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A B S T R A C T

Background: Chlorpyrifos (CPF) is a widely used organophosphate insecticide reported to contaminate agricul
tural products, and is absorbed through the gastrointestinal mucosa, respiratory epithelium, and skin. To date, 
knowledge about the effect of CPF on skeletal muscle stem cells responsible for muscle formation and regen
eration is still limited. Hence, this study aimed to investigate the effects of CPF on skeletal muscle stem cell 
proliferation, differentiation, and mitochondrial stress.
Methods: This study used the C2C12 myoblast cell line as a model for skeletal muscle stem cells. The myoblasts 
were treated with CPF at 0–100 µM for 24–72 h. Cell viability and proliferation were determined by MTT assay, 
cell counting, Ki-67 immunostaining, and flow cytometry. Reactive oxygen species (ROS) production was 
determined by H2DCFDA assay, and mitochondrial stress-related gene expression determined by real-time po
lymerase chain reaction. Differentiated myotube formation was measured by immunostaining and western 
blotting.
Results: Treatment with 50–100 µM CPF significantly decreased myoblast cell viability and cell proliferation 24 h 
after treatment. Flow cytometry revealed that CPF significantly decreased cells in G0/G1, but increased cell 
accumulation at Sub G0/G1, S, and G2/M cell cycle phases. In addition, CPF significantly increased ROS pro
duction and downregulated mitochondrial-related genes OPA-1, Mfn-1, Mfn-2, and Pink-1, but upregulated Cyt-c 
expression leading to caspase-3 activation. Moreover, 10–25 µM CPF significantly diminished myoblast differ
entiation by decreasing both the number and size of multinucleated myotubes. The myoblast differentiation 
markers myosin heavy chain and myogenin (but not MyoD) also decreased with CPF treatment. A possible 
mechanism of myoblast proliferation and differentiation inhibition by CPF may occur through inhibition of Akt 
phosphorylation.
Conclusion: CPF potentially abrogated myoblast proliferation and differentiation by inhibiting Akt phosphory
lation. These findings raise concerns about the potential adverse effects of CPF contamination in agricultural 
products on consumers.

1. Introduction

Pesticides are substances used for repelling and killing insects in 
agricultural settings worldwide. The widespread application of pesti
cides exposes human health to these toxic products [1]. There are a 
range of broad-spectrum pesticides currently in use, one of which is 

Chlorpyrifos (CPF). CPF (O,O-diethyl O-(3,5,6-tri
chloro-2-pyridinyl)-phosphorothioate (Fig. 1), also known as chlorpyr
ifos ethyl, is an organophosphate which causes toxicity by inhibiting 
acetylcholinesterase (AChE), an enzyme which hydrolyses acetylcholine 
at cholinergic synapses. CPF is used worldwide for insect control in a 
range of crops [2,3]. However, it causes toxicity not only in the target 
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insect species, but also in non-insect species such as humans.
CPF has been reported to enter the bloodstream via gastrointestinal 

mucosa absorption, and can also be absorbed through the respiratory 
epithelium and skin [4,5]. In the respiratory tract, it targets the alveoli, 
which perform a gas exchange function in humans and other animals 
[6]. Dermal absorption of CPF has been shown to produce toxicity in 
animal studies [7,8]. Upon entering the body, CPF stimulates the inhi
bition of AChE, cellular oxidative stress, and endocrine disruption [9]. 
Several studies have demonstrated the effect of CPF on skeletal muscle 
through decreased AChE activity and contractile performance in dia
phragmatic muscle. CPF also affects myosin heavy chain (MHC) isoform 
expression by decreasing the MHC I isoform and increasing the 
fast-twitch MHC IIa isoform [10].

