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Overexpression of filamin c in chronic intermittent hypoxia-induced
cardiomyocyte apoptosis is a potential cardioprotective target
for obstructive sleep apnea
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Abstract
Purpose Chronic intermittent hypoxia (CIH) is key pathological mechanism of obstructive sleep apnea (OSA), which induced
cardiac dysfunction. Filamin c (FLNC) is a muscle-restricted isoform and predominantly expressed inmuscle tissue. In this study,
we utilized a recently developed CIH rat model to mimic OSA, investigated the expression of FLNC in cardiomyocytes, and
examined the correlations of FLNC with active caspase-3 to ascertain whether FLNC regulates the survival of cardiomyocytes.
Methods Forty Sprague-Dawley rats were randomly divided into normoxia and CIH groups. All rats were exposed either to
normoxia or CIH 8 h daily for 6 weeks. Echocardiogram and HE staining were used to examine cardiac pathology, structure, and
function. Body weight, heart weight, and blood gas values were recorded, respectively. The FLNC, Bax, Bcl-2, BNIP 3, and
active caspase-3 proteins were detected by western blot; FLNC was examined by immunohistochemistry and immunofluores-
cence. Association of FLNC with cardiomyocyte apoptosis was detected by immunofluorescence.
Results CIH induced cardiac injuries and caused arterial blood gas disorder. FLNC significantly increased in CIH-induced
cardiomyocytes than that in normoxia tissues. Pro-apoptotic BNIP 3 and Bax proteins were significantly increased in CIH,
whereas anti-apoptotic member Bcl-2 was decreased. Active caspase-3, a universal marker of apoptosis, was significantly
increased in CIH group. Co-localizations of FLNC and active caspase-3 were observed in CIH group.
Conclusions These results suggested FLNC is implicated in the pathogenesis of CIH-induced cardiomyocyte apoptosis, and
FLNC may serve as a novel cardioprotective target for OSA patients.
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Introduction

Obstructive sleep apnea (OSA), a common sleep and breath
disease, is characterized by repetitive partial (hypopnea) or
complete (apnea) upper airway collapse during sleep, leading
to daytime sleepiness, sleep fragmentation, oxygen
desaturation, arousal, and chronic intermittent hypoxia (CIH)
[1]. CIH is a distinct pathological mechanism of OSA, which
is recognized as an independent risk factor in cardiovascular
pathogenesis during the development of OSA [2]. CIH had
been reported to induce cardiac protection or cardiac damage
in different studies with various conditions. During hypoxia,
different cell types have been shown to induce apoptosis and
cardiomyocytes produce large amounts of reactive oxygen
species that contributed to cardiac injury, resulting in apopto-
tic cell death [3, 4]. Since the first CIH animal model was
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described by Fletcher in the early 1990s [5], it has been widely
used to the study of OSA [6, 7]. In this study, we utilized a
recently developed CIH rat model to mimic OSA, which sum-
marizes the characteristics of OSA.

Apoptosis, known as programmed cell death, has been rec-
ognized as an important pathophysiological process in many
disease states, and is implicated in the pathogenesis of differ-
ent heart diseases [8, 9]. It has been revealed that cardiomyo-
cyte apoptosis occurs in adult mammalian hearts of patients
with cardiac disorders, including end-stage heart failure, dilat-
ed cardiomyopathy, myocardial infarction, and is recognized
as a predictor of adverse outcomes in patients with cardiac
diseases [10]. Cells undergoing apoptosis are induced by a
variety of signaling pathways and release a series of
apoptosis-associated proteins such as P53, Bax, Bcl-2,
BNIP3, Slug, Msx1, and Bmp4, which may be responsible
for cardiomyocyte apoptosis [11]. Improved myocardial cell
survival and cardiac function after exposing to CIH are crucial
to identify potential cardioprotective targets and develop ef-
fective therapies for OSA patients.

