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Co-enzyme Q10 protects primary chicken myocardial cells from heat
stress by upregulating autophagy and suppressing
the PI3K/AKT/mTOR pathway
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Abstract
In this study, we investigated the function of co-enzyme Q10 (Q10) in autophagy of primary chicken myocardial cells during heat
stress. Cells were treatedwithQ10 (1μΜ, 10μΜ, and 20μM) before exposure to heat stress. Pretreatment of chickenmyocardial
cells with Q10 suppressed the decline in cell viability during heat stress and suppressed the increase in apoptosis during heat
stress. Treatment with 20 μM Q10 upregulated autophagy-associated genes during heat stress. The expression of LC3-II was
highest in cells treated with 20 μM Q10. Pretreatment with Q10 decreased reactive oxygen species (ROS) levels during heat
stress. The number of autophagosomes was significantly increased by 20 μM Q10 treatment, as demonstrated by electron
microscopy or monodansylcadaverine (MDC) fluorescence. SQSTM1 accumulation was diminished by Q10 treatment during
heat stress, and the number of LC3II puncta was increased. Treatment with 20 μM Q10 also decreased the activation of the
PI3K/Akt/mTOR pathway. Our results showed that co-enzyme Q10 can protect primary chicken myocardial cells by upregulat-
ing autophagy and suppressing the PI3K/Akt/mTOR pathway during heat stress.

Keywords Co-enzymeQ10 . Heat stress . Autophagy .Myocardial cells . Chicken

Introduction

As animal husbandry and veterinary medicine has improved,
animal welfare has focused on animal feeding, transport, and
disease treatment. Heat stress is a common phenomenon in the
animal breeding industry and often occurs when the stocking
density is high, resulting in hyperthermia. Heat stress resulted
in losses of $2.4 billion to the animal breeding industry in the
USA alone (St-Pierre et al. 2003). Heat stress in broiler chickens
increases basal metabolic rate and abdominal fat (N’dri et al.
2007), that negatively affects reproductive performance; com-
pared with broiler chickens maintained in normal conditions,
the amount and quality of spermwas significantly reduced under
heat stress conditions. We have previously shown that heat stress
can induce cardiac damage in chickens, indicated by increased

levels of heart damage associated enzymes (for example, CK and
LDH), increased cellular apoptosis, and vacuolar and granular
degeneration in myocardial cells; these lesions in heart tissue
could be detrimental to the health of broiler chickens (Tang
et al. 2016; Wu et al. 2016; Zhang et al. 2016).

Co-enzyme Q10 (Q10), also called ubiquinone, is an endog-
enously synthesized cofactor that shares a similar structure with
vitamin K and E (Flower et al. 2014). Oxidative stress is a main
consequence of heat stress (Mehta et al. 2007; Vanlangenakker
et al. 2008; Kalmar and Greensmith 2009). Co-enzyme Q10
possesses antioxidant activity; Q10 improved antioxidant en-
zyme activity (SOD and CAT) in the serum of aged rats
(Belviranli and Okudan 2019), and Q10 relieved heat stress-
induced oxidative damage to skeletal muscle in chickens by
downregulating levels of ROS (Kikusato et al. 2016). Co-
enzyme Q10 has been used clinically as an ancillary drug for
treatment of heart-associated diseases, including heart attack and
chronic cardiac failure; in this capacity, co-enzymeQ10 increases
the levels of adenosine triphosphate (ATP) in heart tissue, stabi-
lizes calcium-dependent ion channels in the myocardium, and
prevents membrane oxidation and lipid peroxidation
(Rauchova et al. 1995; Tsutsui et al. 2002;Madmani et al. 2014).
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Autophagy is a defensive and adaptive mechanism through
which damaged organelles are digested and abnormal proteins
are denatured to maintain balance within cells and to protect
them from damage, apoptosis, or death (Mizushima et al. 2008;
Mizushima and Komatsu 2011). There are three types of au-
tophagy: microautophagy, chaperone-mediated autophagy, and
macroautophagy. Accumulation of ROS and elevation of the
AMP/ATP ratio can trigger oxidative damage; AMPK can also
be activated to inhibit the expression of mTORC1, thereby
stimulating the synthesis of LC3II, Beclin 1, ATG-5, and other
autophagy-related proteins (de Andrade Ramos and Witkin
2016). AKT/mTOR and HSP70-NF-kB/JNK signal pathways
also participate in the induction of autophagy in chicken spleen
(Chen et al. 2018). As a demonstration of the protective capac-
ity of autophagy, increased autophagy in desmin-related cardio-
myopathy decreased the accumulation of toxic protein aggre-
gates and attenuated disease progression (Tannous et al. 2008).
Enhanced autophagy induced by co-enzyme Q10 increases an-
tioxidants (SOD, superoxide dismutase; GSH, glutathione;
GPx, glutathione peroxidase) and reduces oxidation (TBARS,
thiobarbituric acid reactive substances) in rat heart tissue during
acute myocardial ischemia-reperfusion injury (Liang et al.
2017). Furthermore, autophagy is inhibited by high-glucose
concentrations in human retinal pigment epithelial cells, and
levels of apoptosis and ROS were significantly upregulated in
association with the inactivation of the ROS/PINK1/Parkin
signaling pathway (Zhang et al. 2019).