Skeletal muscle is the largest tissue in the human body responsible 
for movement and metabolism. During embryonic development, myo
blasts differentiate into myocytes and fuse together to form multinu
cleated myofibres under the regulation of paired box (Pax: Pax7 and 
Pax3) and myogenic regulatory factors (MRFs: MyoD, Myf5, myogenin, 
and MRF4) [11]. However, several cells do not fuse to form myofibres, 
but reside within the basement membrane of the associated myofibre, 
called satellite cells. These are adult skeletal muscle stem cells which are 
activated and enter cell division and differentiation to repair injured 
muscle fibres or form new muscle fibres [12]. Disruption of myogenesis 
may cause incomplete muscle regeneration and repair. There are 
numerous contaminant chemicals which have been reported to delay or 
even abolish myogenesis, such as bisphenol-A [13], styrene oxide [14], 
arsenic [15], paraquat [16], and others. To date, knowledge about the 
effect of CPF on skeletal muscle cell growth and development is still 
limited. The objective of this study was to investigate the effects of CPF 
on muscle cell proliferation, differentiation, and stress, as well as the 
underlying mechanism.

2. Materials and methods

2.1. Chemicals and reagents

Unless otherwise indicated, chemicals and reagents for cell culture 
experiments were purchased from Gibco (Massachusetts, USA). Basic 
chemicals for molecular investigations and 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) were from Sigma-Aldrich 
(Missouri, USA). CPF was purchased from Supelco (Darmstadt, Ger
many), and 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) was 
purchased from Invitrogen (Massachusetts, USA). Luna Universal qPCR 
Master Mix real-time polymerase chain reaction (PCR) reagent was ob
tained from New England Biolabs (Massachusetts, USA). Primary anti
bodies, including mouse monoclonal anti-MHC, mouse monoclonal anti- 
myogenin, mouse monoclonal anti-MyoD, mouse monoclonal anti-Bcl-2, 
mouse monoclonal anti-tubulin, and secondary antibodies were pur
chased from Merck Millipore (Massachusetts, USA). Rabbit monoclonal 
anti-caspase-3, rabbit monoclonal anti-Cyt-c, mouse monoclonal anti- 
phospho-Akt, rabbit monoclonal anti-Akt, rabbit monoclonal anti- 
phospho-ERK, rabbit monoclonal anti-ERK, rabbit monoclonal anti- 
phospho-p38, and rabbit monoclonal anti-p38 antibodies were pur
chased from Cell Signaling Technology (Massachusetts, USA). Hoechst 

33342 and DAPI were purchased from Abcam (Cambridge, UK). 
Enhanced chemiluminescence detection reagent was obtained from 
Cytiva (Amersham, UK).

2.2. Cell culture and treatment

The C2C12 mouse myoblast cell line was purchased from American 
Type Culture Collection (ATCC, Manassas, Virginia, USA), and was 
maintained in growth medium (GM) composed of DMEM supplemented 
with 10 % foetal bovine serum and 1 % antibiotics at 37 ◦C in a hu
midified CO2 incubator set to 5 % CO2. The myoblast cells were sub
cultured when they reached 70 % confluence, seeded into cell culture 
plates, and allowed to attach and grow overnight.

For the cytotoxicity assay, the cells were treated with various con
centrations of CPF for 24–72 h in low-serum media before being pho
tographed and undergoing an MTT assay.

For cell proliferation and cell stress assays, cells were treated with 
various concentrations of CPF in GM for 24–72 h before being photo
graphed and undergoing an MTT assay, flow cytometry, real-time PCR, 
and a H2DCFDA assay.

To evaluate differentiation, confluent cells were shifted to a differ
entiation media (DM) composed of DMEM supplemented with 2 % horse 
serum in the presence of CPF at indicated concentrations for 72 h before 
undergoing immunofluorescence staining and western blotting.

2.3. MTT assay

The treated cells were incubated with 0.5 mg/ml MTT diluted in GM 
for 3 h at 37 ◦C in a CO2 incubator. The MTT mixture was then discarded 
and replaced with dimethyl sulfoxide. After constant agitation, the 
absorbance was measured at 570 nm with a microplate reader (BioTek 
Synergy HT).

2.4. Cell count

The treated cells were trypsinised and centrifuged. The pellet was 
resuspended in phosphate buffered saline (PBS) and cell number 
determined using a haemocytometer under a light microscope. Trypan 
blue exclusion was used to determine the number of viable and dead 
cells.

2.5. Flow cytometry

The treated cells were trypsinised and centrifuged to collect the 
pellet. The pellet was resuspended in PBS and fixed with ice-cold 70 % 
ethanol for 10 min. After several washes with PBS, the pellet was 
incubated with RNase A at 37 ◦C and stained with propidium iodide. Cell 
cycle distribution was determined using a Becton Dickinson flow cy
tometer (BD Bioscience).

