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Adiponectin (APN) is an adipokine secreted from adipose tissue and exhibits biological functions such as microcirculation-
regulating, hearing-protective, and antiapoptotic. However, the effect of APN on the apoptosis of spiral arterial smooth muscle
cells (SMCs) under hypoxic conditions in vitro is not clear. We used cobalt chloride (CoCl2) to simulate chemical hypoxia
in vitro, and the SMCs were pretreated with APN and then stimulated with CoCl2. The viability of cells and apoptosis were
assessed by CCK-8 and flow cytometry, respectively. Superoxide dismutase (SOD) activity, malondialdehyde (MDA) levels,
cAMP level, and the activity of PKA were detected by ELISA. Protein expression and localization were studied by Western blot
and immunofluorescence analysis. In the present study, we found that APN exhibits antiapoptosis effects. CoCl2 exhibited
decreased cell viability, increased apoptosis and MDA levels, and decreased SOD activity in a concentration-dependent manner,
compared with the control group. Moreover, CoCl2 upregulated the expression levels of Bax and cleaved caspase-3 and then
downregulated Bcl-2 levels in a time-dependent manner. Compared with the CoCl2 group, the group pretreated with APN had
increased cell viability, SOD activity, PKA activity, cAMP level, and PKA expression, but decreased MDA levels and apoptosis.
Lastly, the protective effect of APN was blocked by cAMP inhibitor SQ22536 and PKA inhibitor H 89. These results showed
that APN protected SMCs against CoCl2-induced hypoxic injury via the cAMP/PKA signaling pathway.

1. Introduction

Numerous studies have shown that cochlear function is sen-
sitive to dynamic changes in cochlear blood flow, and disor-
ders of the inner ear circulatory system have caused diseases
to plague a large number of patients worldwide, such as
noise-induced and sudden sensorineural hearing loss. Fur-
thermore, regulation of cochlear blood flow is essential for
hearing and is important as a treatment strategy for the res-
toration of hearing loss in humans [1, 2]. In addition, due
to the high energy consumption of auditory conduction, the
blood supply of the spiral modiolar artery (SMA) is consid-
ered essential for maintaining the function of the hearing
device [3]. And studies on the inner ear circulatory system

have confirmed that, on the one hand, the cochlear strong
ability of blood flow autonomous regulation could ensure
the blood supply of local tissues, and on the other hand, this
ability could reduce the impact of the rapid changes of blood
pressure and also maintain water and electrolyte balance in
the local tissues of the cochlea [4].

The SMA is the primary (or main) artery responsible for
supplying blood to the cochlea, and its upstream arteries are
the anterior inferior cerebellar artery and the basilar artery.
The anterior inferior cerebellar artery has two functional ter-
minal branches, namely, the vestibular cochlear and spiral
artery branches [5]. Hence, the cochlea is highly dependent
on blood and oxygen supply. Abnormal changes in the
SMA, such as vasospasm, could reduce or even completely
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interrupt cochlear blood supply [6]. In other words, sufficient
blood flow in SMA is a necessary condition for maintaining
normal hearing. In addition, cobalt chloride (CoCl2) is a
hypoxia-mimicking agent that is commonly used in hypoxic
culture studies. CoCl2 mimics the hypoxic response by inhi-
biting the activity of prolyl hydroxylase, a key enzyme in
the oxygen sensing pathway [7]. These abnormal conditions
lead to blood circulation disorders in the inner ear and
cochlear dysfunction, which may result in dizziness, tinnitus,
and other symptoms [8].

The cAMP/protein kinase A (PKA) signal transduction
pathway is a classical cellular signaling pathway mediated
by G protein-coupled receptors, which are involved in the
regulation of cell differentiation, proliferation, apoptosis,
and gene transcription. Studies have shown that PKA not
only plays an important role in apoptosis, but also
cAMP/PKA pathway is involved in the hypoxia-induced sup-
pression of the genes [9]. So, our goal was to determine if a
known antioxidant and antiapoptotic chemical would reduce
hypoxic effects through the cAMP/PKA pathway.

