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Abstract
Background  Indole-6-carboxaldehyde (I6CA), a natural indole derivative derived from the brown algae Sargassum thunbergii 
(Mertens) Kuntze, is known to have several pharmacological activities. However, the antioxidant effects of I6CA have not 
been identified.
Objective  The study aimed to investigate the protective effect of I6CA and its underlying mechanism against oxidative 
stress-induced damage in C2C12 mouse skeletal myoblasts.
Results  The findings revealed that pretreatment with I6CA protected hydrogen peroxide (H2O2)-induced cytotoxicity and 
DNA damage through blockage of intracellular reactive oxygen species (ROS) generation. I6CA also significantly sup-
pressed C2C12 cells against H2O2-induced apoptosis by preventing loss of mitochondrial membrane potential and cytosolic 
release of cytochrome c, decreasing the rate of Bax/Bcl-2 expression and reducing the activity of caspases. In addition, 
I6CA markedly attenuated the decrease in ATP content induced by H2O2 and restored H2O2-induced activation of AMP-
activated protein kinase (AMPK). However, the cytoprotective effects of I6CA against H2O2 were eliminated by compound 
C, a specific AMPK signaling blocker.
Conclusion  The current results indicate that I6CA was able to protect C2C12 myoblast DNA damage and apoptosis from 
oxidative stress by at least preserving mitochondrial homeostasis mediated through the ROS-AMPK signaling pathway.
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Introduction

Muscles require a large amount of oxygen due to the high 
energy demand for contractile activity and are one of the 
most vulnerable organs for oxidative stress, characterized by 
the overproduction of reactive oxygen species (ROS). Myo-
blasts are embryonic precursors of muscle cells produced 
by tissue-resident stem cells called satellite or muscle stem 
cells. They differentiate into muscle cells through myogen-
esis, a process that is fused to multi-nucleated myotubes 
(Sambasivan and Tajbakhsh 2015; Chang and Rudnicki 
2014). The role of ROS in myogenic differentiation is com-
plicated by a wide range of cellular responses depending 

on the level of ROS. At an appropriate level, ROS regulate 
many cellular signaling pathways, including myogenic dif-
ferentiation and biosynthetic metabolism, but high levels of 
ROS are closely related to impaired myogenesis (Sandiford 
et al. 2014; Sestili et al. 2009; Hansen et al. 2007). In addi-
tion, excess ROS in myoblasts, as well as in many other 
cell types, could increase chromosomal aberration and DNA 
strand breakage, leading to DNA damage and apoptosis 
(Santa-Gonzalez et al. 2016; del Río et al. 2006; Caporossi 
et al. 2003). These observations indicate that ROS levels 
should be tightly regulated, because high levels of ROS 
contribute to the loss of myoblast function, promotion of 
myoblast death and further exacerbating muscle function.

Indole and its derivatives having an aromatic heterocyclic 
structure are biologically active molecules formed from nat-
urally occurring glucosinolates. These compounds are found 
not only in cruciferous vegetables, but also in a number of 
natural resources, including actinomycetes, fungi, algae and 
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marine sponges (Prieto et al. 2019; Sánchez-Pujante et al. 
2017). Many studies have shown that indole derivatives 
have received considerable attention due to their potential 
pharmacological properties, including anti-inflammatory 
(Garg et al. 2019; Ampofo et al. 2018), antioxidant (Wang 
et al. 2019, 2020; Garg et al. 2019; Hasan et al. 2018), and 
anti-cancer activities (Wan et al. 2019; Sidhu et al. 2015) 
as well as their inhibitory effects against various cardiovas-
cular and metabolic diseases (Hendrikx and Schnabl 2019; 
Zhang et al. 2018; Konopelski and Ufnal 2018). In particu-
lar, several previous studies have shown that indole deriva-
tives can activate antioxidant defense systems and improve 
damage against oxidative stress (Wei et al. 2019; Hajra et al. 
2013, 2018). However, whether they can weaken oxidative 
stress-induced injury in myoblasts has not been well studied. 
Recently, in the process of exploring novel indole deriva-
tives with anti-obesity effects, Kang et al. (2017) isolated 
indole‑6‑carboxaldehyde (I6CA) from the marine brown 
algae Sargassum thunbergii (Mertens) Kuntze and found 
that I6CA was effective in suppressing adipogenesis. In 
addition, Kim et al. (2019) reported that I6CA suppressed 
tumor invasion and metastasis. However, to date, there is 
a lack of evidence to describe the underlying mechanisms 
and limited information available about whether I6CA can 
reduce oxidative stress-induced damage. Therefore, in this 
study, the antioxidant potential of I6CA against oxidative 
stress (H2O2)-induced cytotoxicity in immortalized mouse 
myoblast C2C12 cells was evaluated.

