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Abstract 

Background: Doxorubicin (Dox) is a widely used anthracycline drug to treat cancer, yet numerous adverse effects 
influencing different organs may offset the treatment outcome, which in turn affects the patient’s quality of life. Low‑
level lasers (LLLs) have resulted in several novel indications in addition to traditional orthopedic conditions, such as 
increased fatigue resistance and muscle strength. However, the mechanisms by which LLL irradiation exerts beneficial 
effects on muscle atrophy are still largely unknown.

Results: The present study aimed to test our hypothesis that LLL irradiation protects skeletal muscles against Dox‑
induced muscle wasting by using both animal and C2C12 myoblast cell models. We established SD rats treated with 
4 consecutive Dox injections (12 mg/kg cumulative dose) and C2C12 myoblast cells incubated with 2 μM Dox to 
explore the protective effects of LLL irradiation. We found that LLL irradiation markedly alleviated Dox‑induced muscle 
wasting in rats. Additionally, LLL irradiation inhibited Dox‑induced mitochondrial dysfunction, apoptosis, and oxida‑
tive stress via the activation of AMPK and upregulation of SIRT1 with its downstream signaling PGC‑1α. These afore‑
mentioned beneficial effects of LLL irradiation were reversed by knockdown AMPK, SIRT1, and PGC‑1α in C2C12 cells 
transfected with siRNA and were negated by cotreatment with mitochondrial antioxidant and P38MAPK inhibitor. 
Therefore, AMPK/SIRT1/PGC‑1α pathway activation may represent a new mechanism by which LLL irradiation exerts 
protection against Dox myotoxicity through preservation of mitochondrial homeostasis and alleviation of oxidative 
stress and apoptosis.

Conclusion: Our findings may provide a novel adjuvant intervention that can potentially benefit cancer patients 
from Dox‑induced muscle wasting.
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Introduction
Cancer has been considered one of the top leading causes 
of mortality worldwide for decades, and pharmacological 
intervention strategies rely heavenly on chemotherapy 
to treat cancer patients. Doxorubicin (Dox), an anthra-
cycline antibiotic, has been widely used in the treatment 
of hematological malignancies and solid tumors for five 
decades [1]. However, its clinical use in higher or more 
effective doses is restricted due to the possibility of devel-
oping severe toxicity in several organs in human systems 
[2]. The antineoplastic effects of Dox are mainly attrib-
uted to its properties of interrupting DNA replication as 
well as RNA transcription. Because of interfering with 
the synthesis of DNA, RNA, and proteins, the division 
of cancerous cells is effectively abolished. Due to its non-
specific mechanism of action, surrounding healthy cells 
with highly proliferative characteristics are inevitably 
damaged. Clinically, cachexia presenting with nausea, 
fatigue, hair and weight loss, skeletal muscle atrophy, and 
cardiotoxicity together negatively impact the quality of 
life of patients when administered systemically. There-
fore, adjuvant therapy that may mitigate cachexia due to 
chemotherapy is of considerable clinical value.

To date, the potential molecular mechanisms of doxo-
rubicin (Dox)-induced muscle atrophy have attracted 
extensive attention. Previous experiments found com-
pelling evidence suggesting that doxorubicin can cause 
muscle atrophy due to autophagy followed by oxidative 
stress [3], a reduction in mitochondrial content and reac-
tive oxygen species (ROS) production [4], lesions in the 
electron transport system of mitochondria [5], disruption 
of mitochondrial energy metabolism and redox balance 
[6], and activation of apoptosis and the ubiquitin–pro-
teasome pathway [7]. Therefore, further understanding 
of these mechanisms is needed to develop an adjuvant 
therapy to lessen the adverse effects caused by Dox 
treatment.

AMP-activated protein kinase (AMPK), a pivotal sen-
sor of cellular energy levels, is a serine-threonine kinase 
that plays a key role in facilitating glucose uptake in skel-
etal muscles, which are composed of more than half of 
the body weight in humans and account for nearly 75% 
of the insulin-regulated glucose uptake in our bodies. 
Decreased AMPK activity has been considered a nega-
tive side effect of Dox treatment. Earlier research dem-
onstrated that Dox treatment induced a significant 
impairment in glucose uptake by AMPK inhibition [8]. 
Furthermore, Dox increased systemic insulin resistance 
[9], which is mediated by inhibition of AMPK signaling 

in skeletal muscles [8]. In contrast, activated AMPK can 
improve cellular energy status and maintain mitochon-
drial function [10]. Meanwhile, AMPK regulates the 
activity of Sirtuin 1 (SIRT1) and increases intracellu-
lar  NAD+, which can activate  NAD+-dependent SIRT1 
to elicit biological effects. Activated AMPK and SIRT1 
regulate the activity of coactivator peroxisome prolifer-
ator-activated receptor coactivator-1α (PG-1α), further 
upregulating its expression [11]. AMPK phosphorylation 
of PGC-1α initiates many of the important gene regula-
tory functions of AMPK in skeletal muscle [12]. Moreo-
ver, the AMPK/SIRT1/PGC-1α signaling pathway acts as 
an energy-sensing network and plays a crucial regulatory 
role in mitochondrial biosynthesis, energy metabolism, 
and oxidative stress [11]. Research previously showed 
that Dox treatment inhibits AMPK and PGC-1α signal-
ing pathways, resulting in intensifying myocardial injury 
[13]. Accordingly, interventions that can activate AMPK 
may have the potential to mitigate the negative effects on 
the muscle wasting caused by Dox treatments [14].