Adiponectin (APN) is an adipokine secreted from adi-
pose tissue and plasma with concentrations ranging from 3
to 30μg/ml in mouse and human. It has anti-inflammatory,
antiapoptosis, antiatherosclerosis, and microcirculatory
functions through complex and diverse signal transduction
pathways, and it promotes the utilisation of glucose and oxi-
dation of fatty acids, lowers blood sugar, and improves insu-
lin resistance [10, 11]. Based on the above research status, we
speculate that APN may exhibit antiapoptosis effects on
smooth muscle cells (SMCs) of SMA not only by regulating
the levels of superoxide dismutase (SOD) and malondialde-
hyde (MDA) but also by regulating the expression levels of
Bax, Bcl-2, and cleaved caspase-3 through the cAMP/PKA
signaling pathway.

2. Material and Methods

2.1. Cell Culture and Experiment Design. Highly purified
SMCs in passage 4 (P4) were obtained from the SMA of
guinea pigs and used for all experiments, as described previ-
ously [12]. The SMCs were cultured with 10% foetal bovine
serum (FBS) (Gibco, Carlsbad, CA, USA), 100 units/ml pen-
icillin, and 100μg/ml streptomycin in an incubator contain-
ing 5% CO2 at 37°C. The cells were cultured in 25 cm2

culture flasks, and the medium was changed every 2-3 days.
Upon reaching 80%-90% confluence, the cells were passaged.
Then, the SMCs were treated with CoCl2 (#C8661, Sigma-
Aldrich, USA) of 0, 25, 50, 100, 200, and 400μM for 0, 3, 6,
12, 24, and 48 h [13, 14]. Cells were pretreated with APN
(#0911545, PeproTech, Rocky, USA, 2μg/ml, 2 h), followed
by CoCl2 (100μM, 24h). To elucidate the role of the
cAMP/PKA signaling pathway, the cells were pretreated with
cAMP inhibitor SQ22536 (#S8283, Selleck Chemicals, USA,
1mM, 30min) or PKA inhibitor H 89 (#S1582, Selleck Che-
micals, USA, 50μM, 1h) before being treated with CoCl2 and
APN.

2.2. Cell Counting Kit-8 (CCK-8) Assay. The viability of cells
was measured using a CCK-8 (MultiSciences Lianke Biotech

Co., Ltd. China) following the manufacturer’s instructions.
Briefly, 5 × 103 cells per well were plated in 96-well plates
and incubated in 37°C. After designated treatments, 10μl
CCK-8 was added in each well, and the 96-well plate was
incubated in 37°C for 2 h. Absorbance at 450 nm wavelength
of each well was determined by using a microplate reader
(Bio-Rad, Hercules, CA, USA).

2.3. Immunofluorescence Analysis. After designed treatment,
the cells were fixed in 4% paraformaldehyde for 15min, per-
meabilised with 0.2% Triton X-100 for 3min and incubated
with 5% BSA for 30min, and primary antibodies were added
at 4°C overnight. Antibodies to PKA (1 : 100; No. ab38949),
Bax (1 : 200; No. ab199677), Bcl-2 (1 : 100; No. ab196495),
and caspase-3 (1 : 200; No. ab13847) were obtained from
Abcam. The next day, the cells were rewarmed for 30min
at 37°C, and secondary antibodies were added in a dark room
37°C for 1 h, followed by incubation with DAPI out of light
for 5 minutes. A confocal microscopy (#510, Zeiss LSM, Ger-
many) was used to view the results.

2.4. ELISA. The SOD and MDA enzyme immunoassay assay
kit (Jiancheng Bioengineering Institute, Nanjing, China)
were used to determine SOD activity andMDA levels accord-
ing to the manufacturer’s instructions. Also, the cAMP
enzyme immunoassay assay kit and PKA activity assay kit
(Solarbio Science and Technology Co., Beijing, China) were
used to determine cAMP level and the activity of PKA
according to the manufacturer’s instructions.

2.5. Cell Apoptosis Analysis. Cell apoptosis was detected by
propidium iodide (PI) and Annexin V-FITC staining accord-
ing to the manufacturer’s instructions (MultiSciences Lianke
Biotech Co., Ltd. Hangzhou, China). Briefly, after designed
treatment, cells were harvested and stained with PI and
Annexin V-FITC, and cells were cultured without light at
room temperature. 15 minutes later, each reaction tube was
added with 400μl of binding buffer. Apoptosis of cells was
analyzed by a FACSAria™ flow cytometer (BD Biosciences,
USA), and the data were analyzed using the FlowJo 7.6 soft-
ware (FlowJo, LLC, Ashland, USA).