Materials and methods

Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM), fetal calf 
serum (FCS), antibiotics mixtures and other cell culture 
reagents were obtained from WelGENE Inc. (Gyeong-
san, Republic of Korea). I6CA, H2O2, N-acetyl-l-cysteine 
(NAC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), DNase-free RNase A, ethidium 
bromide (EtBr), 4,6-diamidino-2-phenylindole (DAPI), 
5,5′,6,6′-tetrachloro-1,1′3,3′-tetraethyl-imidacarbocyanune 
iodide (JC-1), compound C and AICAR were purchased 
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). 
2′,7′-Dichlorofluorescein diacetate (DCF-DA) and a fire-
fly luciferase-based ATP Bioluminescence assay kit were 
obtained from Molecular Probes (Eugene, OR, USA) and 
Roche Applied Science (Indianapolis, IN, USA), respec-
tively. MitoSOX™ red dye was purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). Annexin V-fluores-
cein isothiocyanate (FITC) apoptosis detection kit and col-
orimetric activity assay kits were purchased from R&D Sys-
tems Inc. (Minneapolis, MN, USA). Bradford assay reagent 

and the mitochondria and cytoplasmic protein extraction kit 
were obtained from Bio-Rad Laboratories (Hercules, CA, 
USA) and Active Motif, Inc. (Carlsbad, CA, USA), respec-
tively. Polyvinylidene difluoride (PVDF) membranes were 
purchased from Merck Millipore (Bedford, MA, USA). HT 
8-oxo-dG enzyme-linked immunosorbent assay (ELISA) 
Kit II and Genomic DNA purification kit were supplied by 
Trevigen (Gaithersburg, MD, USA) and Promega Corpora-
tion (Madison, WI, USA), respectively. Primary antibodies 
were purchased from Abcam, Inc. (Cambridge, MA, UK), 
Cell Signaling Technology (Danvers, MA, USA), and Santa 
Cruz Biotechnology, Inc. Horseradish peroxidase (HRP)-
conjugated secondary antibodies and enhanced chemilu-
minescence (ECL) detection system were obtained from 
Amersham Life Science (Arlington Heights, IL, USA). All 
other chemicals not specifically cited here were supplied by 
Sigma-Aldrich Chemical Co.

Cell culture and MTT assay

C2C12 cells were obtained from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in DMEM 
containing 10% heat-inactivated FCS and antibiotics mixture 
in a water-saturated humidified incubator at 5% CO2 and 
37 °C. I6CA was dissolved in dimethyl sulfoxide (DMSO), 
and diluted with cell culture medium to adjust the final treat-
ment concentrations before use in experiments. To measure 
cell viability using an MTT assay as described by Hasan 
et al. (2019), C2C12 cells were treated with the indicated 
concentrations of I6CA for 24 h or pretreated with I6CA, 
NAC or compound C for 1 h and then incubated with or 
without H2O2 for 24 h. Then, MTT solution was added to a 
final concentration of 0.5 mg/ml and incubated at 37 °C for 
3 h. At the end of the incubation, the culture supernatants 
were discarded, and the formed formazan crystals were dis-
solved in DMSO. Finally, the optical density values were 
acquired with an ELISA reader (Dynatech Laboratories, 
Chantilly, VA, USA) at 450 nm. The optical density of the 
formazan crystals formed in untreated control cells was used 
to represent 100% viability. In a parallel experiment, changes 
in cell images were captured by a phase-contrast microscope 
(Carl Zeiss, Oberkochen, Germany).

Measurement of ROS generation

The production of intracellular and mitochondrial ROS was 
evaluated using DCF-DA and MitoSOX™ red dye, respec-
tively. To measure the amount of ROS generated in cells, 
cells were treated with or without I6CA or NAC for 1 h, 
before another 1 h culture with the addition of H2O2. The 
cells were washed with phosphate-buffered saline (PBS), 
and lysed with PBS containing 1% Triton X-100 for 10 min 
at 37 °C. The cells were then stained with 10 µM DCF-DA 
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or 1 μM MitoSOX™ red for 30 min at room temperature 
(RT) in the dark, and washed with PBS. Intracellular ROS 
generation was immediately recorded at 515 nm by a flow 
cytometer (Becton Dickinson, San Jose, CA, USA). The 
results were expressed as the percentage increase relative 
to untreated cells (Yoon et al. 2019). It was also analyzed 
the levels in ROS by fluorescence microscopy. Stained cells 
were washed twice with PBS and observed with a fluores-
cence microscope (Carl Zeiss).

Comet assay

A comet assay was used to analyze the migration of the 
DNA from individual cells in the gel as previously described 
(Aristizabal-Pachon and Castillo 2019). After the cells were 
exposed to H2O2 with or without I6CA, the cells were sus-
pended in 0.5% low melting point agarose (LMA) at 37 °C, 
aliquoted and then spread onto a fully frosted microscope 
slide precoated with 1% normal melting agarose. After the 
agarose solidified in the dark, the slide was covered with 
0.5% LMA and submerged in lysis solution for 1 h at 4 °C. 
The slides were then incubated in a gel electrophoresis 
device containing 300 mM NaOH and 10 mM Na-EDTA 
(pH 13) for 30 min and then were subjected to electropho-
resis for 30 min at 300 mA for 20 min to draw negatively 
charged DNA toward the anode. When electrophoresis was 
complete, the slides were washed with neutralizing buffer 
(0.4 M Tris, pH 7.5) at 4 °C and stained with 20 µg/ml pro-
pidium iodide (PI). The nuclear images were visualized and 
captured using a fluorescence microscope.