ROS possess multiple functions, such as activation of 
mitogen-activated protein kinases (MAPKs) and translo-
cation of nuclear factor (NF)-κB from the cytosol to the 
nucleus, and both of these functions are known as key 
regulators of various pathological processes. In particu-
lar, P38 MAPK can be activated by ROS, which in turn 
triggers muscle wasting [15]. On the other hand, exces-
sive ROS are also known to result in disruption of the 
outer mitochondrial membrane, which is accompanied 
by an increase in mitochondrial membrane permeability. 
Consequently, a variety of proteins and proteases within 
the mitochondria-related to apoptosis are released into 
the cytosol, which in turn triggers apoptosis by cleaving 
cellular proteins, thereby accelerating the progression of 
cell death. Excessive ROS are involved in Dox-induced 
myopathy, which is oxidative-induced [16]. For this rea-
son, interventions that can reduce oxidative damage 
in skeletal muscles by suppressing the ROS-mediated 
MAPK/NF-κB signaling pathway and mitochondrial dys-
function are assumed to be clinically beneficial [15].

Low-level laser (LLL) irradiation has been shown to 
modulate a wide range of biological processes. Tradi-
tionally, LLL is commonly used in orthopedic condi-
tions, such as wound healing and inflammation. In 
recent years, additional novel application areas have 
been intensively discovered. For example, these include 
increased muscle fatigue resistance [17], reduced post 
fatigue concentrations of serum lactate and creatine 
kinase levels [18], increased exercise performance, 
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decreased exercise-induced oxidative stress and mus-
cle damage [19], and improved muscle performance 
in elderly people [20]. Similarly, LLL can effectively 
promote the recovery of gastrocnemius skeletal mus-
cle from atrophy in rats [21], accelerate muscle regen-
eration in aged rats [22], and increase mitochondrial 
membrane potential and ATP synthesis in skeletal cells 
[23]. In terms of cellular mechanisms, LLL has been 
reported to increase mitochondrial respiration, which 
leads to an enhancement of ATP production [24]. 
In addition, LLL is capable of reestablishing cellular 
homeostasis, stimulating the mitochondrial respiratory 
chain, and increasing adenosine triphosphate (ATP) 
production and the synthesis of proteins and enzymes 
[25]. Since mitochondria are thought to be the princi-
pal photoacceptors present inside cells and mitochon-
dria are extraordinarily distributed in muscle cells, LLL 
irradiation is supposed to be highly beneficial for mus-
cle damage. Collectively, we assume that LLL poten-
tially exerts protective effects on skeletal muscle and 
delays the progression of Dox-induced atrophy.

In the present study, we first examined the ben-
efits of LLL on Dox-induced myopathy in both animal 
and myoblast cell culture models. The AMPK/SIRT1/
PGC-1α signaling pathways, oxidative stress, mitochon-
drial function, and apoptosis-related parameters that 
were activated by Dox were explored; both in  vivo and 
in vitro studies were conducted to elucidate the cellular 
and molecular mechanisms underlying LLL’s beneficial 
effects.

Materials and methods
Cell culture and reagents
C2C12 skeletal myoblast cells (ATCC CRL-1772, USA) 
were grown in Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco, NY, USA) supplemented with fetal 
bovine serum (FBS) to a final concentration of 10%. The 
cells were passaged every second day, and confluency was 
maintained below 80% to prevent spontaneous differ-
entiation. First, 5,58,6,68 tetraethylbenzimidazolcarbo-
cyanine iodide (JC-1), EX-527, 2’,7’ –dichlorofluorescein 
diacetate (DCF-DA) and MitoSox reagent were obtained 
from Thermo Scientific (Waltham, MA, USA). MitoQ, 
SB203580, penicillin, and streptomycin were purchased 
from Sigma (St. Louis, MO, USA). Anti-β-actin, anti-
p38, anti-p-p38, anti-NF-kBp65, anti-HDAC1, and anti-
caspase-3 antibodies were all obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Anti-p-AMPK, 
anti-SIRT1, anti-PGC-1α, anti-Bax, anti-Bcl2, HRP-con-
jugated anti-rabbit, and anti-mouse secondary antibod-
ies were purchased from Transduction Laboratories (CA, 
USA).