The protective function of autophagy has been described
for many different organ systems, but most studies have fo-
cused on mammals; few studies on autophagy have been per-
formed in avian species, and the connections between heat
stress and autophagy are not completely understood in
chickens. Moreover, while co-enzyme Q10 is considered an
antioxidant and we have demonstrated that co-enzyme Q10
can protect chicken heart tissue during heat stress, it remains
unknown whether Q10 influences autophagy in chicken heart
tissue during heat stress. In the present study, we evaluated the
ability of different concentrations of co-enzyme Q10 to induce
autophagy and protect chicken myocardial cells during heat
stress.

Materials and methods

Cell culture and treatment

All experiments were performed in accordancewith the guide-
lines of the Animal Ethics Committee of Jiangsu Province
(China). The study protocol was approved by the Animal
Care and Use Committee of Nanjing Agricultural University
(Nanjing, China). Chicken primary myocardial cells were col-
lected from embryonated eggs and were cultured as we previ-
ously described (Xu et al. 2017b). Heart tissue was removed

and cut into pieces, then digested with collagenase type I
(1 mg/ml; Life Technologies, Carlsbad, CA, USA) at 4 °C
for 14–16 h. Cells isolated from heart tissue were cultured in
a humidified atmosphere of 5% CO2 and 95% air at 37 °C.
Fibroblast growth was inhibited by addition of 0.1 mM 5-
bromo-2′-deoxyuridine solution (Sigma-Aldrich, Saint
Louis, MO, USA). Cells were divided into several treatment
groups: control group, cells without any treatment; Q10
groups, cells treated for 2 h with 1 μΜ, 10 μΜ, or 20 μM
Q10; Q10 + HS groups, cells treated with 1 μΜ, 10 μΜ, or
20 μM Q10 for 2 h before heat stress. HS group, cells treated
with heat stress only for 1 h. Co-enzyme Q10 was dissolved in
dimethyl sulfoxide (DMSO), the final concentration of
DMSO in the culture medium was 0.1%. As a control, same
concentration of DMSO was added to all groups. Heat stress
was 1 h, at a temperature of 40 °C using incubator with CO2

control; all cells were collected immediately post treatments.

Detection of cell viability

Cell viability was measured using CCK-8 kits (ab228554,
Abcam, USA) according to the manufacturer’s instructions.
At the end of each experiment, CCK-8 reagent was added into
the culture medium of chicken primary myocardial cells from
all experimental groups. Cells were incubated for 2 h at 37 °C.
The optical density (OD) was measured using a spectropho-
tometer (Tecan, USA) at a wavelength of 460 nm.

Detection of cell apoptosis

Cells were collected from each experimental group and were
washed with FACS buffer. After washing, cells were digested
using pancreatic enzymes without ethylenediamine tetra-
acetic acid (EDTA) and resuspended in Bind Buffer, and
10 μl annexin V-fluorescein isothiocyanate and 15 μl
propidium iodide were added. Cells were analyzed by flow
cytometry within 1 h. FlowJo v7.6.1 was used for data
analyses.

