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Abstract

Background Acrolein is an extremely electrophilic aldehyde. Increased urinary acrolein adducts have been found in type 2
diabetic patients and people with a smoking habit. The increased blood acrolein was shown in patients who received the can-
cer drug cyclophosphamide. Both diabetes and smoking are risk factors for skeletal muscle wasting or atrophy. Acrolein has
been found to induce myotube atrophy in vitro. The in vitro and in vivo effects and mechanisms of acrolein on myogenesis
and the in vivo effect of acrolein on muscle wasting still remain unclear.
Methods C2C12 myoblasts were used to assess the effects of low-dose acrolein (0.125–1 μM) on myogenesis in vitro. Mice
were exposed daily to acrolein in distilled water by oral administration (2.5 and 5 mg/kg) for 4 weeks with or without glycerol-
induced muscle injury to investigate the effects of acrolein on muscle wasting and regeneration.
Results Non-cytotoxic-concentration acrolein dose dependently inhibited myogenic differentiation in myoblasts (myotube
formation inhibition: 0.5 and 1 μM, 66.25% and 46.25% control, respectively, n = 4, P < 0.05). The protein expression for
myogenesis-related signalling molecules (myogenin and phosphorylated Akt: 0.5 and 1 μM, 85.15% and 51.52% control and
62.63% and 56.57% control, respectively, n = 4, P < 0.05) and myosin heavy chain (MHC: 0.5 and 1 μM, 63.64% and
52.53% control, n = 4, P < 0.05) were decreased in acrolein-treated myoblasts. Over-expression of the constitutively active
form of Akt in myoblasts during differentiation prevented the inhibitory effects of acrolein (1 μM) on myogenesis (MHC
and myogenin protein expression: acrolein with or without constitutively active Akt, 64.65% and 105.21% control and
69.14% and 102.02% control, respectively, n = 5, P< 0.05). Oral administration of acrolein for 4 weeks reduced muscle weights
(5 mg/kg/day: 65.52% control, n = 6, P < 0.05) and cross-sectional area of myofibers in soleus muscles (5 mg/kg/day: 79.92%
control, n = 6, P < 0.05) with an up-regulation of atrogin-1 and a down-regulation of phosphorylated Akt protein expressions.
Acrolein retarded soleus muscle regeneration in a glycerol-induced muscle regeneration mouse model (5 mg/kg/day: 49.29%
control, n = 4, P < 0.05). Acrolein exposure reduced muscle endurance during rotarod fatigue performance in mice with or
without glycerol-induced muscle injury (5 mg/kg/day without glycerol: 30.43% control, n = 4, P < 0.05). Accumulation of
acrolein protein adducts could be detected in the soleus muscles of acrolein-treated mice.
Conclusions Low-dose acrolein significantly inhibited myogenic differentiation in vitro, which might be through inhibition of
Akt signalling. Acrolein induced muscle wasting and retarded muscle regeneration in mice. These results suggest that acrolein
may be a risk factor for myogenesis and disease-related myopathy.

Keywords Acrolein; Myoblast; Myogenesis; Akt signalling; Muscle regeneration

Received: 1 May 2018; Accepted: 24 September 2018
*Correspondence to: Shing-Hwa Liu, Institute of Toxicology, College of Medicine, National Taiwan University, No.1, Jen-Ai Road, Section 1, Taipei, 10051, Taiwan. Email:
shinghwaliu@ntu.edu.tw
Rong-Sen Yang, Department of Orthopaedics, College of Medicine, National Taiwan University, No.1, Jen-Ai Road, Section 1, Taipei, 10051, Taiwan. Email: rsyang@ntuh.gov.tw
†These authors contributed equally to this study.