Animal care and experimental groups
In this study, 16 male Sprague Dawley (SD) rats were 
placed in plastic cages and kept in a room with con-
trolled environmental conditions with access to water 
and standard food. The experimental procedures were 
approved by the Ethics Committee of Cheng Kung 
University, Tainan, Taiwan, and conducted in accord-
ance with the ‘Guide for Care and Use of Laboratory 
Animals’. Two groups of rats underwent the following 
treatments: control (saline) and Dox, with n = 16 (8 in 
each group). Dox was prepared in sterilized distilled 
water and administered at 3 mg/kg body weight (BW) 
via 4 intraperitoneal (i.p.) injections weekly, giving a 
cumulative dose of 12 mg/kg BW. Control rats received 
three i.p. injections of 0.9% saline on alternative days. 
In the Dox group, each rat received 8 J/m2 LLL irradia-
tion on the left (L’t), but not on the right (R’t), of the 
low extremity calf muscles before Dox injection. LLL 
irradiation (8  J/m2) was continually administered to 
the L’t lower extremities for a duration of 4 weeks after 
Dox injection. During LLL treatment, animals were 
anesthetized intramuscularly using a mixture of 10:1 
tiletamine/zolazepam (Zoletil) (Virbac, Carros, France) 
and xylazine (Rompun) (Bayer, Pittsburgh, PA, USA). 
The dosage of anesthesia was 0.1 mL Zoletil/100 g body 
weight. Animals were sacrificed 7  days after the last 
injection of Dox after anesthetization with 4% isoflu-
rane via a nose cone. The protocol of this animal study 
is presented in Fig.  1. All of the animal investigations 
followed guidelines that were required for the care and 
use of laboratory animals and were approved by the 
animal center of the National Cheng Kung University in 
Tainan, Taiwan (Approval No. 109077). Soleus muscles 
on both legs were harvested and either flash-frozen for 
RNA and protein analysis as well as TUNEL staining or 
kept in 4% paraformaldehyde (Thermo Fisher Scientific, 
Waltham, MA, USA) for histological staining.

LLL
An AlGaInP-diode laser (AM-800, Konftec Co., Taipei, 
Taiwan) was used for in vivo and in vitro investigations. 
For in vitro studies, the probe of the laser was fixed verti-
cally 15 cm above the cells. Laser irradiation was applied 
at a wavelength of 660  nm for 10  min (8  J/cm2). After 
1 h of LLL irradiation, 10 µM Dox was added to cells for 
24 h stimulation. For in vivo studies, the laser was applied 
over the muscle belly and then irradiated every 1 cm for 
treatment of 3 points in the central, proximal, and distal 
areas of the muscle belly, with a treatment point of 1  cm2, 
10 min per point, 1 time per day, and 7 days per week. On 
the first day of the 1st, 2nd, 3rd and 4th week, after 2 h of 
LLL irradiation, Dox was injected by i.p. injections.
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Hematoxylin and Eosin (H&E) staining
Histology was performed to determine the myofibrillar 
size and atrophy, as described previously [26]. Trans-
verse soleus sections were stained with H&E (Thermo 
Fisher Scientific), and representative images were taken 
at 100 × magnification.

RNA isolation and analysis
RNA was isolated from frozen muscle using 1  ml 
of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. The 
extracted RNA was dissolved in Tris–HCl and ethyl-
ene-diamine tetraacetic acid (pH 7.6) and quantified 
spectrophotometrically. The purity was assessed by 
determining the ratio of the absorbance at 260 nm and 
280 nm. All samples had 260–280-nm ratios above 2.0. 
The integrity of the RNA was confirmed by inspection 
of ethidium bromide-stained 18S and 28S ribosomal 
RNA under ultraviolet light (Invitrogen, Carlsbad, CA, 
USA).

Reverse transcription
Total RNA was reverse transcribed into cDNA in two 
steps. In the first step, 1  μl of oligo (dT) primer (Inv-
itrogen, Carlsbad, CA, USA) and 9.5  μl of water were 
added to 1  μg of isolated total RNA, heated to 70  °C 
for 10 min and then immediately cooled on ice. In the 
second step, 4  μl of 5 × reverse transcription buffer, 
1 μl of a dNTP (Promega, Madison, WI, USA) mixture 
containing 0.2  mM each of dATP, dCTP, dGTP, and 
0.1 M dTTP, 2 μl of 0.1 M dithiothreitol, and 0.5 μl of 
M-MLV RT enzyme (Promega, Madison, WI, USA) in a 
total volume of 20 μl were combined; the total mixture 
was incubated at 42 °C for 60 min for each sample. To 
minimize any potential variations in the reverse tran-
scription reaction, all RNA sample groups were reverse 
transcribed simultaneously. The primers used are listed 
in Additional file 1: Table  S1. The threshold cycle (Ct) 
values were normalized by the Ct value calculated for 
β-actin.