Western blot analysis

At the end of the treatment period, the cells were collected 
and lysed on ice for 30 min in lysis buffer as previously 
described (Park et al. 2020). The mitochondrial and cyto-
plasmic protein fractions were obtained using a commercial 
mitochondrial fractionation kit according to the manufactur-
er’s instructions. The protein concentration of the collected 
supernatants was measured using the Bradford assay reagent 
according to the manufacturer’s protocol. Subsequently, the 
same amount of protein from each sample was separated 
by sodium-dodecyl sulfate (SDS)–polyacrylamide gel 
electrophoresis and transferred to PVDF membranes. The 
membranes were blocked with Tris-buffered saline (10 mM 
Tris–Cl, pH 7.4) containing 5% skim milk and 0.5% Tween-
20 for 1 h at RT and then incubated over-night at 4 °C with 
primary antibodies. After washing with PBS, the membranes 
were incubated with the appropriate HRP-conjugated sec-
ondary antibodies for 2 h at RT. The protein bands were 
detected using an ECL detection system, and the signals 
were visualized using a chemiluminescence imager (Azure 
Biosystems, Inc., Dublin, CA, USA).

Determination of 8‑hydroxy‑2′‑deoxyguanosine 
(8‑OHdG) concentration

After experimental treatment, the levels of intracellular 
8-OHdG were quantitated using the 8-OHdG ELISA kit 
II, according to the manufacturer’s protocol. In brief, DNA 
was extracted using the Genomic DNA purification kit 
and was quantitated, and the DNA concentration of each 
sample was adjusted to a final concentration of 200 µg/ml. 
Then, the DNA was digested by DNase I and alkaline phos-
phatase sequentially for 1 h at 37 °C. To determine the lev-
els of 8-OHdG in the culture supernatants, the cell culture 
medium was clarified by centrifugation of the cell debris, 
and the amount of 8-OHdG was measured at 450 nm using 
an ELISA plate reader based on the manufacturer’s instruc-
tions. Subsequently, the concentration of 8-OHdG for each 
sample was quantified from the standard curve.

Nuclear staining

To determine apoptosis, changes in nuclear morphology 
were examined using DAPI staining. Briefly, cells were har-
vested after treatment with H2O2 in the absence or presence 
of I6CA, washed with PBS, and fixed with 3.7% paraform-
aldehyde in PBS for 10 min at RT. The cells were washed 
with PBS again and stained with 2.5 µg/ml DAPI solution 
for 10 min at RT. The cells were observed via a fluorescence 
microscope (Carl Zeiss).

Detection of apoptosis by annexin V staining

The degree of apoptosis was detected using an annexin 
V-FITC apoptosis detection kit according to the manufac-
turer’s instructions. In brief, after treatment with H2O2 in 
the absence or presence of I6CA, the cells were washed with 
cold PBS, fixed in 75% ethanol at 4 °C for 30 min and then 
stained with annexin V-FITC and propidium iodide (PI) for 
20 min at RT in the dark. Using a flow cytometer, the fluo-
rescence intensities of the cells were quantified as percent-
ages of annexin V-positive and PI-negative (annexin V+/PI−) 
cells in the total cell populations as indicators of apoptotic 
cells, whereas the V−/PI− cells in the total cell population 
was considered normal (Zhang et al. 2020).

DNA fragmentation assay

Following treatment, cells were washed with PBS and 
lysed in a lysis buffer followed by the addition of RNase 
A (0.5 µg/ml) for an additional 1 h at 37 °C as previously 
described (Park et al. 2019). Subsequently, nuclear DNA in 
the supernatant was extracted with an equal volume of neu-
tral phenol–chloroform–isoamyl alcohol mixture (25:24:1) 
and mixed with DNA loading buffer. DNA samples were 
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analyzed by electrophoresis on a 1.5% agarose gel for 5 h at 
60 V. The gels were stained with EtBr (0.1 µg/ml) to show 
the DNA fragments and photographed using a gel documen-
tation system (VilberLourmat, Torcy, France).

Measurement of mitochondrial membrane potential 
(MMP, Δψm)

Mitochondrial function was determined by membrane 
potential-specific fluorescence staining using a sensor of 
mitochondrial potential, JC-1. Briefly, after treatment with 
H2O2 in the absence or presence of I6CA or NAC, the cells 
were trypsinized. The collected cell pellets were suspended 
in PBS and incubated with 10 µM JC-1 at 37 °C for 20 min. 
The cells were then washed with cold PBS and analyzed 
using a flow cytometer. We also analyzed the changes in 
the MMP by fluorescence microscopy. To this end, the cells 
cultured on glass cover slips were treated with H2O2 in the 
absence or presence of I6CA. After 24 h of treatment, the 
cells were incubated in a medium containing 10 µM JC-1 at 
37 °C for 20 min. The stained cells were washed twice with 
PBS and observed with a fluorescence microscope.