2.6. Reactive oxygen species (ROS) assay

The treated cells were incubated with H2DCFDA diluted in GM for 
30 min. After incubation, the cells were washed and incubated with 
Hoechst 33342 for live-cell nuclear staining. The ROS activity was 
detected using fluorescence microscopy (Olympus IX73) at 488 nm 
excitation wavelength and 520 nm emission filter for green fluorescent 
signal. The nucleus was detected at 350 nm excitation wavelength and 
460 nm emission filter for blue fluorescent signal. The fluorescence in
tensity was measured using ImageJ software (version 1.8.0).

2.7. Immunofluorescence staining

The treated cells were fixed with 4 % paraformaldehyde for 20 min. 
After several washes and rehydration with PBS, the cells were per
meabilised with 0.3 % Triton X-100 in PBS for 30 min. The cells were 

Fig. 1. Chemical structure of Chlorpyrifos (CPF).
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blocked with 5 % goat serum in PBS for 1 h before incubation with anti- 
MHC antibody overnight at 4 ◦C. After several washings, the cells were 
incubated with secondary antibody conjugated with Alexa Fluor 488 
goat anti-mouse IgG (488 nm excitation wavelength/520 nm emission 
filter for green fluorescent signal) or Alexa Fluor 568 goat anti-rabbit 
IgG (568 nm excitation wavelength/620 nm emission filter for red 
fluorescent signal) and DAPI nuclear staining dye (350 nm excitation 
wavelength/460 nm emission filter for blue fluorescent signal) for 1 h at 
room temperature (RT). The fluorescent signal was observed under the 
fluorescence microscope.

2.8. Real-time PCR

The treated cells were subjected to RNA extraction using Trizol re
agent. RNA was treated with DNase and converted to cDNA using a 
cDNA synthesis kit. Real-time PCR was performed using the Luna Uni
versal qPCR Master Mix with the CFX96 touch real-time PCR detection 
system. The following primer sequences were used: Mfn-1 Fw 5′- 

CTCCTTCTAACCCAGCAGCC, Rw 5′-GTTTTCCAAATCACGCCCCC, Mfn- 
2 Fw 5′- CTCCATTCAAGAAGCTTGGACA, Rw 5′- CCTTCA
CAGGTTGGGCATCG, OPA-1 Fw 5′- CAGTTTAGCTCCCGACCTGG, Rw 
5′- CACCAAGCAGACCCTTCCTG, Pink-1 Fw 5′- GTGGGACTCA
GATGGCTGTC, Rw 5′- CGCTCTACACTGGAGCTGTT, Cyt-c Fw 5′- 
AATCTCCACGGTCTGTTCGG, Rw 5′- GCACTGGTTAACCCAAGCAA and 
GAPDH Fw 5′-AGGTCGGTGTGAACGGATTTG, Rw 5′-TGTA
GACCATGTAGTTGAGGTCA. The relative gene expression was calcu
lated using the 2-ΔΔct method.

2.9. Western blotting

The treated cells were washed and subjected to protein extraction 
using a radioimmunoprecipitation assay buffer with a protease and 
phosphatase inhibitor cocktail. Equal amounts of proteins were sepa
rated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and 
transferred into a polyvinylidene fluoride membrane. After blocking 
with goat serum at RT for 1 h, the membrane was incubated with the 

Fig. 2. Cytotoxicity of Chlorpyrifos (CPF) on C2C12 myoblast cells. Subconfluent C2C12 myoblasts were cultured in low-serum medium containing CPF at 0–100 µM 
for 24–72 h. Cell viability was determined by MTT assay (A) and cell morphology was photographed (B). **P < 0.01, ***P < 0.001 compared with control. Scale 
bar = 200 µm.
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desired primary antibody overnight at 4 ◦C. After several washes, the 
membrane was incubated with an appropriate secondary antibody 
conjugated with horseradish peroxidase. The protein signal was 
visualised using enhanced chemiluminescence under the Alliance Q9 
advanced chemiluminescence imager (UVITEC, Cambridge, UK). The 
band intensity was measured using ImageJ software (version 1.8.0).