Real-time quantitative PCR

Total mRNA from chicken primary myocardial cells was iso-
lated using RNAISO Plus (9108, Takara, Japan). The concen-
tration of total mRNA was determined using a NanoDrop
2000 (Thermo Fisher, USA). Reverse transcription was car-
ried out with a real-time quantitative PCR instrument (Thermo
Fisher, USA). mRNA expression was analyzed between the
various treatment groups. mRNA expression levels were de-
termined using the comparative Ct (2-△△Ct) method. The target
gene mRNA levels were normalized to those of GAPDH
mRNA. The primers used are listed in Table 1.
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Western blot analysis

Following the various cell treatments, protein was extracted
from myocardial cells using RIPA lysis buffer with PMSF.
After determining the protein concentration, samples were
boiled for 15 min. Following separation of proteins by SDS-
PAGE, proteins were transferred onto PVDF membranes.
Membranes were then blocked using skimmed milk powder
for 2 h at room temperature prior to incubation with primary
antibodies, including LC3II (ab63817, Abcam, USA); p-AKT
(ab110231, Abcam, USA), p-PI3K (TA326165, Origen,
USA), p-mTOR (ab45996, Abcam, USA), GAPDH
(ab181602, Abcam, USA); and beta-tubulin (ab18207,
Abcam, USA) at 4 °C for 14 h. After incubation with the
corresponding peroxidase-conjugated secondary antibodies,
chemiluminescent reagent was applied for detection of protein
bands. The intensity of protein bands on developed film was
quantified using Quantity One software.

Detection of ROS

Cellular reactive oxygen species levels were detected using a
Cellular ROSAssay Kit (ab186027, Abcam, USA), according
to the manufacturer’s instructions. After treatment (2 h) with
co-enzyme Q10, cells were incubated with ROS working so-
lution before heat stress treatment (1 h). Following treatments,
cells were incubated at 37 °C for 45 min in the dark. Cells
were then washed three times with PBS and were then ob-
served using a fluorescence microscope (Carl Zeiss,
Germany).

Transmission electron microscopy

Chicken myocardial cells were collected and immersed in
2.5% glutaraldehyde in 0.01 M PBS solution for 24 h. After
cells were permeabilized, they were placed into a 1% osmium
tetroxide solution for 1 h at 37 °C. Cells were dehydrated with
ascending concentrations of ethyl alcohol and embedded with
a propylene oxide–araldite mixture. A transmission electron

microscope (Carl Zeiss, Germany) was used to observe
autophagosomes. Three fields of view were chosen randomly
and analyzed for each sample; the numbers of autophagosome
were counted.

Immunofluorescence analysis

Chicken primary myocardial cells were washed with PBS
before fixation in 4% paraformaldehyde. Cells were washed
with PBST, then blocked with 5% bovine serum albumin
(BSA). Cells were incubated with anti-chicken LC3II and
anti-SQSTM1 antibodies at 4 °C for 12 h. After incubation
with primary antibodies, cells were washed with PBST before
incubating with the corresponding secondary antibodies. Cells
were washed with PBS, and the nuclei of myocardial cells
were stained with DAPI. Fluorescence microscopy was used
to observe the distribution of SQSTM1 and LC3II, and the
number of LC3II puncta in every cell was counted.

MDC fluorescence

Myocardial cells were washed with PBS and were then incu-
bated with MDC at 37 °C for 30 min in the dark. Cells were
washed again with PBS and immunofluorescence microscopy
was used to observe the cells.

Statistical analysis

Differences between the experimental groups and the control
group were analyzed by one-way analysis of variance
(ANOVA) and post hoc test using SPSS software (v20.0;
IBM, Armonk, NY, USA). Results are expressed as the mean
± standard error of the mean (SEM). A P value of P < 0.05
was considered statistically significant, and P < 0.01 was con-
sidered to indicate a high degree of significance. Unless indi-
cated otherwise, experiments were performed in triplicate
(n = 3).