Determination of caspase‑3 and caspase‑9 activity

The enzymatic activities of caspase-3 and caspase-9 were 
determined using colorimetric activity assay kits according 
to the manufacturer’s instructions. Briefly, the cells were 
incubated in a supplied lysis buffer on ice for 15 min. The 
supernatants were collected, and a total of 200 μg protein 
lysate was incubated with 5 μL of caspase-3 or caspase-9 
substrates in the dark for 2 h at 37 °C, according to the kit 
protocol. The concentrations of p-nitroanilide released from 
the substrate by caspase-3 and caspase-9 were calculated 
from the absorbance values at 405 nm. According to their 
concentration curve, the results of at least three independent 
experiments were expressed as fold change, compared with 
the untreated control cells.

Determination of ATP levels

Intracellular ATP levels were measured by an ATP Biolumi-
nescence assay according to the kit instructions. In brief, the 
cells were lysed with the lysis buffer provided in the kit and 
the supernatants were collected. An equal amount of super-
natant and luciferaserere agent, which catalyzed the light 
production from ATP and luciferin, were mixed. The firefly 
luciferase activity using the emitted light was immediately 
measured using a luminometer (Turner Designs, Inc. San 
Jose, CA, USA) and ATP levels were determined according 
to the ATP standard curve. To compare intracellular ATP 
concentrations between treatment groups, ATP levels were 
expressed as nmole per mg cell protein.

Statistical analysis

The results were expressed as the mean ± standard devia-
tion (SD) of at least three independent experiments. Sta-
tistical analyses were performed using the SPSS software, 
version 16.0 (SPSS Inc., Chicago, IL, USA). The statistical 
significance was analyzed by one-way ANOVA. A value of 
P < 0.05 was considered to indicate a statistically significant 
difference.

Results

I6CA inhibited H2O2‑induced cytotoxicity in C2C12 
cells

To investigate the protective effect of I6CA against oxidative 
stress using H2O2, the effect of I6CA on the survival rate 
of C2C12 cells was first investigated. As shown in Fig. 1a, 
there were no significant differences in cell viability in cells 
treated with less than 400 μM of I6CA compared with the 
control. However, the cell viability of C2C12 cells treated 
with 500 μΜ I6CA was slightly reduced. Therefore, to study 
the cytoprotective effects of I6CA against H2O2-induced oxi-
dative stress, a concentration of I6CA was chosen to be less 
than 400 μM. Next, to achieve the optimized oxidative stress 
conditions, the concentration of H2O2 was selected as 1 mM, 
with a survival rate of about 60% (Fig. 1b). Subsequently, 
the ability of I6CA to counteract H2O2-induced cytotoxicity 
was investigated, and it was found that I6CA significantly 
inhibited the H2O2-mediated loss of C2C12 cell viability 
in a concentration-dependent manner (Fig. 1b). It was also 
found that pretreatment of NAC, a well-established ROS 
scavenger, had a complete inhibitory effect on H2O2-induced 
cytotoxicity when compared with the control (Fig. 1b). In 
addition, the morphological changes in the C2C12 cells 
treated with H2O2 alone were alleviated by pretreatment 
with I6CA (Fig. 1c).

I6CA suppressed H2O2‑induced ROS generation 
in C2C12 cells

It was next examined whether I6CA abolished 
H2O2-induced ROS generation, and found that the gen-
eration of ROS in H2O2-treated C2C12 cells peaked within 
1 h and gradually decreased over time (data not shown). 
However, pretreatment with I6CA significantly reduced 
the effect of H2O2 on ROS overproduction, and NAC as 
a ROS scavenger also almost completely eliminated the 
production of ROS (Fig. 2a, b). Similarly, I6CA markedly 
suppressed fluorescence intensity of both DCF-DA and 
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MitoSox in H2O2-stimulated cells (Fig. 2c, d), which is 
demonstrating that I6CA has potent scavenging activity for 
ROS derived from mitochondria and intracellular.

I6CA attenuated H2O2‑induced DNA damage 
in C2C12 cells

To validate whether I6CA could protect H2O2-induced 
DNA damage was performed. As shown in Fig.  3a, 
increased comet tail moment (DNA migration) was 
observed in H2O2-treated cells, but not in cells treated 
with I6CA alone or control cells. However, pretreatment 
with I6CA clearly reduced the H2O2-induced the DNA 
migration to levels similar to those observed in the con-
trol cells. The DNA damage blocking effect of I6CA 
was also confirmed by analyzing the phosphorylation of 
γH2AX (p-γH2AX) and the production of 8-OHdG. As 
presented in Fig. 3b–d, although no significant change was 
observed in the total protein expression of γH2AX in the 
cells treated with H2O2 alone, the expression of p-γH2AX 
obviously increased, and higher levels of 8-OHdG were 
also observed in the H2O2-treated cells compared with the 
control cells. However, pretreatment with I6CA clearly 
attenuated the H2O2-induced phosphorylation of γH2AX 
and significantly suppressed the production of 8-OhdG, 
indicating that I6CA effectively blocked the DNA damage 
caused by oxidative stress.