Filamins (FLNs) are mainly structural proteins that belong
to an extended family of homodimeric actin-binding and
actin-crosslinking proteins [12, 13]. The main function of
FLNs is to cross-link actin filaments. It has also been shown
that FLNs exert a significant part in cell signaling through the
introduction of novel interactions or else by disrupting
existing interactions [14, 15]. Over 90 proteins have been
shown to bind to FLNs, including actin, receptors, cytoskele-
tal and cell adhesion proteins, transcription factors, ion chan-
nels, and intracellular signaling molecules [16, 17]. Acting as
scaffolding proteins, FLNs are associated with many cellular
stress responses, including hypoxia-related effects [18].

FLNs consist of three isoforms: the filamin A (FLNA), the
filamin B (FLNB), and the filamin C (FLNC), which are dif-
ferentially expressed in different cell types [13, 16]. Unlike
FLNA and FLNB which are ubiquitously expressed, FLNC is
a muscle-restricted isoform, which is predominantly
expressed in muscle tissue [19]. FLNC acts many significant
parts in a variety of pathophysiological conditions. FLNC
plays a crucial role in cancer metastasis, downregulation im-
paired cancer cell proliferation, inhibits cell migration, and
promotes apoptosis [20], and opposite consequence in other
study was observed [21]. In addition, high FLNC is associated
with better prognosis of prostate cancer, leukemia, and breast
cancer patients [22]. In cardiac disease studies, FLNC as a
candidate gene is involved in chronic heart failure, arrhyth-
mias, conduction blocks, and cardiomyopathy, frequently
resulting in sudden cardiac death [23–25].

However, the biological function of FLNC in cardiomyo-
cyte apoptosis after CIH is unknown. Therefore, understand-
ing the mechanisms of FLNC in CIH-induced cardiomyocyte
apoptosis has a critical effect on the development of effective
therapeutics for OSA patients.

Materials and methods

Rat model

Forty Sprague-Dawley (SD) rats (initial BW, (200 ± 10) g;
age, 8 weeks) from the Laboratory Animal Center of
Nanjing Medical University were randomly divided into the
following two groups: the normoxia group and the CIH group.
Water and food were available ad libitum. All rats were ex-
posed either to normoxia or CIH 8 h daily for 6 weeks. CIH
rats were exposed to intermittent hypoxia chamber with cy-
cling changes of the hypoxic conditions (2 min) 8 h a day
(from 8 a.m. to 4 p.m.). The protocol of this study was ap-
proved by the Jiangsu Province Animal Care ethics commit-
tee and performed in accordance with the Animal
Management Rule of the People’s Republic of China and the
Care and Use of the Laboratory Animals Guide of the Nanjing
Medical University.

Tissue preparation

At the end of study, all rat cardiac functions were assessed by
VisualSonics Vevo 2100 ultrasound system (VisualSonics,
Canada). To analyze the arterial blood gas value, a blood gas
analyzer was performed on two groups. The heart weight
(HW) and body weight (BW) were evaluated for each rat.
Ten hearts from each group were quickly stored in a − 80 °C
refrigerator, and the other ten hearts were immersed in 4%
paraformaldehyde for histological detection.

Histology evaluation of tissue sections

The hearts were harvested after CIH 6 weeks. The cardiac
tissues were immersed in 10% formalin, fastened in paraffin,
and sectioned at 7 μm. Then, the tissues were stained with
hematoxylin and eosin (HE), and all photographs were
assessed blindly and collected directly by a certified
histocytopathologist.