ORIG INAL ART ICLE

© 2018 The Authors. Journal of Cachexia, Sarcopenia and Muscle published by John Wiley & Sons Ltd on behalf of the Society on Sarcopenia, Cachexia and Wasting Disorders

Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 165–176
Published online 31 October 2018 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.12362

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.

http://creativecommons.org/licenses/by-nc/4.0/


Introduction

Acrolein, a highly electrophilic unsaturated aldehyde, is a
ubiquitous environmental toxicant, to which humans are ex-
posed though dietary, endogenous, and environmental
sources. Acrolein can be formed during the processing of fry-
ing food or produced from industry or automobile exhausts.1–
3 Acrolein is classified as a significant priority toxic pollutant
of the environment by the US Environmental Protection
Agency.4 Endogenous sources of acrolein include lipid perox-
idation, degradation of amino acids, and metabolic products
of the cancer drug cyclophosphamide.3,5 Tobacco smoke is
also one of the major sources of human acrolein exposure.2

The acrolein levels in cigarette smoke can be up to
90 ppm.6 Alwis et al. have indicated that acrolein is a pre-
dominant contributor to cigarette smoke-induced toxicity.7

Acrolein comprises a reactive carbonyl group that can inter-
act with amino acids, protein, and nucleophilic sites in
DNA.2,6 Previous studies showed that acrolein exposure could
be associated with the pathogenesis of diabetes mellitus, car-
diovascular disease, and Alzheimer’s disease through mecha-
nisms such as the adduction of protein/DNA and induction of
mitochondrial/endoplasmic reticulum stress.3,5

The endogenous sources of acrolein that contribute to var-
ious diseases are formed through polyamine degradation and
oxidative stress.8 Acrolein is also known to be produced from
overheated vegetable matter and fat.8 Chan et al. have dem-
onstrated that cooking can cause significantly higher concen-
trations of acrolein in grocery stores.9 The tolerable daily
intake (TDI) for acrolein has been estimated to be 7.5 μg/kg
body weight.1 It has also been estimated that daily dietary
consumption of unsaturated aldehydes, such as acrolein, is
about 5 mg/kg of food.10 It has been estimated that workers
in bars and taverns are exposed to acrolein at the levels of 15
to 1830 μg/day from cigarette smoke.11 The free acrolein in
the plasma of uraemic patients with chronic renal failure
has been detected to be 1–1.4 μM, which is higher than nor-
mal subjects (about 0.5 μM); the levels of acrolein-protein
adducts in the plasma of uraemic patients were 140–
170 μM.12 Moreover, the patients who received cancer drug
cyclophosphamide (60 mg/kg body weight/day) have been
found to have peak blood acrolein levels at 6.2–10.2 μM.11

Skeletal muscle makes up 40–45% of the weight of the
adult human body. Skeletal muscle has remarkable plasticity
that adapts to physiological and environmental influences by
changing its contractile and metabolic properties.13,14

Responding to injury, skeletal muscle undergoes a regenera-
tive process at the cellular and molecular levels.15,16 In the ini-
tiation of myogenesis, myoblasts change into mononucleated
myocytes with an elongated shape and express myogenic reg-
ulatory factors (MRFs); at the end of myogenic differentiation,
myocytes convert into multinucleated myotubes, which
exhibit numerous muscle structure proteins like myosin heavy
chain (MHC), creatine kinase, and α-actin.13,16

Diabetes is known to impair skeletal muscle function and
induces muscle atrophy such that the progression of diabetes
not only impacts skeletal muscle growth but also inhibits the
restoration of injured skeletal muscle.17,18 The urinary levels
of acrolein adduct were increased in both type 2 diabetes
patients and habitual smokers.8 Oral administration of acro-
lein (1 mg/kg) to mice for 48 days has been shown to induce
dilated cardiomyopathy.19 Furthermore, Rom et al. have
found that in vitro application of both cigarette smoke in an
exposure chamber with 50–600 mmHg negative pressure
levels and acrolein at the concentrations of 10–500 μM to
C2 skeletal myotubes induces myotube atrophy.20,21

However, the precise effects of acrolein on skeletal muscle
myogenesis and muscle mass remain unclear. In this study,
we investigated the influences of acrolein exposure at doses
relevant to human exposure on the in vitro and in vivo
regulation of muscle regeneration and muscle mass.