Fig. 1 Schematic diagram of the animal experimental. Animals were allocated to three groups: Control group (Ctl), Dox‑receiving group (Dox), 
and LLL treatment group (Dox + LLL). In Dox‑treat animals, Dox (3 mg/kg) was injected by intraperitoneal injection per week ( total 4 weeks study 
period, accumulated dosage: 12 mg/ kg). In LLL‑exposed animals, the laser was applied 10 min per point, 1 time per day, and 7 days per week. On 
the first day of the 1st, 2nd, 3rd and 4th week, after 2 h of LLL irradiation, Dox was injected by i.p. injections. Samples were collected on the last day 
of this 4‑weeks experimental
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Analysis by real‑time polymerase chain reactions
The RNA transcript levels for the different experi-
mental and control muscles were analyzed simultane-
ously, and the reactions were carried out in duplicate 
using SYBR green fluorescent dye (Applied Biosystems, 
Foster City, CA, USA) in a sequence detection system 
(GeneAmp 5700; Applied Biosystems).

Measurement of mitochondrial membrane potential
The lipophilic cationic probe fluorochrome 5,58,6,68 
tetraethylbenzimidazolcarbocyanine iodide (JC-1) was 
used to explore the effects of Dox on mitochondrial 
membrane potential (ΔΨm). JC-1 exists either as a 
green-fluorescent monomer at depolarized membrane 
potentials or as a red fluorescent J-aggregate at hyper-
polarized membrane potentials. After treating the cells 
with Dox (2  μM) for 24  h in the presence or absence 
of CGA, cells were rinsed with M199 and then loaded 
with JC-1 (5 μM). After a 30-min incubation at 37  °C, 
cells were examined by flow cytometry.

Biogenesis of mitochondria
Mitochondrial mass was tested using N-nonyl acridine 
orange (NAO) staining. Endothelial cells were stained 
with NAO (5 μM) in the dark for 30 min at 37 °C, and 
the cells were examined by flow cytometry. Real-time 
PCR was used to test cellular and mitochondrial DNA 
(mtDNA) content. The following primers were designed 
to investigate cytochrome b: sense primer 5′-TTT 
GGG TCC CTT CTA GGA GTC-3′ and antisense primer 
5′-CCG ACA TGA AGG AAT AAG CAA-3′. PCR was per-
formed using SYBR Green on an ABI 7000 sequence 
detection system (Applied Biosystems) according to the 
manufacturer’s instructions.

Measurement of mitochondrial ROS production
ROS generation in the mitochondria of the C2C12 cells 
was determined using MitoSOX. C2C12 cells  (104 cells 
per well) in 96-well plates received LLL irradiation at 
an intensity of 8  J/m2 for 2  h. Afterward, 2  μM Dox 
was added to the medium for an additional 24 h. After 
removing the medium from the wells, cells were then 
incubated with 10 μM MitoSOX or 10 μM DCF-DA for 
or 30 min. The fluorescence intensity was calculated by 
flow cytometry.

Transfection with small interfering RNA (siRNA)
On-target Plus SMART pool siRNAs for the non-
targeting control and SIRT1, AMPK-α, and PGC-1α 
were purchased from Dharmacon. Two days after 

transfection, cells were treated with a reagent as indi-
cated for further experiments.

Immunoblotting
At the end of Dox exposure, endothelial cells were washed, 
scraped from dishes, and lysed in RIPA buffer. Proteins were 
then separated by electrophoresis on an SDS–polyacryla-
mide gel. After the proteins were transferred to a PVDF 
membrane, the blot was incubated with blocking buffer for 
1 h at room temperature, probed with primary antibodies 
overnight at 4 °C, and then incubated with horseradish per-
oxidase-conjugated secondary antibody for 1 h.

Terminal deoxynucleotidyl transferase (TdT) dUTP nick end 
labeling assay
All muscle tissues were fixed in 10% neutral buffered for-
malin and embedded in paraffin. Investigation of apop-
totic cells was performed using the In  Situ Cell Death 
Detection Kit (11,684,795,910; Roche) following the 
manufacturer’s direction. The TUNEL Colorimetric 
Detection Kit (C10625, Invitrogen) was used for tissue 
study. Streptavidin conjugated horseradish peroxidase 
(HRP) was then bound to the biotinylated nucleotides, 
and visualized using the peroxidase substrate, 3,3’-diam-
inobenzidine tetrachloride (DAB). The nuclei of apop-
totic cells could be observed in brown color under light 
microscope. The apoptotic index was calculated by divid-
ing the number of TUNEL-positive cells though the total 
number of cells in the field.

Investigation of mitochondrial oxygen consumption
The mitochondrial oxygen consumption rate (OCR) was 
measured by the Seahorse analyzer (Seahorse, USA). 
C2C12 were seeded at 10,000 cells per well in a 96-well 
XF culture plate. At the beginning of mitochondrial OCR 
measurement, culture medium was replaced with the 
commercial XF assay medium and incubated for 1  h in 
a CO2-free incubator. The mitochondrial OCR was ana-
lyzed using version 2.6 of the Seahorse Wave software.

Statistical analyses
Results are expressed as the means ± SD. Statistical anal-
yses were performed using one-way or two-way ANOVA, 
followed by Tukey’s test as appropriate. A P-value < 0.05 
was considered statistically significant.