I6CA reduced H2O2‑induced apoptosis in C2C12 cells

To examine the ability of I6CA to prevent H2O2-induced 
apoptosis, DAPI staining, annexin V-FITC/PI double 
staining and DNA fragmentation assays were performed. 
As shown in Fig. 4a, the nuclei were round-shaped with 
homogeneous fluorescence intensity in the control group 
and I6CA alone treated group. H2O2-treated cells exhibited 
typical apoptotic morphology characterized by nuclear con-
densation and fragmentation, whereas cells pretreated with 
I6CA prior to H2O2 exposure had significantly decreased 
the apoptotic features. Consistent with DAPI staining, 
the results of flow cytometry analysis using annexin V/PI 
staining showed that H2O2 triggered a higher magnitude 
of apoptosis compared with controls; however, after sup-
plementation with I6CA, the percentage of apoptotic cells 
significantly decreased (Fig. 4b, c). In addition, H2O2 alone 
notably increased DNA fragmentation as detected by aga-
rose gel electrophoresis, which was markedly attenuated in 
cells pretreated with I6CA (Fig. 4d).

I6CA protected H2O2‑induced mitochondrial 
dysfunction in C2C12 cells

To analyze whether inhibition of mitochondrial impairment 
is a mechanism involved in the protective effect of I6CA, 
JC-1 dye was used to estimate the MMP. The JC-1 mono-
mer ratio of C2C12 cells treated with H2O2 was higher than 

Fig. 1   Protective effect of I6CA on H2O2-induced cytotoxicity in 
C2C12 cells. The cells were treated with the various concentrations 
of I6CA for 24 h (a), or pretreated with or without the indicated con-
centrations of I6CA or 10 mM NAC for 1 h, and then cultured in the 
presence of 1 mM H2O2 for 24 h (b, c). a, b The cell viability was 
determined by an MTT reduction assay. The results are expressed 

as the mean ± SD obtained from three independent experiments 
(*p < 0.05, and ***p < 0.001 compared with the untreated cells; 
#p < 0.05 ###p < 0.01 and ###p < 0.001 compared with the H2O2-treated 
cells). c Representative images of the cells were captured by a phase-
contrast microscope (original magnification, × 200)
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that of untreated control cells or cells treated with I6CA 
alone (Fig. 5a, b), indicating that H2O2 reduced the MMP. 
The ratio of red/green fluorescence was also significantly 
decreased after H2O2 treatment compared with untreated 
cells, but this reduction was reversed in cells pretreated with 
I6CA prior to H2O2 treatment (Fig. 5c).

I6CA abolished the change in expression 
of apoptosis regulatory factors caused by H2O2 
in C2C12 cells

We next investigated the effect of I6CA on H2O2-induced 
changes on apoptosis regulatory factors including 
cytochrome c, Bax, Bcl-2 and caspases by Western blot-
ting. As shown in Fig. 6a–c, the expression of cytochrome c 
in the H2O2-treated cells increased in the cytoplasmic frac-
tion and decreased in the mitochondrial fraction, indicat-
ing that cytochrome c was released from the mitochondria 
to the cytosol. It was also found that after H2O2 treatment, 
the protein expression of anti-apoptotic Bcl-2 in cells was 

remarkably decreased, while pro-apoptotic Bax expression 
was increased (Fig. 6d–f). In addition, the expression of 
pro-caspase-9 and pro-caspase-3 was markedly decreased 
in cells treated with H2O2 alone compared with the control 
group (Fig. 6d, g and h), and their activity was significantly 
increased in the results using the colorimetric assay kits 
(Fig. 6j, k). The degradation of poly (ADP-ribose) poly-
merase (PARP) was also observed in H2O2-treated cells. 
However, pretreatment with I6CA reversed these changes 
(Fig. 6d, i).

AMP‑activated protein kinase (AMPK) was involved 
in the mitigation of H2O2‑mediated cytotoxicity 
by I6CA in C2C12 cells

To investigate whether the protective effect of I6CA against 
H2O2-induced mitochondrial dysfunction was related to the 
improvement of cellular metabolic activity, the changes in 
intracellular ATP content were investigated. The results 
showed that C2C12 cells treated with H2O2 alone displayed 