Materials and methods

Cell culture

Murine C2C12 skeletal muscle myoblasts were purchased
from American Type Culture Collection (Manassas, VA,
USA). C2C12 cells were maintained in growth medium [GM;
Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated foetal bovine serum and antibiotics
(penicillin 100 IU/mL, streptomycin 100 μg/mL, and
amphotericin B 0.25 μg/mL)] at 37°C and 5% carbon dioxide
in a humidified atmosphere.

Myogenic differentiation

Myogenic differentiation was performed as described previ-
ously.18 Myoblasts were cultured in differentiation medium
[DM; MCDB201 and Ham’s F12 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 2% heat-inactivated horse
serum and 1% penicillin/streptomycin/amphotericin B] with
or without acrolein (0.125–1 μM; Sigma-Aldrich, St. Louis,
MO, USA) treatment. During differentiation, the medium
with or without acrolein was replaced every day for 4 days
until the multinucleated myotubes were formed. The
morphology of the myotube was observed by haematoxylin
and eosin (H&E) staining.

Cell viability

Cells were seeded in 96-well plates and incubated in GM
overnight and then transferred to DM with or without
acrolein for 1–4 days. The survival rate of differentiated
myoblasts was measured using 3-(4,5-dimethyl thiazol-2-yl)-
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2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) assay
that was reduced to purple formazan via mitochondrial dehy-
drogenase in living cells. The formazan crystals were solubi-
lized by dimethyl sulfoxide, and its absorbance was
measured at 570 nm by spectrophotometer.

Western blot analysis

The extraction of cellular protein and western blot analysis
were performed as previously described.22 Cell lysates were
separated on 8% or 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and then electrotransferred onto
polyvinylidene difluoride membrane. The membranes were
blocked with skim milk (5%) for 1 h and then incubated with
the primary antibodies for Akt, phosphorylated Akt (Ser473)
(Cell Signaling, Danvers, MA, USA), myogenin, MHC, β-actin
(Santa Cruz, Santa Cruz, CA, USA), and acrolein protein adduct
(Novus Biologicals, Littleton, CO, USA) overnight at 4°C. The
membranes were incubated with anti-rabbit or anti-mouse an-
tibodies conjugated to horseradish peroxidase for 1 h. The blots

were visualized with enhanced chemiluminescence reagent
(BioRad, Hercules, CA, USA) and exposed to X-ray film. The den-
sitometric analysis was assessed using ImageJ software.

Measurement of creatine kinase activity

The analysis of creatine kinase activity was performed by
using a creatine kinase assay kit (Teco Diagnostics, Anaheim,
CA, USA) following the manufacturer’s instructions. Creatine
kinase activity was calibrated to total protein level deter-
mined by a bicinchoninic acid (BCA) protein assay kit.

Transient transfection

Both the control pcDNA3.1 empty vector and the constitutively
active form of Akt [myristoylated (myr) Akt], which was a gen-
erous gift from M.L. Kuo (National Taiwan University, Taipei,
Taiwan),23 were transfected into C2C12 cells using a Lipofecta-
mine 3000 reagent (Invitrogen) according to the

Figure 1 Inhibitory effects of acrolein on myogenic differentiation in C2C12 myoblasts. Cells were incubated in differentiation medium (DM) for 4 days
with increasing concentrations of acrolein (ACR; 0.125–1 μM). (A) The effects of acrolein on cell viability determined by 3-(4,5-dimethyl thiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay were shown. (B) Cell morphology was inspected by haematoxylin and eosin (H&E) staining. Black arrows
indicate the formation of multinucleated myotubes (A). The number of myotubes formed per field (C) and the average of nuclei per myotube (D) are
shown. Results are expressed as means ± SEM for three independent experiments. Scale bar = 100 μm. *P < 0.05 compared with control.
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manufacturer’s instruction. Following transfection of pcDNA3.1
or myr Akt to cells, the GM was substituted for the DM, and
C2C12 cells were further incubated for 4 days with or without
acrolein. The transfection efficiency (about 40–50%) was con-
firmed by an equal amount of a plasmid-encoded green fluo-
rescent protein under the control of the cytomegalovirus
promoter.