Results
LLL irradiation ameliorates Dox‑induced muscle wasting 
in animals
First, we observed changes in body weight, cumula-
tive food intake, muscle mass, and the cross-sectional 
area between the two experimental groups. As shown in 
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Fig.  2A and B, body weight and cumulative food intake 
were significantly lower 28 days after the first injection in 
rats than in the control group. We further assessed the 
differences in soleus muscle mass and cross-sectional 
area individually between the right leg and left leg; the 
latter received LLL irradiation in the Dox-injected group. 
We found that LLL irradiation markedly restored the 
decreased soleus muscle mass and cross-sectional area 
(Fig. 2C, D). To further confirm the effects of LLL irradia-
tion on the Dox-induced changes in the skeletal muscle 
architecture, slices of soleus muscles stained with hema-
toxylin and eosin (H&E) showed normal architecture 
with normal interstitial space in the control group. In 
contrast, abnormal architecture and enlarged interstitial 
spaces were observed in the right legs of the Dox-injected 
group, whereas these abnormalities were reversed in the 
left legs that received LLL irradiation. In addition, a simi-
lar tendency was found in TUNEL staining, which pre-
sented the number of apoptotic cells (Fig.  2E, F). Prior 
research has indicated that Atrogin-1 and MuRF-1 are 
important regulators of skeletal muscle degradation [7]; 
therefore, we attempted to ascertain whether Atrogin-1 

and MuRF-1 are involved in the beneficial effects of 
LLL irradiation on Dox-induced muscle wasting. The 
results from mRNA analyses showed that the expres-
sion of Atrogin-1 and MuRF was much higher in the 
Dox-injected group than in the control group (Fig. 2F, G). 
The expression levels in the left legs, which received LLL 
irradiation, were significantly reduced, suggesting that 
LLL irradiation protects against Dox-induced muscle 
atrophy through, at least in part, diminishment of ubiqui-
tin-mediated protein degradation in skeletal muscles. In 
addition,

LLL reverse Dox‑impaired AMPK phosphorylation
Subsequently, we wanted to further explore the molecular 
mechanisms of the protective effects of LLL irradiation 
on Dox-induced muscle atrophy. Since AMPK activation 
plays a crucial role in alleviating mitochondrial oxidative 
damage in cardiotoxicity caused by Dox [27], we aimed 
to investigate whether AMPK activation is involved in 
the protective effects of LLL irradiation by using C2C12, 
a myoblast cell line. We first determined the effects of 
LLL irradiation on the phosphorylation levels of AMPK 
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in terms of different intensities. As shown in Fig. 3A and 
B, our results demonstrated that the phosphorylation lev-
els of AMPK were increased in cells receiving LLL irra-
diation for 1 h in a dose-dependent manner (2–8  J/m2). 
Accordingly, 8  J/m2 of intensity and a 1-h irradiation 
period were selected for the following experiments. After 
treatment with 2 μM of Dox in C2C12 cells for 24 h, the 
phosphorylation of AMPK was markedly reduced com-
pared to that in the control cells. However, the level of 
phosphorylation was restored to nearly normal in cells 
exposed to LLL prior to treatment with Dox (Fig. 3C, D).

LLL reverses dox‑induced dephosphorylation of AMPK 
by modulating SIRI1 and PGC‑1α
AMPK can switch and regulate various intracellular sig-
nals to protect cells from oxidative stress. The downregu-
lated AMPK/SIR1/PGC-1α signaling pathway leads to 
muscle atrophy in aging rats [28]. Therefore, we inves-
tigated the effects of LLL irradiation on the expression 
levels of SIRT1 and PGC-1α. We revealed that LLL irradi-
ation 1 h followed by 23 h incubation up-regulates SIRT1 
and PGC-1α expression levels (Fig.  4A–C). Next, we 
examined the effects of LLL irradiation on the expression 
levels of SIRT1 and PGC-1α after treatment with 2  μM 

of Dox for 24 h. Our data in Fig. 4D–F suggest that LLL 
irradiation reversed the Dox-mediated downregulation 
of SIRT1 and PGC-1α expression in skeletal muscle cells. 
We subsequently confirmed the involvement of AMPK 
in the signaling pathway by siAMPK. We found that the 
beneficial effects of LLL irradiation on the expression 
levels of SIRT1 and PGC-1α were diminished in AMPK 
knockdown cells. These results indicated that LLL miti-
gated Dox-downregulated SIRT1 and PGC-1α expression 
through the activation of AMPK (Fig.  4G–I). In animal 
model, we revealed that LLL up-regulated AMPK/SIR1/
PGC-1α pathway in a dosage-dependent manner (Fig. 4J, 
K). The protective effect of LLL on Dox-repressed down-
regulated AMPK/SIR1/PGC-1α signaling pathway had 
been further confirmed in animals (Fig. 4L, M).