Western blot analysis

Western blotting was performed as described previously [26].
Briefly, total heart tissue protein was then homogenized in
lysis buffer containing 1% NP-40, pH 7.5, 5 mmol/l EDTA,
50 mmol/l Tris, 1% SDS, 1% Triton X-100, 1% sodium
deoxycholate, 10 mg/ml aprotinin, 1 mmol/l PMSF, and
1 mg/ml leupeptin, then micro centrifuge at 10,000 rpm and
4 °C for 20 min to collect the supernatant. After protein con-
centrations were determined with a Bio-Rad protein assay
(Bio-Rad, Hercules, CA, USA), the resulting supernatant
was subjected to with SDS-polyacrylamide gel electrophore-
sis (PAGE). Proteins were transferred to polyvinylidene
difluoride filter (PVDF) membranes (Millipore) by a transfer
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apparatus at 350 mA for 2.5 h. The membranes were blocked
with 5% nonfat milk in Tris-buffered saline with Tween
(TBST) at room temperature for 2 h. The filters were immedi-
ately rinsed three times in TBST and then incubated overnight
with primary antibodies against filamin C (FLNC) (anti-mouse,
1:600; Santa Cruz), BNIP 3 (anti-rabbit, 1:800; Sigma), Bcl-2
(anti-mouse, 1:800; Santa Cruz), Bax (anti-mouse, 1:800;
Santa Cruz), or GAPDH (glyceraldehyde-3-phosphate
dehydrogenase, anti-rabbit, 1:1000; Sigma) at 4 °C.
Finally, the horseradish peroxidase-conjugated secondary
antibody was added to filters for an additional 2 h, and the
proteins were examined with an enhanced chemilumines-
cence detection system (ECL, Pierce Company, USA).

TUNEL assay

The sections were deparaffinized by immersion in xylene,
rehydrated, and incubated in phosphate-buffered saline
with 3% H2O2 to inactivate endogenous peroxidases.
They were incubated with proteinase K (20 mg/ml) for
10 min, then washed in phosphate-buffered saline, and in-
cubated with terminal deoxynucleotidyl transferase and
fluorescein isothiocyanate-dUTP for 60 min at 37 °C using
an apoptosis detection kit. The mean number of TUNEL-
positive cells was counted in at least five randomly chosen
fields in each group. All counts were performed by two
independent individuals.

Immunohistochemistry

Immunohistochemistry was performed as our previous studies
[27]. In short, all of the sections were blocked with 10% goat
serum with 1% (w/v) bovine serum albumin (BSA) and 0.3%
Triton X-100 at room temperature (RT) for 2 h and was incu-
bated overnight at 4 °Cwith anti-FLNC antibody (anti-mouse,
1:100; Santa Cruz), then by incubation in a biotinylated sec-
ondary antibody. Immunostaining was visualized with DAB
(Vector Laboratories). The stained sections were examined
with Leica confocal microscope or Leica fluorescence micro-
scope (Germany). Same exposure time and light intensity
were applied to all photographs.

Double immunofluorescent staining

According to our previous studies [28], double immuno-
fluorescent staining was used to investigate the heart tis-
sues. Briefly, the slides were incubated with polyclonal
antibody specific for FLNC (Santa Cruz, 1:50) and dif-
ferent markers as follows: active caspase-3 (Santa Cruz,
1:100) and α-actinin (a marker of heart, Sigma, 1:100)
overnight at 4 °C. After three washes of 15 min each in
PBS, a mixture of DAPI and FITC- and Cy3-conjugated
secondary antibodies was added in a dark room and

incubated for 2 h at 4 °C. Images were collected by
Leica fluorescence microscope (Germany). Same expo-
sure time and light intensity were applied to all
photographs.

Statistical analysis

Throughout the paper, all data were analyzed with SPSS
16.0 (SPSS Inc., USA). All values were expressed as the
mean ± (SD). F test was used to compare variances. P
value > 0.1 was considered to be variance equal, thus the
T test is used accordingly. If not, the T test or the variable
transformation or the rank sum test should be chosen. P
value of less than 0.05 was considered to be statistically
significant. Each experiment consisted of at least three
replicates per condition.

Results

Cardiac changes of rats exposed to chronic
intermittent hypoxia

Initial body weight (BW) of rats was about (200 ± 10) g in two
groups. No difference in BW growth following 1 week, but
difference was significant following 2 weeks. At the end of the
study, BW of CIH was significantly reduced compared with
the normoxia group (P < 0.0001, Fig. 1b). The heart weight
(HW) was markedly increased following 6 weeks (P =
0.0159, Fig. 1c), significant cardiac hypertrophywas observed
based on increased HW to BW (HW/BW) ratio (Fig. 1d).