2.10. Statistical analysis

Data were presented as mean ± S.E.M. from at least three indepen
dent experiments. Statistical analysis was performed using the one-way 
analysis of variance (ANOVA) followed by a Tukey post hoc test. A 
Student’s t-test was used to compare differences between two groups. P- 

Fig. 3. Chlorpyrifos (CPF) stimulated reactive oxygen species (ROS) production. C2C12 myoblasts were cultured in CPF at indicated concentrations for 72 h. ROS 
production was observed by H2DCFDA assay (green, arrowhead) (A) and fluorescence intensity was measured (B). Expression of mitochondrial-related genes was 
determined by real-time PCR (C). Expression of apoptotic markers was determined by western blotting (D) and band intensity was measured (E). *P < 0.05, 
**P < 0.01, ***P < 0.001 compared with control. Scale bar = 50 µm.
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values < 0.05 were considered significant.

3. Results

3.1. Cytotoxicity of CPF in C2C12 myoblast cells

To examine the effect of CPF on C2C12 myoblast cell viability, the 
subconfluent myoblasts were cultured in media containing CPF at 
0–100 µM for 24, 48, and 72 h. MTT results revealed that concentrations 
of 10–25 µM CPF were non-toxic to myoblasts throughout the 72 h. 
However, CPF at 50–100 µM significantly abrogated cell viability from 
24 h (Fig. 2A). These findings were consistent with the phase contrast 
results in which control and 10–25 µM CPF treated groups showed 
comparable cell numbers and normal morphology with radial branching 
and long fibres extending in many directions. In contrast, myoblasts 
cultured in 50–100 µM CPF had low cell numbers, with most of the cells 
becoming round in shape and beginning to detach from the cell culture 
dish (Fig. 2B).

3.2. CPF triggered C2C12 myoblast stress

As toxic chemicals have been reported to cause cellular stress, this 
study evaluated the levels of ROS in myoblast cells following treatment 
with CPF. A H2DCFDA assay showed accumulation of ROS in myoblasts 
after 48 h of exposure to CPF in a dose-dependent manner (Fig. 3A). 
Fluorescence intensity analysis revealed significant ROS increase in 
25–50 µM CPF treated groups compared with the control group 
(Fig. 3B). In addition, real-time PCR showed significant changes in 
mitochondrial-related gene expression. Treatment with CPF signifi
cantly downregulated the expression of Mfn-1, Mfn-2, OPA-1, and Pink- 
1, and upregulated Cyt-c expression (Fig. 3C). Moreover, the expression 
of Bcl-2 protein was significantly decreased; the levels of Cyt-c and 
cleaved-caspase 3 proteins, markers for cellular apoptosis, were signif
icantly increased (Fig. 3D and E).

Fig. 4. Chlorpyrifos (CPF) inhibited C2C12 myoblast proliferation. Subconfluent C2C12 myoblasts were cultured in growth medium containing CPF at 0–100 µM for 
24 and 48 h. Cell proliferation was determined by MTT assay (A) and cell morphology at 48 h after treatment was photographed (B). *P < 0.05, **P < 0.01, 
***P < 0.001 compared with control. Scale bar = 200 µm.
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3.3. CPF inhibited C2C12 myoblast proliferation

To investigate the effect of CPF on proliferation, myoblast cells were 
cultured in GM containing 10–100 µM CPF. MTT results showed that 
treatment with 50–100 µM CPF significantly inhibited myoblast cell 
proliferation from 24 h of exposure. The level of inhibition was both 
dose- and time-dependent (Fig. 4A). These results were consistent with 

the phase contrast images which revealed that cell confluence in the 
50–100 µM CPF treatment groups was lower than the control group; 
however, 10–25 µM treated groups showed confluences comparable 
with the control group (Fig. 4B). While cell counting confirmed the 
significant decrease in cell numbers in CPF treated groups (Fig. 5A), Ki- 
67 immunostaining was considered positive (red, arrowhead) in most 
nuclei, meaning that they retained proliferation potential. However, the 