LLL protects against Dox‑impaired mitochondrial function 
and oxidative stress by modulating the AMPK/SIRT1/
PGC‑1α pathway
Prior research indicated that Dox induces atrophy partly 
by causing mitochondrial dysfunction in skeletal mus-
cles [6]. We, therefore, measured the mitochondrial 
membrane potential (ΔΨm) by flow cytometry using 
JC-1 dye. Our data demonstrated that LLL irradiation 
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1  h before treatment with Dox attenuated Dox-induced 
mitochondrial membrane potential depolarization by 
fluorescence microscopy (Fig.  5A) and flow cytometry 
(Fig.  5B). However, the cytoprotective effects of LLL 
irradiation were eliminated in cells with silenced SIRT1, 
AMPK, and PGC-1α by siRNA transfection (Fig.  5C). 
We also found that LLL irradiation before Dox stimu-
lation up-regulated Dox-reduced mitochondrial oxy-
gen consumption rate (OCR), this finding was reversed 
by SIRT1, AMPK, and PGC-1α by siRNA transfection 
(Fig. 5D). To further determine whether LLL irradiation 
enhanced mitochondrial biogenesis and ROS generation, 

the contents of mitochondrial DNA (MtDNA) and super-
oxide generated by mitochondria were measured. Our 
results suggested that MtDNA content was reduced and 
superoxide was increased in cells treated with Dox, and 
LLL significantly reversed these changes. However, cells 
treated with Dox along with AMPK, SIRT1, and PGC-1α 
siRNA transfection abolished the beneficial effects of 
LLL irradiation (Fig.  5D, E). The mitochondria impair-
ment triggers cytosolic oxidative stress [29]. We dis-
played that Dox increased the cytosolic ROS by DCF-DA 
assay, LLL reduced cytosolic ROS level. In addition, Mito 
Q inhibited Dox-upregulated cytosolic ROS, indicating 

(A)

(B)

(C)

(D)

(E)

(F)

0.0

0.5

1.0

1.5

2.0

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio
(S

IR
T1

/β
-a

ct
in

)

*

#

LLL  (J/cm2)        0            0             8           

M)

0

1

2

3

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio

*

#

LLL  (J/cm2)        0            0             8           

M)

0.0

0.5

1.0

1.5

2.0

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio
(S

IR
T1

/β
-a

ct
in

)

*

#

LLL  (J/cm2)      0         0         8         8           

&

M)

si-A
MPK

0.0

0.5

1.0

1.5

2.0

2.5

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio
(P

G
C

-1
α/
β-

ac
tin

)

(P
G

C
-1
α/
β-

ac
tin

)

(P
G

C
-1
α/
β-

ac
tin

)

*

#

LLL  (J/cm2)      0         0         8         8           

&

Dox (2 µ Dox (2 µ 

Dox (2 µ 
Dox (2 µ 

M)

si-A
MPK

(G)

(H)

(I)

0

1

2

3

4

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio

*

LLL  (J/cm2)            0                  8           

0

1

2

3

4

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio
(S

IR
T1

/β
-a

ct
in

) *

LLL  (J/cm2)           0                     8           

0

1

2

3

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio

p-AMPK/β-actin
SIRT1/β-actin
PGC-1α/β-actin

Ctl Dox Dox+LLL

* #

(J)

(K)

(L)

(M)

0

1

2

3

4

Pr
ot

ei
n

ex
pr

es
si

on
ra

tio

p-AMPK/β-actin
SIRT1/β-actin
PGC-1α/β-actin

LLL (J cm2)  0     4     8          0     4     8         0     4     8

* * *

Fig. 4 LLL exposure mitigates Dox‑reduced SIRT1 and PGC‑1α expression via modulation of AMPK. C2C12 cells were exposed to LLL 8J/m2 for 
2 h and incubated in the 37 °C incubator with 5% CO2 for additional 22 h. The expression level of SIRT1, PGC‑1α, and β‑actin were investigated 
using Western blot assay (A). Protein expression levels were quantified and presented by a bar chart (B, C). C2C12 cells were treated with 2 µM 
doxorubicin (Dox) for a total of 24 h, in the LLL‑treated group, cells were exposed to LLL 8 J/m2 before Dox treatment. The expression level of SIRT1, 
PGC‑1α, and β‑actin were investigated using Western blot assay (D). Protein expression levels were quantified and presented by a bar chart (E, F). 
In the LLL‑treated group, cells were exposed to LLL 8J/m2 for 2 h before Dox treatment. In LLL plus AMPK silencing group, cells were transfected 
with AMPK siRNA for 36 h before LLL exposure and Dox treatment. The expression level of SIRT1, PGC‑1α, and β‑actin were investigated using 
Western blot assay (G). Protein expression levels were quantified and presented by a bar chart (H, I). Western blot analysis of phosphorylated AMPK, 
SIRT1, and PGC‑1α in the left soleus muscle from after LLL intervention without Dox injection (J). Bar graphs illustrate densitometric analyses of 
phosphorylated AMPK, SIRT1, and PGC‑1α expression levels (K). Western blot analysis of phosphorylated AMPK, SIRT1, and PGC‑1α in the left soleus 
muscle (L). Bar graphs illustrate densitometric analyses of phosphorylated AMPK, SIRT1, and PGC‑1α expression levels (M). The data were presented 
as the mean ± SD of three biological replicates at three separate times. (* indicating p < 0.05 compared with the control group; # indicating p < 0.05 
compared to Dox group; & indicating p < 0.05 compared to only LLL exposure group)



Page 9 of 15Ou et al. Cell & Bioscience          (2021) 11:200  

that Dox elevates cytosolic ROS through increasing mito-
chondria oxidative stress (Fig.  5F). Our data indicated 
that LLL prevents Dox-induced mitochondria impair-
ment, thereby mitigating Dox-mediated cytosolic ROS 
elevation.