Results

Effects of Q10 on cell viability after heat stress

Cell viability in the Q10 groups did not differ significantly
from the control group. However, as seen in the HS group,
exposure to heat stress significantly reduced cell viability
(P < 0.01). This reduction in cell viability was attenuated in
a dose-dependent manner by treatment with 1 μΜ (P < 0.05),
10 μΜ (P < 0.01), and 20 μM (P < 0.01) Q10 before heat
stress (Q10 + HS groups, Fig. 1).

Table 1 Primers for quantitative real-time polymerase chain reaction

Gene PCR primers

lc3 Forward 5′-AGTGAAGTGTAGCAGGATGA-3′
Reverse 5′-AAGCCTTGTGAACGAGAT-3′

atg5 Forward 5′-GGCACCGACCGATTTAGT-3′
Reverse 5′-GCTGATGGGTTTGCTTTT-3′

beclin1 Forward 5′-CGACTGGAGCAGGAAGAAG-3′
Reverse 5′-TCTGAGCATAACGCATCTGG-3′

dynein Forward 5′-CGGCTTGACCTATGGAATCT-3′
Reverse 5′-CATCACTGCGAGGAACTGC-3′

gapdh Forward 5′-AGAACATCATCCCAGCGT-3′
Reverse5′-AGCCTTCACTACCCTCTTG-3′
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Effects of Q10 on cell apoptosis during heat stress

Heat stress (HS group) induced cell apoptosis compared
with the control group (P < 0.01; Fig. 2). While treat-
ment with Q10 did not completely prevent cell apopto-
sis during heat stress, the addition of 10 μΜ (P < 0.05)
and 20 μM (P < 0.01) Q10 significantly reduces the
percentage of apoptosis during heat stress compared
with the HS group (Fig. 2). No obvious cell apoptosis
was detected in the Q10-treated groups in the absence
of heat stress (data was not shown). Q10 suppressed the
HS-induced apoptosis in a dose-dependent manner.

Effects of Q10 on gene expression of LC3, ATG5,
Beclin-1, and dynein

Heat stress induced significant increases in expression of LC3,
ATG5, Beclin-1, and dynein compared to the control group
(P < 0.05; Fig. 3). Compared to the HS group, the addition of
1 μΜ Q10 increased the gene expression of LC3 (P < 0.01)
and Beclin-1 (P < 0.05) in Q10 + HS groups; addition of
10 μΜ Q10 increased the gene expression of LC3
(P < 0.01), ATG5 (P < 0.01), and Beclin 1 (P < 0.01) in the
Q10 + HS group; and addition of 20 μM Q10 significantly
increased expression of LC3, ATG5, Beclin-1, and dynein
(P < 0.01) in the Q10 + HS group. Of the different Q10 treat-
ment groups, 20 μM Q10 induced the maximum increase in
gene expression of LC3 (compared with 1 μM and 10 μM
Q10, P < 0.05), ATG5 (compared with 1 μM Q10, P < 0.01
and 10 μM Q10, P < 0.05), Beclin 1 (compared with 1 μM
Q10, P < 0.01), and dynein (compared with 1 μM and 10 μM
Q10, P < 0.01) during heat stress when compared with HS
group (Fig. 3).

Effects of Q10 on expression of LC3-I and LC3-II

Treatment with Q10 alone did not induce expression of LC3
expression; however, heat stress increased expression of both
LC3-II and LC3-I in chicken myocardial cells (Fig. 4).
Treatment with 10 μM or 20 μM Q10 during heat stress sig-
nificantly increased the expression of LC3-II compared with
the HS only group (P < 0.05 and P < 0.01, respectively).
Moreover, treatment with 20 μM Q10 significantly increased
LC3-II expression over the 1 μΜ and 10 μΜ Q10 treatments
(P < 0.01; Fig. 4).