Animals

Five-week-old male ICR mice were obtained from the Experi-
mental Animal Center, College of Medicine, National Taiwan
University (Taipei, Taiwan). The laboratory protocol was ap-
proved by the ethical review committee of the College of
Medicine, National Taiwan University, and was conducted in
accordance with the regulations of Taiwan and NIH guidelines
on the care and welfare of animals. Mice were treated

humanely and with regard for the alleviation of suffering.
Mice were separately housed in cages under constant tem-
perature at 22 ± 2°C and 12 h light/dark cycles. The highest
no-observed-adverse-effect level (NOAEL) values of acrolein
for systemic effects in mice treated with acrolein for
18 months (gavage in water) are 4.5 mg/kg/day.4 Doses of
2.5 and 5 mg/kg were chosen for in vivo study of acrolein.
Mice were exposed to acrolein in distilled water by oral ga-
vage daily for 4 weeks. The control mice were daily subjected
to distilled water by oral gavage.

Histological and immunohistochemical assessment

The 5 μm soleus muscle sections were assessed by H&E stain-
ing. Cross-sectional areas were calculated using the ImageJ
1.48 software (National Institutes of Health, Bethesda, MD,
USA) in five random fields for each section. The

Figure 2 Effects of acrolein on protein expressions of myogenesis markers and creatine kinase activity in C2C12 myoblasts. Cells were incubated in
growth medium (GM; Day 0) or differentiation medium (DM) for 4 days with increasing concentrations of acrolein (ACR; 0.125–1 μM). (A) The protein
markers for myogenesis are shown. The protein expressions of phosphorylated Akt, Akt, myosin heavy chain (MHC), myogenin, phosphorylated p85/
PI3K, and p85/PI3K were determined by western blotting and quantified using densitometric analysis. The β-actin was regarded as a loading control.
(B) The activity of creatine kinase is shown. Results are expressed as means ± SEM for at least three independent experiments. *P < 0.05 compared
with control in DM without acrolein treatment.
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immunohistochemistry for atrogin-1 and phosphorylated Akt
was performed in soleus muscles staining with anti-atrogin-1
antibody (Abcam, Cambridge, UK) and anti-phosphorylated
Akt antibody (Cell Signaling). For signal visualization, a
SuperPicture horseradish peroxidase polymer conjugate kit
(Invitrogen) was used.

Muscle fatigue task test

Motor coordination and balance in mice were determined by
using a rotarod apparatus (Ugo Basile, Verese, Italy) as previ-
ously described.18 Mice were trained for 1 day on the rotarod
for acclimation; the training consisted of two trials: the first
trial was at a constant speed (13 rpm) for 15 min with a
15 min rest and the second trial was at speeds ramping from
13 to 25 rpm for 15 min. After acclimation training, the mus-
cle fatigue task had mice run at speeds ramping from 13 to
25 rpm and maintained at 25 rpm for 30 min. Mice were re-
placed on the rotarod if they fell off or stopped running four
times within 60 s of each fall. The latency to fall off the
rotarod was recorded.

Glycerol-induced muscle injury and regeneration
model

The experiment of glycerol-induced muscle injury and regener-
ation was performed as previously described.18,24 Mice were
anaesthetized under ketamine (30 mg/kg) and xylazine (4 mg/
kg). Glycerol (100 μL of 50%, v/v) was injected into soleus mus-
cles. Themuscle strength was assessed by rotarod performance
before and 5 days after glycerol injection. Mice were sacrificed
5 days after glycerol injection, and the soleus muscles were iso-
lated. For histological analysis, the soleus muscles were fixed in
4% paraformaldehyde and embedded in paraffin, and 5 μm tis-
sue slices were stained with H&E. Myofibers with central nuclei
were calculated using the ImageJ 1.48 software (National
Institutes of Health) in five random fields for each section.