Fig. 2   Attenuation of 
H2O2-induced ROS genera-
tion by I6CA in C2C12 cells. 
The cells were pretreated with 
400 μM I6CA or 10 mM NAC 
for 1 h and then stimulated with 
or without 1 mM H2O2 for an 
additional 1 h. The medium was 
removed, and the cells were 
incubated with medium contain-
ing 10 μM DCF-DA (a–c) or 
1 μM MitoSOX™ red (d) for 
30 min. a Intracellular ROS 
production was measured using 
a flow cytometer in DCF-DA 
stained cells, and representa-
tive profiles are shown. b The 
measurements were made in 
triplicate, and the values are 
expressed as the mean ± SD 
(***p < 0.001 compared with 
the untreated cells; ###p < 0.001 
compared with the H2O2-treated 
cells). DCF (c) and MitoSOX™ 
red (d) fluorescence images of 
cells cultured under the same 
conditions were captured by 
a phase-contrast microscope. 
Each image is representative 
of at least three independent 
experiments
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a significant decrease in ATP production compared with 
the untreated control (Fig. 7a). However, pretreatment with 
I6CA was able to maintain ATP synthesis significantly, and 
although there was no statistical significance, the combina-
tion of I6CA and NAC was more effective than I6CA alone. 
We further examined whether the AMPK signaling pathway 
mediated the protective effect of I6CA against H2O2-induced 
reduction of ATP production. The levels of phosphorylated 
AMPK and its downstream effector, acetyl-CoA carboxy-
lase (ACC), were greatly increased in the H2O2-stimulated 
cells compared with the control group without changing the 
expression of their total proteins (Fig. 6b–d). Since reduced 
ATP production can activate AMPK, the results are evi-
dence that AMPK was activated in response to a decrease 
in ATP production in H2O2-treated cells. However, I6CA 
and NAC markedly attenuated their phosphorylation levels 
in cells cultured under oxidative stress conditions. Finally, 

we investigated the role of AMPK in the protective effect of 
I6CA against H2O2-induced cytotoxicity using the AMPK 
inhibitor compound C and the AMPK activator AICAR. As 
shown in Fig. 7e, compound C treatment significantly sup-
pressed H2O2-induced cytotoxicity, and its protective effect 
is similar to that of I6CA. In addition, compound c substan-
tially improved the effect of I6CA in the presence of H2O2. 
Meanwhile, AMPK activator AICAR markedly induced 
cytotoxicity in C2C12 cells, and the cell viability was more 
suppressed by combination treatment of H2O2 and AICAR. 
AICAR treatment significantly eliminated the protection ten-
dency of I6CA against the H2O2-induced cytotoxicity com-
pared to AICAR non-treated cells in the presence of H2O2 
in I6CA pretreated cells. These results suggested that I6CA 
attenuated H2O2-induced cytotoxicity, which is mediated by 
down-regulation of AMPK signaling pathway.

Discussion

In the present study, we investigated whether I6CA can pro-
tect C2C12 myoblasts from oxidative stress. For this pur-
pose, we utilized H2O2, which is widely used as a representa-
tive ROS for establishing various oxidative stress models, 
to induce oxidative damage, and found that H2O2 reduced 
C2C12 cell viability by triggering DNA damage and apopto-
sis by promoting ROS production. However, I6CA has been 
found to have the ability to inhibit H2O2-induced cytotoxic-
ity and provide ROS scavenging activity.

It is well known that caspase-dependent apoptosis can 
generally be divided into the extrinsic and intrinsic path-
ways. The extrinsic pathway is initiated by extracellular 
ligands that bind to death receptors on the cell surface, while 
activation of intrinsic pathway is associated with intracel-
lular apoptotic signals that cause mitochondrial dysfunction 
(Bock and Tait 2020; Popgeorgiev et al. 2018). In particu-
lar, ROS overload by mitochondrial dysfunction causes free 
radical attack of the phospholipid bilayer of the mitochon-
dria, which leads to the depolarization of the mitochondrial 
membrane, resulting in the loss of MMP (Bock and Tait 
2020; Xiong et al. 2014). During this process, the perme-
ability of the mitochondrial membranes increases, allowing 
apoptogenic factors in the mitochondrial intermembrane 
space, especially cytochrome c, to be released into the cyto-
plasm (Bock and Tait 2020; Er et al. 2006). Therefore, the 
loss of MMP and the release of mitochondrial cytochrome 
c are indicative of impaired mitochondrial function and are 
evident early phenomena in the onset of intrinsic apoptosis 
In this study, to evaluate the preventive effect of I6CA on 
mitochondrial dysfunction, the MMP values and cytochrome 
c expression were examined, and it was found that the loss 
of the MMP and cytosolic cytochrome c expression were 
markedly increased in H2O2-treated cells. However, I6CA 

Fig. 3   Protection of H2O2-induced DNA damage by I6CA in C2C12 
cells. The cells were treated with or without 400  μM I6CA for 1  h 
before treatment with 1 mM H2O2 for 24 h. a A comet assay was per-
formed, and representative images were captured using a fluorescence 
microscope (original magnification, × 200). b The cell lysates were 
prepared, and p-γH2AX and γH2AX expression was identified by 
Western blot analysis. The equivalent loading of proteins in each well 
was confirmed by actin. c Bar graphs indicate the relative band den-
sity of the phosphorylated protein/non phosphorylated protein ration 
in western blot analysis. d The DNA samples of cells were subjected 
to assessment of the 8-OHdG levels. c, d The measurements were 
made in triplicate, and the results are expressed as the mean ± SD 
(***p < 0.001 compared to untreated cells; #p < 0.05 compared with 
the H2O2-treated cells)
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pretreatment protected the reduction of the MMP induced 
by H2O2 and maintained the expression of cytochrome c in 
mitochondria during H2O2 exposure. The findings indicated 
that I6CA was able to reverse mitochondrial damage caused 
by oxidative stress.