2.6. Western Blot Analysis. After designed treatment, whole
cell extracts were collected and lysed with lysis buffer. The
extracted protein samples (about 40μg) were separated by
SDS-PAGE (10–15%) and transferred onto PVDF mem-
branes. After being blocked with 5% nonfat milk for 2 h,
the membranes were incubated with primary antibodies.
Antibodies to PKA (1 : 1,000; No. ab38949), Bax (1 : 1,000;
No. ab199677), Bcl-2 (1 : 500; No. ab196495), and caspase-3
(1 : 500; No. ab13847) were obtained from Abcam. After that,
the membranes were washed and incubated with secondary
antibodies conjugated with horseradish peroxidase (HRP)
for 1-2 h at room temperature. Next, GAPDH or β-actin
served as a loading control. Finally, the signals were analyzed
using a chemiluminescence (ECL) detection kit. The ImageJ
software was used for semiquantitative calculations.

2.7. Statistical Analysis. All values are presented as the
mean ± SE. Statistical data were analyzed using SPSS 22.0
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(IBM Corp., Armonk, NY, USA). Unpaired, two-tailed Stu-
dent’s t-test was used for two groups. One-way analysis of
variance (one-way ANOVA) with Tukey’s post hoc test was
performed to compare multiple groups. GraphPad Prism
(v.7.0; GraphPad Software Inc., San Diego, CA, USA) was
used to analyze data and prepare all figures. P values less than
0.05 (P < 0:05) indicated significant differences.

3. Results

3.1. CoCl2 Reduced SMCs Viability and Increased Apoptosis in
a Concentration-Dependent Manner. As shown in
Figures 1(a)–1(c), CoCl2 of 0, 25, 50, 100, 200, and 400μM
treatment for 24 h induced cell injury and increased apopto-
sis in a concentration-dependent manner. Among them,
CoCl2 of 100, 200, and 400μM has a significant effect on
cells.

3.2. CoCl2 Affects Apoptotic Markers in a Concentration- and
Time-Dependent Manner. Compared with the control group,
as shown in Figure 2(a), cells treated with CoCl2 (100, 200,

and 400μM) obviously reduced SOD activity, and 100μM
CoCl2 treatment for 24 and 48 h has significant effects on it
(Figure 2(b)). Moreover, CoCl2 of 100, 200, and 400μM
treatment for 24 h significantly increased MDA levels
(Figure 2(c)), and as shown in Figure 2(d), 100μM CoCl2
treatment for 24 and 48 h also significantly increased MDA
levels. In addition to the effects of CoCl2 on SOD activity
and MDA levels, it can also affect the expression of
apoptotic-related proteins. Specifically, CoCl2 of 50, 100,
and 200μM treatment for 24 h upregulated the expression
levels of Bax and cleaved caspase-3 and downregulated those
of Bcl-2. It was worth noting that 400μM CoCl2 had no sig-
nificant effect on the expression of Bax and Bcl-2 but signif-
icantly upregulated the expression levels of cleaved caspase-
3 (Figures 2(e) and 2(f)). As shown in Figures 2(g) and
2(h), 100μM CoCl2 upregulated the expression levels of
Bax and cleaved caspase-3 and downregulated those of Bcl-
2 in a time-dependent manner.

3.3. APN Protects against the Apoptotic Responses of Cells to
CoCl2. On the one hand, the SMC viability and activity of
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Figure 1: CoCl2 reduced SMCs viability and increased apoptosis in a concentration-dependent manner. (a) CoCl2 of 0, 25, 50, 100, 200, and
400μM treatment for 24 h reduced the viability of SMCs in a concentration-dependent manner. (b) CoCl2 of 0, 25, 50, 100, 200, and 400
treatment for 24 h increased apoptosis in a concentration-dependent manner. (c) Statistical analysis of the rate of apoptosis in each group.
The viability of SMCs were measured by CCK-8 and the rate of apoptosis were measured by flow cytometry (∗P < 0:05 vs. control, ∗∗P <
0:01 vs. control, n = 5, data shown as the mean ± SE). CoCl2: cobalt chloride.
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Figure 2: Continued.
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SOD were significantly decreased (Figures 3(a) and 3(d)),
and the apoptosis andMDA levels in SMCs were significantly
increased in the CoCl2-treated model group (Figures 3(b),
3(c), and 3(e)); on the other hand, CoCl2 upregulated the
expression levels of Bax and cleaved caspase-3 and downreg-
ulated those of Bcl-2 (Figures 3(f) and 3(g)). However, these
effects were blocked by APN. Moreover, compared with the
control, the groups treated with APN alone had no differ-
ences in SMCs viability, SOD activity, MDA levels, apoptosis,
or the expression of Bcl-2, Bax, and cleaved caspase-3
(Figures 3(a)–3(g)).