Statistics

All results are given as means ± SEM of at least three inde-
pendent experiments. The one-way analysis of variance
(ANOVA) followed by post hoc analysis with Bonferroni’s test

Figure 3 Transfection with a constitutively active form of Akt prevented the acrolein-inhibited myogenic differentiation. After the transient transfec-
tion of a constitutively active form of Akt (c.a. Akt) or control pcDNA3.1 for 24 h, C2C12 myoblasts were consecutively differentiated in differentiation
medium (DM) with 1 μM acrolein (ACR) for 4 days. (A) The protein expressions of Akt, myosin heavy chain (MHC), and myogenin were determined by
western blotting and quantified using densitometric analysis. The β-actin was regarded as a loading control. (B) The activity of creatine kinase is shown.
Results are expressed as means ± SEM for at least three independent experiments.

*
P < 0.05 compared with pcDNA control group without acrolein

treatment. #P < 0.05 compared with pcDNA control group with acrolein treatment.
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was used to analyse the statistical significance of differences
in the means of the experimental groups. In the experiments
of transient transfection of (myr) Akt, the two-way ANOVA
followed by post hoc analysis with the Sidak test was used.
P < 0.05 was considered to be statistically significant.

Results

Acrolein retards myogenic differentiation in C2C12
myoblasts

Acrolein at concentrations of 0.125–1 μM did not reduce cell
viability in C2C12 myoblasts (Figure 1A). For myogenesis,
C2C12 myoblasts were incubated with differentiation me-
dium until cell fusion and multinucleated myotube formation.
As shown in Figure 1B, acrolein at concentrations of 0.5 and
1 μM significantly inhibited myogenic differentiation and
myotube formation from C2C12 myoblasts observed by H&E

staining and calculation of nuclei in the myotubes. Myogenin
is known to be involved in the initiation of muscle differenti-
ation, and myosin heavy chain (MHC) is a late myogenic dif-
ferentiation marker.16 We further found that acrolein
(0.125–1 μM) suppressed the protein expression of MHC
and myogenin in differentiated C2C12 myoblasts (Figure
2A). Acrolein also reduced the creatine kinase activity, a
marker of myoblast myogenesis,22 in a dose-dependent man-
ner (Figure 2B). These results revealed that acrolein was ca-
pable of inhibiting myoblast differentiation and myotube
formation in cultured C2C12 myoblasts.

Acrolein down-regulated Akt signalling during
myogenesis

The phosphatidylinositol 3-kinase (PI3K)/Akt signal pathway is
known to play a pivotal role in myogenesis.25,26 We next inves-
tigated the effect of acrolein on Akt signalling during myogenic
differentiation. As shown in Figure 2A, the protein expressions

Figure 4 Transfection with a constitutively active form of Akt prevented the acrolein-inhibited myotube formation. After the transient transfection of
a constitutively active form of Akt (c.a. Akt) or control pcDNA3.1 for 24 h, C2C12 myoblasts were consecutively differentiated in differentiation medium
(DM) with 1 μM acrolein (ACR) for 4 days. Cell morphology was inspected by haematoxylin and eosin (H&E) staining. Black arrows indicated the for-
mation of multinucleated myotubes (A). The number of myotubes formed per field (B) and the average of nuclei per myotube (C) are shown. Results
are expressed as means ± SEM for three independent experiments. Scale bar = 100 μm. *P < 0.05 compared with pcDNA control group without acro-
lein treatment.

#
P < 0.05 compared with pcDNA control group with acrolein treatment.
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of phosphorylated p85/PI3K and phosphorylated Akt (Ser473)
were dose-dependently decreased by acrolein (0.125–1 μM)
treatment in differentiated myoblasts. To verify the role of
Akt signalling in acrolein-induced myogenesis suppression, the
constitutively active form of Akt (c.a. Akt) was transiently
transfected into C2C12 myoblasts. Transfection with c.a. Akt
significantly prevented the inhibition of MHC and myogenin
protein expression (Figure 3A) and creatine kinase activity (Fig-
ure 3B) by acrolein (1 μM) in differentiated myoblasts. In mor-
phological analysis by H&E staining, the acrolein-inhibited
myotube formation and average nuclei in myotubes were also
prevented by c.a. Akt transfection (Figure 4). These results sug-
gest that acrolein that inhibits myogenesis may be through an
Akt-regulated pathway.