LLL reduces Dox‑induced P38 MAPK phosphorylation 
and NF‑kB activation via a ROS‑dependent signaling 
pathway
ROS have the capacity to evoke oxidative stress through 
the MAPK signaling pathway to activate NF-κB, which 
typically stays in the cytoplasm of nonstimulated cells. 
Upon stimulation, activation of NF-κB and nuclear trans-
location occur followed by inflammatory and apoptotic 

gene transcription. The involvement of P38 MAPK and 
NF-κB in Dox-evoked oxidative stress was determined 
to identify the intracellular pathways involved in the pro-
tective effects of LLL irradiation. The activation of P38 
MAPK was estimated by measuring its phosphorylation 
level, and the activation of NF-κB was detected by meas-
uring its content in the nuclear fraction. C2C12 cells were 
receiving LLL irradiation at an intensity of 8  J/m2 for 1 h 
before to exposure to 2 μM Dox for another 24 h. While 
LLL irradiation effectively inhibited the phosphorylation of 
P38 MAPK in Dox-stimulated C2C12 cells, we found that 
Dox notably increased the phosphorylation level of P38 
MAPK. However, the beneficial effects of LLL irradiation 
were abolished in cells transfected with siRNA targeting 
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AMPK, SIRT1, and PGC-1α (Fig. 6A–C). Additionally, the 
inhibitor of P38 (SB203580) and the mitochondrial antioxi-
dant Mito Q effectively inhibited NF-kB activation caused 
by Dox, suggesting that Dox evoked NF-kB activation via 
the mitochondrial ROS-dependent and P38 MAPK path-
ways (Fig.  6D). The ubiquitin–proteasome system is one 
of the major pathways that regulate muscle protein degra-
dation, and this system plays a central role in controlling 
muscle size. Atrogin-1 and MuRF-1 are two E3 ubiquitin 
ligases that are important regulators of ubiquitin-mediated 
protein degradation in skeletal muscles [7]. Consistent 

with prior research showing that activation of P38 MAPK 
induces the expression of Atrogin-1 [30] and MuRF-1 [15], 
our data indicated that Dox-induced transcription lev-
els of Atrogin-1 and MuRF-1 as well as an inflammatory 
cytokine, IL-8, were significantly reduced in cells that had 
previously received LLL irradiation (Fig. 6E).

LLL reduces Dox‑induced skeletal muscle apoptosis 
by regulating SIRT1, AMPK, and PGC‑1α
Dox has been previously demonstrated to be an inducer 
of apoptosis in C2C12 cell myotubes [31]. Mitochondrial 
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dysfunction is a critical activator of proapoptotic events. 
Therefore, we examined skeletal muscle cell apoptosis 
to determine the beneficial effects of LLL irradiation in 
response to Dox. As such, the protein expression levels 
of Bax, Bcl-2, and caspase-3 were determined by West-
ern blot assay. Our results showed that Dox increased 
the expression levels of Bax and caspase-3 but reduced 

the Bcl-2 levels, whereas LLL irradiation reversed these 
changes (Fig. 7A–D). The TUNEL assay was subsequently 
used to determine the number of apoptotic C2C12 cells 
by using flow cytometry. As shown in Fig. 7E, we found 
that LLL irradiation reduced the number of Dox-induced 
TUNEL-positive cells. In addition, skeletal muscle cells 
transfected with AMPK, SIRT1, and PGC-1α siRNA 
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exhibited impaired protective effects of LLL on Dox-
induced apoptosis, indicating that LLL downregulated 
Dox-induced skeletal muscle apoptosis via modulation 
of the AMPK/SIRT1/PGC-1α signaling pathway. Moreo-
ver, Dox-induced apoptosis was rescued in the presence 
of MitoQ, an antioxidant of mitochondria, which indi-
cates the involvement of mitochondrial oxidative stress 
(Fig. 7E).

Discussion
Dox-induced mitochondrial dysfunction has become a 
pathological mechanism for the combined loss of muscle 
strength and constant discomfort of patients undergo-
ing chemotherapy [6]. To our knowledge, this is the first 
study to elucidate the underlying cellular and molecu-
lar mechanisms by which LLL irradiation protects skel-
etal muscles against atrophy caused by Dox. Our main 
findings are as follows. (1) LLL irradiation suppresses 
Dox-induced muscle wasting in rats by diminishing ubiq-
uitin-mediated protein degradation, (2) LLL irradiation 
restores Dox-reduced AMPK activation and downstream 
SIRT1 and PGC-1α, (3) LLL irradiation ameliorates Dox-
impaired mitochondrial membrane potential and ROS 

generation, and (4) LLL diminishes ubiquitin-mediated 
protein degradation and apoptosis caused by Dox (Fig. 8).