Effects of Q10 on levels of cellular ROS

Almost no ROS accumulation was detected in the control
group, and heat stress induced rapid ROS production
(Fig. 5). Treatment with Q10 alleviated ROS generation, and
ROS levels in the 10 μΜ and 20 μM Q10 +HS groups were
much lower than those in the 1 μΜ Q10 +HS group (Fig. 5).

Effects of Q10 on autophagosome generation
during heat stress

Almost no autophagosome bodies were observed in the
control group; mitochondria were also under normal
form (↑). In the heat stress group, however, after 1-h heat
stress, swollen mitochondria were seen, and the number
of cristae was reduced because of heat stress, and
autophagosomes were present in myocardial cells (→)
(magnified part, Fig. 6) by transmission electron micros-
copy. Treatment with co-enzyme Q10 accelerated the for-
mation of autophagosomes, and the number of

Fig. 1 Cell viability of heat stress and Q10 treatment groups. Exposure to
heat stress significantly reduced cell viability. Treatment with 1 μΜ,
10 μΜ, and 20 μM Q10 suppressed the decline in cell viability seen
during heat stress. Three well plates were set for each group and each
concentration. Values represent the means ± SE. *P < 0.05; **P < 0.01.
The asterisks immediately above each bar indicate significance from the
control. The asterisks immediately above each line indicate significance
between different groups linked by line

Fig. 2 Cell apoptosis in different experimental groups after heat stress.
Addition of 10 μΜ (P < 0.05) and 20 μM (P < 0.01) Q10 significantly
suppressed the percentage of apoptosis during heat stress compared with
the heat stress group. Values represent the means ± SE. *P < 0.05;
**P < 0.01. The asterisks immediately above each bar indicate
significance from the control. The asterisks immediately above each
line indicate significance between different groups linked by line
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autophagosomes in the 10 μΜ and 20 μM Q10 treatment
groups was significantly higher than the 1 μM Q10 treat-
ment group or the heat stress group (P < 0.01). Moreover,
the number of autophagosomes in the 20 μM Q10 treat-
ment group was significantly higher than that in the
10μΜ Q10 + HS group (P < 0.05; Fig. 6). MDC fluores-
cence revealed similar autophagosome counts as those
observed by electron microscopy, as treatment with
10 μΜ and 20 μM Q10 significantly increased the
autophagosome formation, and 20 μM Q10 treatment
resulted in the most significant increase in acceleration
of autophagy during heat stress (Fig. 7).

Effects of Q10 on distribution of SQSTM1 and LC3II

SQSTM1 and LC3II were mainly distributed in the cy-
toplasm under control conditions, but during heat stress,
SQSTM1 decreased rapidly, while LC3II increased and
LC3II puncta accumulated in the cytoplasm. The num-
ber of LC3II puncta was quantified, and 20 μM Q10

treatment resulted in significantly more LC3II puncta
accumulation compared with the heat stress group
(P < 0.01), the 1 μM Q10 + HS group (P < 0.01), and
the 10 μM Q10 + HS group (P < 0.05; Fig. 8).

Effects of Q10 on expression of AKT, p-AKT, m-TOR,
p-mTOR, PI3K, and p-PI3K

Expression of AKT, PI3K, and mTOR was not influ-
enced by Q10 and/or heat stress. Expression of p-AKT,
p-mTOR, and p-PI3K was normalized to the intensity of
the relevant total protein. HS only decreased the normal-
ized levels of p-AKT (P < 0.05), p-mTOR (P > 0.05), and
p-PI3K (P < 0.01). Treatment with Q10 (at any concen-
tration) significantly reduced the expression of p-AKT
compared with HS group (P < 0.01; Fig. 9). Only treat-
ment with 20 μM Q10 significantly downregulated the
expression of both p-mTOR (P < 0.05) and p-PI3K
(P < 0.01) during heat stress.