Acrolein decreases muscle weight and cross-sectional
area and retards muscle regeneration in mice

After 2.5 or 5 mg/kg acrolein exposure by oral gavage for 2
and 4 weeks, the body weights of the mice were significantly

decreased (Figure 5A). Weight and myofiber cross-sectional
area of soleus muscles in acrolein-treated mice were also sig-
nificantly decreased (Figure 5B).

Acrolein can interact with protein to form a protein ad-
duct.6 Increased urinary acrolein adduct has been observed
in both type 2 diabetic patients and habitual smokers.8 We
next detected the acrolein protein adducts in soleus muscles
of acrolein-treated mice. As shown in Figure 5C, the acrolein
protein adduct was significantly increased in the soleus
muscles of acrolein-treated mice.

We also investigated whether acrolein exposure affected
the muscle atrophy-related signals in mice. As shown in
Figure 6, the soleus muscle isolated from acrolein-treated
mice showed an increased atrogin-1 and a decreased phos-
phorylated Akt and a decreased phosphorylated FOXO3A pro-
tein expression according to immunohistochemistry staining.

To establish the muscle regeneration model, the intramus-
cular injection of glycerol was performed on soleus muscle,
which causes reproducible muscle necrotic injury. Myogenic
regeneration is evoked within 2–14 days after glycerol injec-
tion.27 The newly formed myofibers with centralized nuclei

Figure 5 Effects of acrolein on body weight and soleus muscle weight, cross-sectional area, and acrolein-protein adduct accumulation in mice. Mice
were treated with acrolein (ACR; 2.5 and 5 mg/kg) by daily oral gavage for 4 weeks. The body weights (A) and soleus muscle weights (B-a) and cross-
sectional areas (CSAs; B-b) are shown. The acrolein-protein adducts in soleus muscles (C) were determined by western blotting. Results are expressed
as means ± SEM (n = 4–6). *P < 0.05 compared with control group.
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represent progressive myofiber repair.28 Acrolein significantly
inhibited glycerol-induced soleus muscle regeneration in
mice as observed by H&E staining (Figure 7A) and calculation
of the percentage of centralized nuclei located in the
myofibers (Figure 7B) and the cross-sectional area (CSA) in
the myofibers (Figure 7C). Moreover, the rotarod perfor-
mance was used to evaluate the motor coordination and
the skeletal muscle strength and function.29,30 As shown in
Figure 7D, the latency on the rotarod apparatus during the
performance of the muscle fatigue task was shorter in
acrolein-treated mice as compared with control mice. Acro-
lein exposure also significantly enhanced the glycerol’s inhib-
itory effect on muscle endurance in mice (Figure 7C). We
further examined the myogenesis-related signals in this
muscle regeneration model. As shown in Figure 8, the protein
expressions of phosphorylated Akt, myogenin, and MHC were
significantly increased in myogenic soleus muscles after
glycerol-induced injury. Acrolein treatment significantly
reduced myogenesis and protein expression of phosphory-
lated Akt, myogenin, and MHC in glycerol-injured soleus
muscles. These results indicate that acrolein may retard
skeletal muscle regeneration and hamper exercise perfor-
mance in mice.

Discussion

In the present study, we investigated the effects of acrolein at
doses relevant to human exposure on the in vitro and in vivo
regulation of muscle regeneration and muscle mass. Non-
cytotoxic concentrations of acrolein dose dependently
inhibited the myogenic differentiation in myoblasts, perhaps
through inhibition of Akt signalling. Acrolein induced muscle
wasting and retarded muscle regeneration in mice.

Acrolein exposure to mice has been found to induce
myocyte hypertrophy and increase apoptosis in the hearts.19

The precise effects of acrolein on skeletal muscle myogenesis
and muscle mass in vivo remain unclear. In this study, we
found that the low and non-toxic concentrations of acrolein
(0.125–1 μM) suppressed myogenesis from cultured myo-
blasts by inhibiting morphological myotube formation, pro-
tein expressions of MHC and myogenin, and creatine kinase
activity in a dose-dependent manner. We further found that
acrolein (2.5 and 5 mg/kg) exposure to mice for 4 weeks
caused significant loss of body weight and soleus muscle
mass and decreased cross-sectional area under normal condi-
tions. Increased atrogin-1 protein expression could also be
observed in soleus muscle isolated from acrolein-treated