Cardiopathic changes of rats after chronic
intermittent hypoxia

To examine the possible cardiomyopathic alteration after CIH,
we did a histopathological analysis of cardiomyocytes by he-
matoxylin and eosin (HE) staining (Fig. 2a). Cardiomyocytes
were arranged regularly in normoxia control group, and
ventricular myocardium was normal architecture with nor-
mal interstitial space (Fig. 2a). However, cardiomyocytes
in CIH 6-week rats were disarrayed with some necrosis and
edema. In addition, increased interstitial space and abnor-
mal architecture were observed in rat hearts under CIH
6 weeks (Fig. 2a). These results indicated that CIH induced
cardiac injuries (original magnification × 20).

Echocardiographic alterations of rats after chronic
intermittent hypoxia

To examine the possible echocardiographic alteration after
CIH 6 weeks, we performed echocardiography to study dy-
namic changes. The echocardiographic parameters of two
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groups are shown in Table 1. Echocardiography showed
significant increase in left ventricular internal diameter in
diastole (LVIDd), left ventricular internal diameter in sys-
tole (LVIDs), left ventricular posterior wall in systole
(LVPWs), left ventricular posterior wall in diastole
(LVPWd), and left ventricular (LV) mass, indicating LV
hypertrophy, in CIH-exposed rats. Compared with the
normoxia group, the fractional shortening (FS) and ejec-
tion fraction (EF) were significantly decreased in CIH
group (Fig. 2b, Table 1). Taken together these results
clearly demonstrated CIH caused cardiac dysfunction.

Arterial blood gas values under chronic intermittent
hypoxia

Arterial blood was gathered at baseline (date not show) and
under CIH. Arterial blood gases identified significant oxygen
desaturation and hypoventilation in CIH 6-week rats
(Table 2). The blood pO2 of rats was maintained between 95
and 100 mmHg in normoxia group (21% O2). In CIH group
(6% O2), the lowest blood oxygen pO2 of rats was maintained
between 51 and 60 mmHg. PH was significantly reduced in
CIH, compared to the normoxia group. There was no signifi-
cant difference in BE, Ca2+, Na+, and K+ between normoxia
and CIH groups.

FLNC is upregulated in chronic intermittent
hypoxia-induced cardiomyocytes

Western blot analysis was performed to examine the ex-
pression of FLNC at protein level in CIH-induced
cardiomyocytes. As shown in Fig. 3a, compared to the
normoxia group, the FLNC protein level was significantly
higher in CIH group. Each experiment consisted of at least
three replicates per condition. To identify the distribution
of FLNC in CIH-induced cardiomyocytes, we performed
immunohistochemistry experiments with anti-FLNC
mouse monoclonal antibody. Representative examples of
reactivity for FLNC were shown in Fig. 3b. In CIH rats,
the staining of FLNC-positive cells was increased around
the cardiomyocytes. In addition, the number of FLNC-
positive cells measured between normoxia and CIH was
consistent with our western blot results. These data indi-
cated that FLNC had higher expression in CIH-induced
cardiomyocytes than that in normoxia tissues.

Co-localizations of FLNC and α-actinin by double
immunofluorescent staining

To further confirm the cell types expressing FLNC after
CIH, double-labeling immunofluorescent staining was per-
formed with the following cell-specific markers: α-actinin

Fig. 1 Normoxia, normoxia group; CIH, chronic intermittent hypoxia
group. a Body weight was significantly increased in two groups after
6 weeks. b Average body weight was a significant difference between

normoxia and CIH groups after 2 weeks. c HW was markedly increased
in two CIH group following 6 weeks. d HW/BW ratio was significantly
increased in CIH group
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(a marker of cardiomyocytes; green) and DAPI (a marker of
nucleus; blue). In the normoxia group, the expression of
FLNC was low in cytoplasm of cardiomyocytes (date not
shown). However, in the CIH group, the expression of
FLNC was higher in cytoplasm of cardiomyocytes (Fig. 4a).
To identify the proportion of myocardium-positive cells

expressing FLNC, a minimum of 200 phenotype-specific
marker-positive cells was counted between the normoxia
and CIH groups (Fig. 4b).