Fig. 3 Gene expression of LC3, ATG5, Beclin-1, and dynein. Heat stress
induced significant increases in expression of LC3, ATG5, Beclin-1, and
dynein compared to the control group. Compared to the heat stress group,
the addition of 1 μΜ Q10 increased the gene expression of LC3 and
Beclin-1 during heat stress; addition of 10 μΜ Q10 increased the gene
expression of LC3, ATG5, and Beclin 1 during heat stress; addition of
20 μM Q10 significantly increased expression of LC3, ATG5, Beclin-1,
and dynein during heat stress. Of the different Q10 treatment groups,

20 μM Q10 induced the maximum increase in gene expression of LC3
(compared with 1 μM and 10 μM Q10,), ATG5 (compared with 1 μM
Q10 and 10 μMQ10), Beclin 1 (compared with 1 μMQ10), and dynein
(comparedwith 1μMand 10 μMQ10) during heat stress when compared
with HS group. Values represent the means ± SE. *P < 0.05; **P < 0.01.
The asterisks immediately above each bar indicate significance from the
control. The asterisks immediately above each line indicate significance
between different groups linked by line
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Fig. 4 Expression of LC3-I and
LC3-II in myocardial cells after
heat stress. Treatment with Q10
alone did not induce expression of
LC3 expression; heat stress in-
creased expression of both LC3-II
and LC3-I in chicken myocardial
cells. Treatment with 10 μM or
20 μM Q10 during heat stress
significantly increased the ex-
pression of LC3-II compared with
the HS only group; treatment with
20 μM Q10 significantly in-
creased LC3-II expression over
the 1 μΜ and 10 μΜ Q10 treat-
ments. Values represent the means
± SE. *P < 0.05; **P < 0.01. The
asterisks immediately above each
bar indicate significance from the
control. The asterisks immediate-
ly above each line indicate sig-
nificance between different
groups linked by line

Fig. 5 Detection of ROS in
myocardial cells after heat stress.
Almost no ROS accumulation
was detected in the control group,
and heat stress induced rapid ROS
production. Treatment with Q10
alleviated ROS generation, and
ROS levels in the 10 μΜ and
20 μM Q10 treatment groups
weremuch lower than those in the
1 μΜQ10 treatment group. Scale
bar = 20 μm
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Fig. 6 Detection of
autophagosomes using
transmission electron microscopy.
Almost no autophagosome bodies
were observed in the control
group; mitochondria were also
under normal form (↑). In the heat
stress group, however, after 1-h
heat stress, autophagosomes were
discovered in myocardial cells
(→) (magnified part). The num-
ber of autophagosomes in the
10 μΜ and 20 μMQ10 treatment
groups was significantly higher
than that in the 1 μM Q10 treat-
ment group or the heat stress
control group; the number of
autophagosomes in the 20 μM
Q10 treatment group was signifi-
cantly higher than that in the
10 μΜ treatment Q10 group.
Scale bar = 0.5 μm. Values repre-
sent the means ± SE. *P < 0.05;
**P < 0.01. The asterisks imme-
diately above each bar indicate
significance from the control. The
asterisks immediately above each
line indicate significance between
different groups linked by line

Fig. 7 Detection of
autophagosomes using
monodansylcadaverine (MDC)
staining. Treatment with 10 μΜ
and 20 μM Q10 significantly in-
creased the autophagosome for-
mation, and 20μMQ10 treatment
resulted in the most significant
increase in acceleration of au-
tophagy during heat stress. Scale
bar = 20 μm
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Discussion

In this study, we found that pretreatment of primary chicken
myocardial cells with 20 μM co-enzyme Q10 protected the
cells from heat stress by enhancing autophagy during heat
stress through suppression of the PI3K/AKT/mTOR pathway.

We found that treatment with co-enzyme Q10 alone did not
influence the viability of myocardial cells, demonstrating that
co-enzyme Q10 may be a safe drug to use to protect chickens
from heat stress (Xu et al. 2017a). Consistent with previous
studies, we found that heat stress reduced the viability of pri-
mary chicken myocardial cells (Wang et al. 2017; Hu et al.
2019; Liu et al. 2019); this reduced viability may be associated
with the generation and accumulation of ROS that can result
in increased oxidative damage (He et al. 2019; Tiwari et al.
2019). Pretreatment with co-enzyme Q10 significantly

suppressed the decline in cell viability during heat stress, re-
duced cell apoptosis, and reduced ROS generation induced by
heat stress. These results are consistent with previous studies
on the regulation of ROS-AMPK-mTOR pathway by Q10.
For example, co-enzyme Q10 ameliorates pancreatic fibrosis
by suppressing the mTOR pathway triggered by ROS (Xue
et al. 2019). Similarly, Q10 reduced the level of ROS to pro-
tect astrocytes from oxidative stress (Jing et al. 2015). ROS
induced autophagy that was associated with the ROS-AMPK-
mTOR pathway (Li et al. 2019; Yang et al. 2019).