Figure 6 Effects of acrolein on the expressions of atrogin-1 and phosphorylated Akt and phosphorylated FOXO3A in the soleus muscles of mice. Mice
were treated with acrolein (ACR; 2.5 and 5 mg/kg) by daily oral gavage for 4 weeks. The representative immunohistochemical images for atrogin-1 and
phosphorylated Akt and phosphorylated FOXO3A expressions in the soleus muscles isolated from each group are shown (A). Immunohistochemical
staining was quantified using densitometric analysis (B). Results are expressed as means ± SEM for at least three independent experiments.
*P < 0.05 compared with control group.
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mice. Moreover, skeletal muscle is known to be capable of
regenerating in response to muscle injury in which the in-
flammation reaction and activation of satellite cells have oc-
curred.13,15 In the present work, we used an experimental
glycerol myopathy mouse model to investigate the effect of
acrolein on muscle regeneration. Acrolein also appeared to
inhibit muscle regeneration and decreased muscle strength
by rotarod trials in mice with glycerol injury. These results in-
dicate that acrolein is capable of hindering myoblast differen-
tiation and muscle regeneration and causing muscle loss. The
findings from previous studies and the present work suggest

that acrolein may not only enhance catabolism but also in-
hibit anabolism in skeletal muscle.

In this study, glycerol (100 μL of 50%, v/v) was injected into
soleus muscles. In addition to the injured soleus, the other
proportions of the calf muscle (gastrocnemius and plantaris)
around the soleus might also be injured by infiltrated glycerol
in this area, which might cause the observed changes in the
fatigue task. Moreover, the soleus muscle has been observed
to be rich in myofibers expressing the slow type I myosin
heavy chain isoform.31 It has also been observed that adult
slow soleus muscle possesses a greater percentage of

Figure 7 Effects of acrolein on muscle regeneration after glycerol injury in mice. Mice were treated with acrolein (ACR; 2.5 and 5 mg/kg) by daily oral
gavage for 4 weeks. The glycerol myopathy model was used to test the effects of acrolein on muscle regeneration. (A) The histology in soleus muscles
determined by haematoxylin and eosin (H&E) staining is shown. The muscle regeneration was shown as the percentage of centralized nuclei located in
myofibers (B). The cross-sectional area (CSA) in myofibers was also shown (C). Moreover, the latency on the rotarod apparatus during muscle fatigue
task performance in mice with or without acrolein treatment in the presence or absence of glycerol injury is shown (D). Results are expressed as
means ± SEM (n = 5). Scale bar = 20 μm.

*
P < 0.05 compared with control group without both acrolein and glycerol treatment.

#
P < 0.05 compared

with control group with glycerol treatment. $P < 0.05 compared with acrolein group without glycerol treatment. [Correction added on 19 February
2019 after first online publication: Figure 7C has been corrected in this version]
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satellite cells compared with adult fast tibialis anterior or ex-
tensor digitorum longus muscles.31 Therefore, in this study,
we chose to target the soleus muscle for muscle regeneration
observation.

PI3K/Akt has been demonstrated to be important up-
stream signalling mediators for the process of myogenic dif-
ferentiation.25,26 It has also been suggested that Akt can
substitute for PI3K in the stimulation of myogenic differenti-
ation.26 Thomas et al. have found that the simulated ischae-
mia is capable of attenuating PI3K activity, which is
associated with the inhibition of Akt phosphorylation in
C2C12 myotubes.32 Yen et al. have shown that arsenic expo-
sure effectively retards myogenesis via the inhibition of Akt
signalling.24 Down-regulation of Akt signalling was also dem-
onstrated to be involved in benzo(a)pyrene-induced myo-
genic differentiation inhibition.22 In the present study, we
found that acrolein dose dependently inhibited Akt phos-
phorylation during myogenic differentiation. Overexpression
of a constitutively active form of Akt in myoblasts effectively
prevented the inhibitory effects of acrolein on myogenesis
and myotube formation. These findings suggest that the inhi-
bition of an Akt-dependent signalling pathway may contrib-
ute to the acrolein-retarded myogenesis.