3.4. APN Protected against the CoCl2 Reduction of cAMP and
PKA. As shown in Figures 4(a) and 4(b), compared with
control, CoCl2 (100μM, 24h) decreased the level of cAMP
and the activity of PKA and downregulated the expression
levels of PKA (Figures 4(c) and 4(d)), but these effects
were blocked by APN (2μg/ml, 2 h). Also, compared with

the control, the groups treated with APN alone had no
differences in the level of cAMP and the activity of PKA
or the expression of PKA (Figures 4(a)–4(d)). Moreover,
as shown in Figure 4(e), PKA was mainly distributed in
the cytoplasm in SMCs.

3.5. cAMP and PKA Inhibition Blocked APN-Mediated
Protection against CoCl2 Effects. SMCs were pretreated with
the cAMP inhibitor SQ22536 (1mM, 30min), the PKA
inhibitor H 89 (50μM, 1h), and APN (2μg/ml, 2 h) sepa-
rately in the following experiment. As shown in
Figures 5(a)–5(g), APN modulated the CoCl2-induced
changes in SMCs viability, activity of SOD, MDA levels,
rate of apoptosis, the expression levels of Bax, Bcl-2, and
cleaved caspase-3, and the effects of APN were protected
against by SQ22536 and H 89. Moreover, as shown in
Figures 5(h)–5(j), Bax was mainly distributed in the cyto-
plasm, while Bcl-2 and caspase-3 were mainly distributed
in the nucleus.
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Figure 2: CoCl2 affects apoptotic markers in a concentration- and time-dependent manner. (a) CoCl2 reduced SOD activity in a
concentration-dependent manner. (b) CoCl2 reduced SOD activity in a time-dependent manner. (c) CoCl2 increased MDA levels in a
concentration-dependent manner. (d) CoCl2 increased MDA levels in a time-dependent manner. (e) CoCl2 (50, 100, and 200μM)
significantly upregulated Bax and cleaved caspase-3 expression and downregulated Bcl-2 expression in SMCs. (f) Statistical analysis of the
expression of Bcl-2, Bax, and cleaved caspase-3. (g) CoCl2 (100 μM) upregulated Bax and cleaved caspase-3 expression and downregulated
Bcl-2 expression in a time-dependent manner in SMCs. (h) Statistical analysis of the expression of Bcl-2, Bax, and cleaved caspase-3
(∗P < 0:05 vs. control, ∗∗P < 0:01 vs. control, n = 5, data shown as the mean ± SE). CoCl2: cobalt chloride; SOD: superoxide dismutase;
MDA: malondialdehyde; Bcl-2: B-cell lymphoma 2; Bax: Bcl-2-associated X protein.

5BioMed Research International



0
CoCl2
APN

Ce
ll 

vi
ab

ili
ty

(%
 o

f c
on

tr
ol

)

− − + +

− + − +

50

100

150

⁎⁎
#

(a)

Control

Q1
0.26%

Q2
2.75%

Q4
95.9%

Q3
1.10%

0

0
102

103

104

105

102 103 104 105

APN

Q1
0.06%

Q2
3.84%

Q4
94.9%

Q3
1.22%

0

0
102

103

104

105

102 103 104 105

CoCl2

Q1
1.43%

Q2
19.7%

Q4
70.8%

Q3
8.02%

0

0
102

103

104

105

102 103 104 105

CoCl2+APN

Q1
1.28%

Q2
12.0%

Q4
82.0%

Q3
4.68%

0

0
102

103

104

105

102 103 104 105

(b)

0
CoCl2

A
po

pt
os

is 
(%

)