Autophagy is an adaptive response to various stress condi-
tions and was discovered during conditions of heat stress (Bao
et al. 2017; Wang et al. 2019). Autophagy removes denatured
or misfolded proteins and damaged organelles caused by heat
stress through the formation of autolysosomes (Mizushima
2005; Blázquez et al. 2014; Johansen and Lamark 2014; Lee

Fig. 8 Distribution of SQSTM1,
LC3II, and the number of LC3II
puncta in myocardial cells during
heat stress. The number of LC3II
puncta was quantified, and 20μM
Q10 treatment resulted in
significantly more LC3II puncta
accumulation compared with the
heat stress control group. Nuclei
(DAPI, blue), SQSTM1 (FITC,
green), LC3II (Rhodamine, red).
Scale bar = 20 μm. Values
represent the means ± SE.
*P < 0.05; **P < 0.01. The
asterisks immediately above each
bar indicate significance from the
control. The asterisks
immediately above each line
indicate significance between
different groups linked by line
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et al. 2014; Zhou et al. 2014). Autophagy-related gene 5
(ATG5) and Beclin-1 are essential for the autophagy process.
During this process, beclin 1 binds to Vps34 and Vps15, two
subunits of class III PI3K. When this binding is finished,
vps34-beclin 1-vps15 binds to Atg14. The ATG5-ATG12
complex binds to ATG16, and then this complex with Beclin
1 and Atg14 results in the formation of LC3 (Abrahamsen
et al. 2012; Mizushima et al. 1998; Liang et al. 1999;
Ravikumar et al. 2008). LC3 is a commonly used indicator
of autophagy and mediates the formation and elongation of
the phagophore (Groulx et al. 2012; Lysenko et al. 2015).
Knockout of ATG5 in mice nearly completely abrogates au-
tophagy, and autophagy was reduced by 50% when Beclin-1
was inhibited; on the other hand, when Beclin-1 was
overexpressed, the levels of autophagy in mouse heart tissue
were upregulated (Nakai et al. 2007; Zhu et al. 2007). Dynein
is a cytoskeletal motor protein that can transport

autophagosomes to lysosomes during the process of
autophagosome-lysosome fusion (Schmidt and Ferger 2001;
Rubinsztein et al. 2005). In our study, the gene expression of
LC3, ATG5, Beclin-1, and dynein was upregulated by 20 μM
co-enzyme Q10 compared with the heat stress group, indicat-
ing that treatment with Q10 promotes autophagy during heat
stress.

When autophagy is triggered, cytosolic LC3 is cleaved to
form LC3-I, then LC3-I binds to phosphatidylethanolamine
(PE) to become LC3-II. LC3-II targets phagophores, and the
ratio of LC3-II/LC3-I is used to evaluate autophagy levels
(Kabeya et al. 2000). In our study, the levels of LC3-II in
myocardial cells were low under control conditions, and that
heat stress significantly induced autophagy. Moreover, the
levels of autophagy were highest in the 20 μM co-enzyme
Q10 +HS treatment group, consistent with our evaluation of
autophagy-related gene expression. Our results are consistent

Fig. 9 Expression of AKT,
mTOR, PI3K, p-AKT, p-mTOR,
and p-PI3K. Expression of AKT,
PI3K, and mTOR was not
influenced by heat stress and
addition of Q10. Expression of p-
AKT, p-mTOR, and p-PI3K was
normalized to the intensity ob-
tained for the blot of the relevant
total protein. Only treatment with
20 μM Q10 significantly down-
regulated the expression of p-
AKT, p-mTOR, and p-PI3K dur-
ing heat stress. Values represent
the means ± SE. *P < 0.05;
**P < 0.01. The asterisks imme-
diately above each bar indicate
significance from the control. The
asterisks immediately above each
line indicate significance between
different groups linked by line
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with other studies showing that co-enzyme Q10 can protect
cells by increasing autophagy during stress conditions (Liang
et al. 2017; Mohamed et al. 2019).