Fig. 5. Chlorpyrifos (CPF) stimulated myoblast cell cycle arrest. Subconfluent C2C12 myoblasts were cultured in growth medium containing CPF at indicated 
concentrations for 48 h. Cell proliferation was determined by cell counting (A) and Ki-67 immunostaining (red, arrowhead) (B). Cell cycle distribution was deter
mined by flow cytometry (C) and percentage of cells at each stage was calculated (D). Protein expression was determined by western blotting (E) and band intensity 
was measured (F). *P < 0.05, **P < 0.01, ***P < 0.001 compared with control. Scale bar = 50 µm.
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staining intensity of most nuclei in the control group was higher than in 
CPF treated groups (Fig. 5B). Flow cytometry analysis revealed a sig
nificant decrease in the number of cells at G0/G1, but an increased 
accumulation of cells in the Sub G0/G1, S, and G2/M cell cycle phases 
(Fig. 5C and D). To determine the possible mechanism of myoblast 
proliferation inhibition by CPF, several phosphorylated proteins were 
observed. CPF significantly decreased phosphorylated Akt, but not ERK 
and P38 MAPK (Fig. 5E and F).

3.4. CPF abrogated C2C12 myoblast differentiation

After 72 h in DM, myoblasts in the control group differentiated into 

multinucleated myotubes. Myoblasts cultured in DM with 10–25 µM 
CPF showed small numbers and sizes of myotubes (green, arrowhead) 
compared with the control group (Fig. 6A). CPF at 50–100 µM almost 
completely inhibited myoblast differentiation; only small and scant 
myotubes were present (data not shown). Myotube diameter measure
ments revealed that treatment with CPF significantly decreased diam
eter compared with the control group (Fig. 6B). Western blotting 
demonstrated that CPF significantly inhibited myoblast differentiation, 
as revealed by decreased MHC protein expression. The level of myoge
nin, an important myogenic regulatory factor for myoblast fusion, was 
also significantly decreased compared with the control group (Fig. 6C 
and D). Finally, treatment with CPF significantly decreased 

Fig. 6. Chlorpyrifos (CPF) abrogated C2C12 myoblast differentiation. Confluent C2C12 myoblasts were switched into differentiation medium containing CPF at 
0–25 µM for 72 h. Myotubes were photographed and stained with anti-myosin heavy chain antibody (green, arrowhead) (A). Myotube size was measured (B). Protein 
expression was evaluated by western blotting (C, E) and band intensity was measured (D, F). *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar = 50 µm.
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phosphorylated Akt, but not ERK and p38 MAPK proteins (Fig. 6E and 
F).

4. Discussion

The present study is the first report on the adverse effects of CPF on 
C2C12 myoblast stress and myogenesis. The dosage of CPF which caused 
adverse effects (10–50 µM) was comparable with other toxic chemicals 
such as styrene oxide (25 µM) [14] and bisphenol-A (10–50 µM) [13]. 
C2C12 myoblasts exposed to toxic chemicals have been shown to 
decrease in viability and alter morphology, becoming round in shape 
and detaching from the culture dish [13,14,17]. A possible mechanism 
may occur via the decrease in antioxidant enzymes and the induction of 
mitochondrial stress, leading to cellular apoptosis [13,18]. Moreover, it 
has been reported that CPF exposure caused DNA damage and epige
netic alterations in liver cells, leading to various adverse effects [19].

Of interest, the current study revealed increases in ROS accumula
tion due to CPF treatment in a dose-dependent manner. It is well known 
that toxic substances cause cellular stress by inhibiting antioxidant en
zymes, leading to ROS production and accumulation in various cell 
types [20]. CPF has also been reported to stimulate oxidative stress in 
neuronal cells and trigger neuronal cell death via apoptotic pathways 
[21], as well as cause stress and ROS accumulation in microglial cells 
[22], HepG2 cells [23], and mice cerebral and ocular tissue [24]. The 
increase in ROS causes cellular adverse effects, especially mitochondrial 
dysfunction and apoptosis induction [23].