− − + +

− + − +

20

10

30

40
⁎⁎

#

APN

(c)

0
SO

D
 (U

/m
l)

50

100

150

⁎⁎

##

CoCl2 − − + +

− + − +APN

(d)

0

M
D

A
 (n

m
ol

/m
l)

10

5

15

20

⁎⁎

#

CoCl2 − − + +

− + − +APN

(e)

CoCl2
APN

− − + +

− + − +

Bcl-2

Bax
Cleaved

caspase-3
𝛽-Actin

21 kDa

26 kDa

17 kDa

43 kDa

(f)

## #

#

⁎⁎

⁎⁎

⁎⁎

Bcl-2
0.0

0.5

1.5

Re
la

tiv
e e

xp
re

ss
io

n 
le

ve
l

of
 p

ro
te

in

2.0

1.0

Bax Cleaved
caspase-3

Control
APN

CoCl2
CoCl2+APN

(g)

Figure 3: APN protects against the apoptotic responses of cells to CoCl2. (a) The CoCl2-induced reduction SMCs viability was attenuated by
APN. (b) Statistical analysis of the rate of apoptosis in each group. (c) The CoCl2-induced increase apoptosis was attenuated by APN. (d–f)
The CoCl2-induced change of SOD activity, MDA levels, and Bax, Bcl-2, and cleaved caspase-3 expression all were blocked by APN. (g)
Statistical analysis of the expression of Bcl-2, Bax, and cleaved caspase-3. (∗∗P < 0:01 vs. control, #P < 0:05 vs. CoCl2 treatment, ##P < 0:01
vs. CoCl2 treatment, n = 5, data shown as the mean ± SE). CoCl2: cobalt chloride; APN: adiponectin; SOD: superoxide dismutase; MDA:
malondialdehyde; Bcl-2: B-cell lymphoma 2; Bax: Bcl-2-associated X protein.
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4. Discussion

The SMA is the main artery that supplies blood to the
cochlea. Moreover, the SMA, a coiled artery inside the
cochlea, is a branch of the anterior inferior cerebellar artery,
which in turn branches off from the basilar artery located on
the surface of the brain stem [5]. Given that the SMA is the

only artery that supplies blood flow to the cochlea with low
collateral circulation, once vasospasm or hypoxia occur, the
blood flow will not be easy to compensate, and this could
result in disturbances and pathological damage to the
cochlear microcirculation [15]. Therefore, the cochlea is
highly dependent on blood and oxygen supply. The labyrin-
thine artery is the terminal artery for cochlear blood supply,
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and interruption of this supply secondary to arterial damage
causes immediate loss of function and inner ear damage.

APN is abundant in the blood circulation and has various
functions, such as improving insulin resistance [16], anti-
atherosclerosis [17], regulating microcirculation [18], reduc-
ing endothelial cell apoptosis, and antiarterial thrombosis. In
addition, it is worth noting that APN can inhibit the apopto-
sis of cells by regulating the expression of Bax, Bcl-2, and
cleaved caspase-3 [19]. At the same time, studies in vitro have
found that APN can regulate the proliferation and apoptosis
of SMCs by regulating mitochondrial fusion protein 2
(MFN2) and ERK1/2 signaling pathway [20]. Furthermore,
APN abrogated tumor necrosis factor- (TNF-) α-activated
plasminogen activator inhibitor- (PAI-) 1 expression by acti-
vating cAMP-PKA-AMPK-NF-κB signaling in human
umbilical vein endothelial cells (HUVECs) [21]. Other than
that, APN inhibited inflammatory response of microglia to
amyloid-β oligomer (AβO) via AdipoR1-AMPK-NF-κB sig-
naling [22], and APN inhibited palmitate-induced apoptosis
by suppression of ROS generation via both the cAMP/PKA
and AMPK pathways in HUVECs [23].