Reactive oxygen species (ROS) are known to be produced
in skeletal muscles under physiological and pathological con-
ditions.33 Low-level ROS could regulate normal cellular

signalling, middle-level ROS is capable of arresting cell
growth, and high-level ROS would induce cell death through
either apoptotic or necrotic pathways in skeletal muscles.33,34

The coordination between ROS and enzymatic antioxidant
defence systems plays a role in successful muscle restoration
during muscle regeneration after injury or muscular degen-
eration.33,35 Acrolein can conjugate with glutathione, which
may deplete the cellular concentrations of glutathione,
resulting in the increase of ROS.3,5 Acrolein overload may
disrupt the cellular redox balance that alters gene expres-
sion or transcription factors, resulting in the induction of ox-
idative stress and inflammation.6 Acrolein is known as a
product of lipid peroxidation. It has been found that acrolein
is probably 100 times more reactive than 4-hydroxynonenal
(4-HNE), which is another α,β-unsaturated aldehyde pro-
duced by lipid peroxidation and can contribute to oxidative
stress-mediated deterioration.36 Kondo et al. also showed
that high-level lipid peroxidation products could induce mus-
cle atrophy.37 The formation of protein-acrolein adducts is
elevated in several pathological lesions.3,5,8 Acrolein-protein
adducts have been regarded as a faithful biomarker for esti-
mation of acrolein amount.38 Acrolein exposure to mice has
also been shown to increase myocardial oxidative stress.19

Oxidative stress has been demonstrated to be involved in
both cigarette smoke and acrolein-induced myotube atrophy
in vitro.20,21 In the present study, we found that oral acrolein

Figure 8 Effects of acrolein on myogenesis-related signals after glycerol injury in mice. Mice were treated with acrolein (ACR; 2.5 and 5 mg/kg) by daily
oral gavage for 4 weeks. The glycerol myopathy model was used to test the effects of acrolein on muscle regeneration. The representative immuno-
histochemical images for phosphorylated Akt and myogenin and myosin heavy chain (MHC) expressions in the soleus muscles isolated from each group
are shown (A). Scale bar = 100 μm. The immunohistochemical staining was quantified using densitometric analysis (B). Results are expressed as
means ± SEM for at least three independent experiments. *P < 0.05 compared with control group.
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exposure to mice caused an accumulation of acrolein-
protein adducts in soleus muscles. Acrolein may disrupt
the redox balance and enhance oxidative stress to inhibit
skeletal myogenesis.

Ubiquitin-proteasome-dependent proteolysis is known to
be an important determinant of muscle wasting/atrophy.
The muscle-specific ubiquitin ligases atrogin-1/MAFbx and
MuRF1 have been demonstrated to contribute to increased
muscle protein degradation.39 Akt can phosphorylate the
transcription factor Forkhead Box O (FOXO), causing inhibi-
tion of the transcription of target genes such as atrogin-1
and MuRF1.39 It has been shown that in vitro application of
both cigarette smoke and acrolein to cultured skeletal
myotubes can induce myotube atrophy.20,21 In the present
study, we found that the muscle mass and myofiber cross-
sectional areas of soleus muscles in acrolein-treated mice
were significantly decreased. Soleus muscle isolated from
acrolein-treated mice also showed increased atrogin-1 and
decreased phosphorylated Akt protein expression and de-
creased phosphorylated FOXO3A protein expression. These
results suggest that acrolein exposure may induce muscle at-
rophy in a mouse model.

This study demonstrated for the first time that low-dose
acrolein significantly inhibited myogenic differentiation
in vitro and retarded muscle regeneration and caused muscle
loss in vivo. Transfection with a constitutively active form of
Akt into myoblasts effectively prevented the acrolein-induced
myogenesis inhibition, indicating that acrolein inhibits
myogenesis through an Akt signalling pathway. Taken to-
gether, these in vitro and in vivo results suggest that acrolein

may be a risk factor for myogenesis and disease-related
myopathy.
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