The assessment of mitochondrial-related gene expression revealed 
expression modulation following CPF treatment. CPF suppressed Optic 
atrophy type 1 (OPA-1), Mitofusin 1 (Mfn-1), and Mitofusin 2 (Mfn-2) 
genes, which are responsible for mitochondrial biogenesis by regulating 
mitochondrial fission and fusion kinetics. Balancing fission and fusion is 
important in maintaining a healthy mitochondrial population via 
mitophagy [25,26]. Disrupting the fusion–fission equilibrium increases 
mitochondrial fragmentation and accumulation of defective mitochon
dria, leading to dysfunction and cellular apoptosis [26]. ROS accumu
lation has also been reported to modulate the expression of 
PTEN-induced putative kinase 1 (Pink-1), which protects mitochondria 
from cellular stress, regulates mitophagy, and works with Parkin protein 
to maintain mitochondrial function. Increase in oxidative stress has been 
shown to modulate Pink-1 expression [27]. Pink-1 protects against cell 
death by inhibiting autophagy through phosphorylating Bcl-xL and 
impairing its pro-apoptotic cleavage [28]. Exposure to toxic chemicals 
downregulates the expression of Pink-1; the knockdown of Pink-1 re
duces cell proliferation and increases apoptosis [29]. Mitochondrial 
disruption is known to be a key mediator of the intrinsic apoptosis 
pathway. This study showed CPF-induced intrinsic apoptosis via the 
upregulation of cytochrome c (Cyt-c) expression. Cytochrome c plays an 
important role in apoptosis by binding with Apf-1 to form apoptosome, 
ultimately resulting in caspase activation and DNA fragmentation [30]. 
Moreover, the decrease in Bcl-2 protein causes cytochrome c efflux from 
mitochondria, resulting in caspase-3 activation. However, to gain 
insight into the effect of CPF on mitochondrial stress, future in
vestigations measuring antioxidant enzymatic activity and other 
apoptotic-related gene and protein expressions are required.

CPF has been shown to inhibit cell proliferation in 3T3-L1 [31], 
breast cancer [32], and human neuroblastoma SH-SY5Y [33] cells via 
different mechanisms. This is consistent with previous studies in which 
myoblast cells exposed to toxic chemicals showed proliferation inhibi
tion and cell cycle arrest at S and G2/M phases [13,14]. The major cause 
of antiproliferation in chemical exposure conditions has been suggested 
as the increase in ROS and cellular stress [14,29]. ROS increase has been 
reported to mediate inactivation of the PI3K/Akt pathway [34] which 
plays an important role in cell proliferation by enhancing cyclin-D1 and 
PCNA expression [35,36]. Inhibition of Akt has been shown to inhibit 
cell proliferation and induce apoptosis [37].

Regarding myoblast differentiation, these results are consistent with 

previous studies demonstrating that high-phosphate chemicals sup
pressed myoblast differentiation by increasing cellular stress [38]. This 
suppression has been reported to reduce MHC and other myogenic 
regulatory protein expression, as well as reduce both the number and 
size of multinucleated myotubes [13,14]. CPF has also been shown to 
affect the contractility and the expression isoforms of diaphragm muscle 
in rats [10]. As phosphorylated Akt is upstream of myogenin in myoblast 
differentiation [39], its suppression may lead to a decrease in myogenin 
expression and ultimately abrogate myoblast differentiation. Both MyoD 
and myogenin proteins are necessary factors for myoblast fusion during 
myogenesis [12,19]. The knockdown of myogenin has been shown to 
reduce the fusion of myoblasts into multinucleated myotubes [40]. 
These confirm that CPF abrogates myogenic differentiation by sup
pressing phosphorylated Akt protein expression.

5. Conclusions

This is the first study on the adverse effects of CPF on skeletal muscle 
development and regeneration. These results demonstrated the dose- 
dependent cytotoxicity and mitochondrial stress in myoblasts exposed 
to CPF. CPF exposure increased intracellular ROS and modulated the 
expression of mitochondrial-related genes, giving rise to apoptosis. 
Moreover, it inhibited myoblast cell proliferation by stimulating cell 
accumulation at SubG0/G1, S, and G2/M cell cycle phases, and dimin
ished myoblast differentiation. One possible mechanism occurs through 
the suppression of phosphorylated Akt protein. These findings raise 
concerns about the potential adverse effects of CPF contamination in 
agricultural products on consumers.
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