In recent years, although there are many reasons for caus-
ing apoptosis, it is undeniable that the formation of oxidative
stress caused by hypoxia and the large accumulation of ROS
are one of the reasons [24]. It is well known that among vari-
ous molecules related to oxidative stress, SOD is an important
factor existing in mammals and humans, which plays an irre-
placeable role in regulating oxidative stress damage [25]. It is
worth noting that CoCl2 can produce oxidative stress, induce
cell damage, reduce cell mitochondrial membrane potential,
activate caspase family, and ultimately induce apoptosis. Based
on this biological characteristic, CoCl2 can be used for hypoxic
preconditioning in many cell types [26]. We found that APN
pretreated could increase SOD activity and decrease MDA
levels which is affected by CoCl2. Thus, the antioxidant and
antiapoptotic effects of APN were probably achieved through
reduced formation of oxygen free radicals and regulation of
SOD activity and MDA levels, which enhanced the ability of
cells to resist oxidative damage.

cAMP is an important “second messenger” in cells, and it
is important in intracellular signaling and affects various cellu-
lar functions. In addition, cAMP plays a key role in the G
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Figure 5: cAMP and PKA inhibition blocked APN-mediated protection against CoCl2 effects. (a, c–e) The CoCl2-induced reduction SMCs
viability and SOD activity and increase apoptosis and MDA levels were blocked by APN; those effects of APN could be blocked by SQ22536
and H 89. (b) Statistical analysis of the rate of apoptosis in each group. (f) The CoCl2-induced Bax and cleaved caspase-3 upregulation and
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protein-mediated signaling pathway. When stimulated extra-
cellularly, cAMP rapidly multiplies in a short period of time,
forming an intracellular signal [27]. Another research has
found that activation of endogenousWATUcn2/3 autocrine/-
paracrine pathway was involved in hypoxia-induced lipolysis
via CRHR2-cAMP-PKA signaling pathway in a hypoxic
model [28]. In our study, we found that CoCl2 could signifi-
cantly reduce the level of cAMP and the activity of PKA in
SMCs, whereas APN could block the above effects. But how
does APN activate the cAMP/PKA signaling pathway? Proba-
bly by activating AMPK pathway and its receptors AdipoR1
and AdipoR2; this issue needs further exploration. In addition,
what deserves our attention is that the location of the protein
on the cell determines its biological function and physiological
significance [29]. Moreover, our immunofluorescence results
showed that PKA was mainly distributed in the cytoplasm,
and the Bax was mainly distributed in the cytoplasm, while
Bcl-2 and caspase-3 were mainly distributed in the nucleus.
Our results show that PKA plays its biological role mainly in
the cytoplasm, while caspase-3 plays its role in the nucleus.

Studies have reported that at least three pathways,
namely, cell surface death receptor pathway, intracellular
mitochondrial pathway, and Ca2+-mediated endoplasmic
reticulum pathway, are involved in the occurrence and devel-
opment of apoptosis [30]. The Bcl-2 family located on the
mitochondrial membrane plays a key role in regulating the
development of apoptosis, which can be classified into antia-
poptotic proteins and proapoptotic proteins according to
action [31]. Studies have shown that the expression of Bax
on the mitochondrial membrane is enhanced, and a large
number of homodimers Bax/Bax can be formed to increase
apoptosis, whereas cells are stimulated by harmful sub-
stances. In contrast, when Bcl-2 is overexpressed, Bcl-2/Bax
heterodimers are formed in large amounts and against the
apoptosis of cells; thus, the ratio of Bax and Bcl-2 expression
determines apoptosis or survival [32]. Moreover, studies
have shown that activating caspase-9 can further activate cas-
pase-3, which is the most important apoptotic performer in
the caspase family [33]. Furthermore, we found that, after
treatment with CoCl2, the apoptosis rate of SMCs was signif-
icantly increased, whereas the ratio of Bcl-2/Bax was signifi-
cantly decreased, the expression of activated caspase-3 was
increased, and APN reversed the above changes.

In the present study, APN protected the SMCs of the
SMA from CoCl2-induced injury not only by adjusting the
SOD activity and MDA levels but also by regulating the
expression levels of Bcl-2, Bax, and cleaved caspase-3 via acti-
vating cAMP/PKA signaling pathway. Our results reveal a
link between APN and SMCs apoptosis, suggesting that
APN may be a promising treatment for diseases related to
circulatory disturbances in the inner ear.

5. Conclusion

In summary, our study demonstrates that APN protects
SMCs of the SMA from CoCl2-induced injury via
cAMP/PKA signaling pathway in cells. Therefore, APN
might be a promising treatment for diseases related to circu-
latory disturbances in the inner ear.
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