is decreased in the muscles of CKD mice
	Role of Ahr in Myf6/MRF4 inhibition during muscle cell differentiation
	IS down-regulates Myh2 expression during myoblast differentiation

	DISCUSSION
	SUPPLEMENTARY DATA
	CONFLICT OF INTEREST STATEMENT
	AUTHORS’ CONTRIBUTIONS
	FUNDING
	DATA AVAILABILITY STATEMENT
	REFERENCES