Apoptotic response to chronic intermittent hypoxia

Cardiomyocytes of heart were stained using the TUNEL assay
and observed by light microscopy. TUNEL assay showed the
number of TUNEL-positive cells from the CIH group was
significantly increased than that in the normoxia group
(Fig. 5a). The test of several independent samples revealed
that there were significant differences between normoxia and
CIH groups (Fig. 5a). To further understand the occurrence of

Fig. 2 a Representative examples
of heart slice by HE staining
(original magnification ×20).
Compared with normal heart,
cardiomyocytes in CIH rats were
disarrayed with some edema and
necrosis, and ventricular
myocardium was abnormal
architecture with increased
interstitial space. b
Echocardiographic alterations in
two groups after CIH 6 weeks.
Compared with the normoxia
group, CIH caused left ventricle
(LV) hypertrophy and
remodeling, and decreased
ejection fraction (EF) and
fractional shortening (FS),
resulting in cardiac dysfunction

Table 1 Echocardiographic parameters

Parameters Normoxia CIH

IVSd (mm) 1.498 ± 0.013 1.501 ± 0.015

IVSs (mm) 2.157 ± 0.108 2.173 ± 0.152

LVIDd (mm) 7.420 ± 0.161 7.735 ± 0.241*

LVIDs (mm) 4.217 ± 0.210 4.671 ± 0.248*

LVPWd (mm) 1.739 ± 0.005 1.769 ± 0.006**

LVPWS (mm) 2. 397 ± 0.062 2.771 ± 0.1867*

LV mass (mg) 846.66 ± 17.32 951.36 ± 18.55***

RVIDd (mm) 2.199 ± 0.069 2.201 ± 0.076

RVAW (mm) 0.521 ± 0.007 0.522 ± 0.008

EF (%) 74.217 ± 1.553 63.158 ± 2.856***

FS (%) 48.653 ± 2.361 39.521 ± 1. 631***

All values are means ± SD. Normoxia, normoxia group; CIH, chronic
intermittent hypoxia group; IVSd, the interventricular septum in diastole;
IVSs, the interventricular septum in systole; LVIDd, left ventricular inter-
nal diameter in diastole; LVIDs, left ventricular internal diameter in sys-
tole; LVPWd, the left ventricle posterior wall in diastole; LVPWs, the left
ventricle posterior wall in systole; LV mass, left ventricular mass; RVIDd,
right left ventricular internal diameter in diastole; RVAW, right ventricular
anterior wall thickness; EF, ejection fraction; FS, fractional shortening.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. normoxia group

Table 2 Arterial blood gases during obstructive apnea

Normoxia CIH

pH 7.401 ± 0.017 7.241 ± 0.019***

pCO2 (mmHg) 46.32 ± 2.36 64.69 ± 2.74***

pO2 (mmHg) 98.11 ± 3.16 57.38 ± 2.53***

SO2 (%) 97.68 ± 1.53 45.46 ± 1.42***

Na+ (mmol/L) 139. 44 ± 1.31 139.15 ± 1.37

K+ (mmol/L) 3.69 ± 0.13 3.72 ± 0.16

Ca2+ (mmol/L) 1.231 ± 0.013 1. 261 ± 0.032

BE (mmol/L) 4.14 ± 0.15 4.13 ± 0.12

HCO3
− (mmol/L) 27.63 ± 0.18 30.79 ± 0.52**

All values are means ± SD. Normoxia, normoxia group; CIH, chronic
intermittent hypoxia group; **P < 0.01, ***P < 0.001 vs. normoxia
group
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cardiac apoptosis induced by CIH, the protein levels of BNIP
3, BCL-2, and Bax were examined. Pro-apoptotic BNIP 3 and
Bax proteins were significantly increased in CIH group
(Fig. 5b), whereas anti-apoptotic member Bcl-2 was de-
creased (Fig. 5b). These results clearly indicated that CIH
caused cardiomyocyte apoptosis.