Consistent with prior research that suggested that the 
activation of AMPK can enhance glucose uptake in iso-
lated skeletal muscles [32] and that Dox-induced muscle 
atrophy can be attenuated by interventions that can acti-
vate the AMPK signaling pathway [33], the findings from 
the present study also suggested that cells exposed to LLL 
irradiation alone significantly increase the phosphoryla-
tion levels of AMPK and reverse Dox-impaired AMPK 
phosphorylation. SIRT1 is a key regulator of mitochon-
drial biogenesis and is known to activate PGC-1α by 
deacetylation in skeletal muscle cells [34]. The AMPK/
SIRT1/PGC-1α signaling pathway acts as an energy-sens-
ing network and plays a crucial regulatory role in mito-
chondrial biosynthesis, energy metabolism, and oxidative 
stress [11]. In the current study, our results indicated 
that LLL irradiation restores down-regulated SIRT1 and 
PGG-1α expression, suggesting that SIRT1/PGC-1α 
forms a regulatory axis to control mitochondrial function 

Fig. 8 Schematic diagram summarizes the protective effects of LLL irradiation against Dox‑induced skeletal muscle atrophy via the activation of 
AMPK/SIRT1/PGC‑1α signaling. The in vivo and in vitro experiments show that LLL exposure promotes AMPK phosphorylation and upregulation 
of SIRT1 and PGC‑1α expression thereby contributing to the preservation of mitochondrial homeostasis, and alleviation of oxidative stress and 
apoptosis in acute DOX treated skeletal muscles
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in Dox-induced myopathy. AMPK may also modulate 
downstream targets of SIRT1, including PGC-1α.

Mitochondria are the key source of intracellular ROS 
production and play a critical role in promoting skeletal 
muscle atrophy [35]. Targeting DNA is thought to be the 
principle cytotoxicity of Dox, and the covalently closed 
and circular characteristics of MtDNA are prone to inter-
calate with chemotherapies; thus, an increased possibility 
of transcriptional mistakes occurs, resulting in mitochon-
drial dysfunction [36]. In addition, prior research found 
mitochondria to be the major source of ROS formation 
in skeletal muscle in response to Dox [35]. Min et  al. 
reported that a single injection of Dox alone at a dose of 
20  mg/kg results in a decreased mitochondrial respira-
tory capacity and increased mitochondrial uncoupling 
and dysfunction in skeletal muscles [37]. Research has 
indicated that mitochondrial ROS stimulates protein 
degradation in muscles by activating proteolytic systems 
that include the ubiquitin–proteasome pathway and cas-
pase cascades [16]. The results from the present study 
indicated that LLL irradiation preserved mitochondrial 
content, an effect accompanied by increased PCG-1α 
expression, which is a key regulator of energy metabolism 
upregulated in response to LLL irradiation. Accordingly, 
LLL may prevent Dox-induced atrophy through, at least 
in part, regulating mitochondrial dynamics to maintain 
mitochondrial content and function (Fig. 8).

Prior research also found that ROS-mediated P38 
MAPK activation results in Dox-induced cardiomyopa-
thy [38] and that oxidative stress-induced P38 MAPK 
activation is involved in cachectic muscle wasting 
through both ubiquitin–proteasome- and autophagy-
lysosome-dependent proteolytic mechanisms [15]. Acti-
vation of P38 MAPK induces activation of agrogin-1 and 
MURF-1 expression in cachectic muscle wasting [15]. 
The results from the present study demonstrated that the 
beneficial effects of LLL irradiation protect skeletal mus-
cle from Dox-induced atrophy via the P38 MAPK/NF-κB 
signaling pathway.

Additionally, LLL irradiation significantly amelio-
rated the apoptotic effect of doxorubicin by decreas-
ing the Bax content and increasing the Bcl-2 content, 
which subsequently led to reduced caspase-3 activa-
tion in C2C12 cells treated with Dox. The strong anti-
apoptotic effect of LLL irradiation is thought to be 
through, in part, the inhibition of P38 MAPK/NF-κB-
mediated inflammation and apoptosis pathways, 
resulting in the prevention of all signals of cell death. 
This is similar to the results of a previous study report-
ing that LLL irradiation prevents the inflammatory 
cascade caused by TNF-α and thereby prevents the 
activation of proapoptotic protein-induced endothelial 
cell apoptosis [39].

Conclusion
Collectively, our experiments provide in vivo and in vitro 
mechanistic evidence suggesting that LLL irradiation is a 
potent intervention against Dox-induced skeletal muscle 
atrophy via activation of AMPK/SIRT1/PGC-1α signal-
ing. The results of this study may provide further insights 
into a possible molecular mechanism by which LLL 
irradiation protects against Dox-induced muscle atro-
phy, which may facilitate the development of adjuvant 
treatment.
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