Cytochrome c released into the cytoplasm interacts with 
and activates caspase-9, which in turn triggers activation of 
effector caspases, such as caspase-3 and caspase-7, eventu-
ally completing cell death. This process is accompanied by 
the degradation of substrate proteins of effector caspases, 
including PARP, as evidenced that caspase-dependent apop-
tosis was induced (Kiraz et al. 2016; Hassan et al. 2014). The 
activation of this caspase cascade is also tightly regulated by 
the expression of a variety of regulators. Among them, the 
Bcl-2 family proteins, which are consists of members that 
either promote or inhibit apoptosis, play an important role 
in regulating apoptosis by governing mitochondrial outer 
membrane permeabilization. Pro-apoptotic proteins such as 

Bax, located on the outer mitochondrial membrane, promote 
mitochondrial permeability transition or attenuate the barrier 
function of the mitochondrial outer membrane, leading to 
release of apoptotic factors. However, anti-apoptotic proteins 
such as Bcl-2 are essential for maintaining mitochondrial 
permeability and membrane barrier stabilization to inhibit 
the release of apoptotic factors (Bock and Tait 2020; Pop-
georgiev et al. 2018). In the present study, H2O2 enhanced 
the expression level of Bax and reduced the level of Bcl-2, 
which indicates that modifications in Bcl-2 family protein 
expression contributed to the loss of MMP and resulted in 
the cytosolic release of cytochrome c. We also found that 
H2O2 activated caspase-9 and caspase-3, resulting in the 
degradation of PARP, a representative substrate protein 
degraded by activated effector caspases (Kiraz et al. 2016; 
Hassan et al. 2014), which are consistent with previous stud-
ies (Park et al. 2019; Choi 2018; Yin et al. 2015; Siu et al. 
2009). However, these changes were markedly attenuated 

Fig. 4   Inhibitory effect of I6CA on H2O2-induced apoptosis in 
C2C12 cells. The cells were treated with or without 200 or 400 μM 
I6CA for 1 h before treatment with 1 mM H2O2 for 24 h. a The cells 
were stained with DAPI solution and stained nuclei were observed 
using a fluorescence microscope (original magnification, × 200). Each 
image is representative of at least three independent experiments. b, 
c The cells were fixed and stained with annexin V-FITC and PI for 
flow cytometry analysis. b The results show early apoptosis, defined 
as annexin V+ and PI− cells (lower right quadrant), and late apopto-

sis, defined as annexin V+ and PI+ (upper right quadrant) cells, and 
representative profiles are shown. c The percentages of apoptotic cells 
were determined by expressing the numbers of annexin V+ cells as 
percentages of all the present cells. The data represent the mean ± SD 
of three independent experiments (***p < 0.001 compared with the 
untreated cells; ###p < 0.001 compared with the H2O2-treated cells). d 
DNA fragmentation was analyzed by extracting genomic DNA, elec-
trophoresis in 1.5% agarose gel, and then visualizing by EtBr staining
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in the presence of I6CA, indicating that I6CA can protect 
C2C12 cells from apoptosis by inhibiting the mitochondrial-
related apoptosis pathway activated by H2O2.

Mitochondria are essential organelles that produce most 
of the energy needed by cells in the form of ATP. Energy 
deficiency stimulates AMPK to facilitate muscle mitochon-
drial biosynthesis to produce more ATP, while simultane-
ously inhibiting multiple anabolic pathways (Kjøbsted et al. 
2018; Hardie 2011). AMPK also blocks energy consumption 
pathways and activates ATP production pathways, including 
fatty acid β-oxidation and glycolysis through phosphoryla-
tion-mediated inhibition of ACC, leading to down-regulation 
of malonyl-CoA levels (Bullon et al. 2016; Hardie and Pan 
2002). Therefore, AMPK is considered a key energy-sensing 
kinase that activates various catabolic processes while con-
trolling the ratio of intracellular ATP to AMP (Herzig and 
Shaw 2018; Shirwany and Zou 2014). However, the role 
of AMPK under oxidative stress conditions in myoblasts 
is still unclear. Based on our finding that H2O2 diminished 
ATP production and activated AMPK in C2C12 myoblasts, 
we investigated whether the AMPK signaling pathway was 
involved in the protective effect of I6CA against oxidative 

stress. Our results demonstrated that I6CA was able to 
effectively improve the energy supply of cells by preserv-
ing mitochondrial homeostasis under oxidative conditions, 
which was associated with inhibition of phosphorylation of 
ACC as well as AMPK. Therefore, we used compound C, a 
well-known AMPK inhibitor, and found that the increased 
cell viability by pretreatment of I6CA in the presence of 
H2O2 was significantly up-regulated in compound C–co-
treated cells. Meanwhile, AMPK activator AICAR mark-
edly eliminated the protection tendency of I6CA against the 
H2O2-induced cytotoxicity compared to AICAR non-treated 
cells in the presence of H2O2 in I6CA pretreated cells. The 
results indicate that inactivation of AMPK signaling in 
C2C12 cells is, at least, involved as a protective mecha-
nism for initiating an intrinsic apoptosis pathway following 
H2O2-mediated mitochondrial dysfunction. In this respect, 
our finding is especially meaningful as I6CA attenuated 
H2O2-induced cytotoxicity through by down-regulation of 
AMPK signaling pathway. These results provide evidence 
that I6CA may have high applicability as a therapeutic for 
maintaining myoblast function during oxidative stress. How-
ever, more detailed studies are needed on the role of other 