Transmission electron microscopy (TEM) was used to detect
the double-membrane structures of autophagosomes that contain
damaged or undigested organelles (Mizushima 2004). Our TEM
results showed that pretreatment of co-enzyme Q10 upregulated
autophagy; this increase in autophagy was positively correlated
with the concentration of Q10. MDC fluorescence is another
method used tomonitor autophagy.When autophagy is triggered
in cells, autophagosomes appear rapidly and engulf organelles
(such as mitochondria). These organelles are degraded in
autophagosomes that possess a highly acidic environment that
is different from other parts of the cell. MDC is an eosinophilic
substance that binds in a highly acidic environment. The stronger
the acidic environment inside the autophagosome, the more
MDC is bound. The results of the MDC assay agreed with the
results of our TEM evaluation and indicated that treatment with
co-enzyme Q10 increased the level of autophagy in chicken
myocardial cells during heat stress.

Based on our results, we suggest that co-enzyme Q10 is a
well-tolerated drug and that treatment with higher concentra-
tions of co-enzyme Q10 could protect chicken myocardial
cells from autophagy. This conclusion was similar to our pre-
vious study, where when autophagy reached a maximum in
sertoli cells, cell apoptosis levels were significantly decreased
(Bao et al. 2017). A paradoxical hypothesis of apoptosis/
autophagy was also established based on previous studies
(González-Polo et al. 2005).

LC3 is an indicator of autophagy and is uniformly distrib-
uted within the cytoplasm under control conditions. However,
when autophagy is initiated, LC3-I is rapidly transformed into
LC3-II and LC3-II puncta accumulate on the membrane of
autophagosomes (Tanida et al. 2004; Feng et al. 2013).
Accordingly, the number of LC3II puncta can be used to mea-
sure autophagy (Kabeya et al. 2000). Sequestosome-1
(SQSTM1), also known as the ubiquitin-binding protein
p62, is a substrate of autophagy. SQSTM1 is a protein that is
encoded by the SQSTM1 gene, and is an autophagosome
cargo protein that targets other proteins that bind to it for
selective autophagy (Joung et al. 1996). Reduced autophagy
can result in the accumulation of SQSTM1, and levels of
SQSTM1 can be used as an additional indicator of autophagy,
especially in combination with LC3 puncta (Mizushima et al.
2010; Klionsky et al. 2012). Our results indicated that the
number of LC3II puncta were significantly induced by co-
enzyme Q10 treatment before heat stress. Accumulation of
SQSTM1 was also reduced by 20 μM co-enzyme Q10 treat-
ment during heat stress, further demonstrating that Q10 treat-
ment induces autophagy.

The PI3K/Akt/mTOR pathway plays an important role in
mediating autophagy, and inhibition of this signaling pathway
results in autophagic death of cardiomyocytes (Hou et al.

2014). Akt acts as a downstream mediator of PI3K signaling,
that is activated by phosphorylation and can activate mTOR to
inhibit autophagy (Luo et al. 2014). PI3K/Akt pathway par-
ticipated cell apoptosis in chicken pancreas caused by cadmi-
um (Jin et al. 2018). In our study, treatment with 20 μM co-
enzyme Q10 suppressed the expression of p-PI3K, p-AKT,
and p-mTOR, suggesting that co-enzyme Q10 can induce au-
tophagy in primary chicken myocardial cells by suppressing
the PI3K/Akt/mTOR pathway. In conclusion, we propose that
co-enzyme Q10 can protect primary chicken myocardial cells
by upregulating autophagy during heat stress; this function is
associated with the suppression of PI3K/Akt/mTOR pathway.
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