Fig. 5   Inhibition of 
H2O2-induced mitochondrial 
dysfunction by I6CA in C2C12 
cells. The cells were treated 
with 400 μM I6CA or 10 mM 
NAC for 1 h and then exposed 
to 1 mM H2O2 for 24 h. a The 
cells were collected and stained 
with JC-1. The JC-1 fluores-
cence intensity was detected 
to evaluate the changes in the 
MMP using a flow cytometer. 
b The percentage of cells with 
JC-1 monomers is indicated 
by bars, and the data represent 
the mean ± SD of triplicate 
determinations (***p < 0.001 
compared with the untreated 
cells; ###p < 0.001 compared 
with the H2O2-treated cells). c 
JC-1 fluorescence images of the 
cells treated with 1 mM H2O2 
in the presence or absence of 
400 μM I6CA are shown. Red 
fluorescence indicates high 
membrane potential, and green 
fluorescence represents low 
membrane potential. Repre-
sentative images were captured 
using a fluorescence microscope 
(original magnification, × 400)
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signaling pathways involved in the beneficial effects of I6CA 
upon inhibition of AMPK activation.

In conclusion, in the present study, we elucidated the 
protective effect of I6CA against H2O2-induced oxidative 
damage and explored its mechanism of action in C2C12 
myoblasts. According to our results, I6CA significantly 
reversed the increased intracellular ROS production 
and mitochondrial damage caused by H2O2, eventually 

inhibiting DNA damage and apoptosis. In addition, I6CA 
weakened the activation of AMPK and abolished the 
reduction of ATP production by H2O2 (Fig. 8). Although 
this is the first study to demonstrate that I6CA can relieve 
H2O2-induced oxidative stress in skeletal muscle myo-
blasts, the underlying mechanisms involved in this process 
require further study.

Fig. 6   Effects of I6CA on the expression of apoptosis regulators in 
H2O2-treated C2C12 cells. The cells were treated with or without 
400 μM I6CA for 1 h before treatment with 1 mM H2O2 for 24 h. a 
Cytochrome c levels were analyzed by Western blotting on mitochon-
drial and cytoplasmic fractions isolated from cells. Cytochrome oxi-
dase subunit VI (COX IV) and actin serve as protein loading controls 
for the mitochondria and cytosol, respectively. d Whole cell lysates 
were prepared, and Bax, Bcl-2, caspase-9, caspase-3 and PARP 
expressions were identified by Western blot analysis. The equiva-

lent loading of proteins in each well was confirmed by actin. b, c, 
e–i) Bar graphs indicate the relative band density in western blot. 
j, k The activities of caspase-9 (j) and caspase-3 (k) in cell lysates 
were measured using the respective substrate peptides. The measure-
ments were made in triplicate. b, c, e–k The results are expressed as 
the mean ± SD (*p < 0.05, **p < 0.01 and ***p < 0.001 compared to 
untreated cells; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with 
the H2O2-treated cells)
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Fig. 7   Relevance of the AMPK signaling system in the inhibition of 
H2O2-induced cytotoxicity by I6CA in C2C12 cells. The cells were 
treated with 400 μM I6CA, 10 mM NAC or 5 μM compound C for 
1 h, and then exposed to 1 mM H2O2 for 24 h. a The cells were col-
lected and the cellular ATP concentrations were measured using an 
ATP determination kit. b Equal amounts of proteins were subjected 
to Western blot analysis of the listed proteins. Actin was used as an 
internal control. c, d Bar graphs indicate the relative band density 
of the phosphorylated protein/ non phosphorylated protein ration in 

western blot analysis. e The cells were treated with 400  μM I6CA, 
1  mM AICAR or 5  μM compound C for 1  h, and then exposed to 
1  mM H2O2 for 24  h. The cell viability was determined by MTT 
assay. a, c–e The results are expressed as the mean ± SD of three 
independent experiments (*p < 0.05, **p < 0.01 and ***p < 0.001 
compared with the control group; #p < 0.05, ##p < 0.01 and 
###p < 0.001 compared with the H2O2-treated group; &p < 0.05 and 
&&p < 0.01 compared with the I6CA and H2O2-treated group)

Fig. 8   Schematic summary for the action mechanism of I6CA on oxi-
dative stress-induced cellular damages in C2C12 skeletal myoblasts. 
I6CA prevents H2O2-induced mitochondrial dysfunction, DNA dam-
age and apoptosis by regulating the ROS-AMPK signaling pathway
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