FLNC was relevant to cardiomyocyte apoptosis

To further confirm the cardiomyocyte apoptosis, we did a
protein analysis of active caspase-3 (a universal maker of ap-
optosis) by western blot. Compared with the normoxia group,
the active caspase-3 protein level was significantly increased

Fig. 3 a Western blot analysis
shows the protein expression of
FLNC in two groups. N or
Normoxia, normoxia group; CIH,
chronic intermittent hypoxia
group. The expression of FLNC
protein level was significantly
higher in CIH group (P < 0.0001).
b Representative
immunohistochemical staining of
FLNC in two groups (original
magnification × 20). Black
arrows mean FLNC-positive
cells. Compared with little
expression in normoxia group,
FLNC expression was
significantly increased in CIH
groups (P < 0.0001)

Fig. 4 Double immunofluorescent staining of FLNC and a-actinin. a The co-localizations of FLNC with α-actinin were observed in CIH-induced
cardiomyocytes. b Quantitative analysis of cardiomyocyte-positive cells expressing FLNC (%) in two groups (P < 0.001) (original magnification × 40)
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in CIH group (Fig. 6a, b). In addition, we performed double-
labeling immunofluorescent staining of FLNC and active
caspase-3 in rat cardiomyocytes after CIH to assess whether
FLNC is associated with the cardiomyocyte apoptosis.
Double-labeling immunofluorescent staining revealed that
the co-localization of FLNC and active caspase-3 was ob-
served after CIH (Fig. 6c). Therefore, we speculated that the
increased expression of FLNC could regulate cell apoptosis in
CIH-induced cardiomyocytes.

Discussion

In this study, we utilized a recently developed CIH rat model
to mimic OSA, which summarizes the characteristics of OSA,
convenient to investigate the pathophysiology of OSA, and
found appropriate treatments. OSA is a common sleep and
breathing disease, which affects 17% of women and 34% of
men and is largely undiagnosed [29]. OSA is strongly linked
to increased mortality cardiovascular diseases [2]. There exist

Fig. 5 a Representative TUNEL
staining of cardiac sections from
left ventricles in two groups
(original magnification × 40).
Compared with normoxia group,
positive TUNEL reactivity was
observed in CIH groups.
Quantitative analysis of brown
apoptotic cells between normoxia
and CIH groups (P < 0.001). b
The Bcl-2 family protein
expression by western blot
analysis. N or Normoxia,
normoxia group; CIH, chronic
intermittent hypoxia group. The
expression of BNIP 3 and Bax
proteins was significantly higher
in CIH group, whereas Bcl-2
protein was significantly
decreased. The data are
represented as the mean ± SEM
(*P < 0.0001, significantly
different from the normoxia
group)

Fig. 6 Association of FLNC with
cardiomyocyte apoptosis after
CIH. N or Normoxia, normoxia
group; CIH, chronic intermittent
hypoxia group. a The expression
of active caspase-3 protein was
significantly higher in CIH group.
GAPDH was used as an internal
control. b Tendency of active
caspase-3 protein expression in
two groups (P < 0.001). c The co-
localization of FLNC with
activate caspase-3 was observed
in CIH-induced cardiomyocytes
(original magnification × 40)
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many pathologic changes in cardiomyocytes of OSA pa-
tients. CIH is recognized as an independent risk factor in
cardiovascular pathogenesis during the development of
OSA [2]. CIH during sleeping hours has been proposed
to contribute to the cardiac dysfunction, with multiple
complex mechanisms, including induced cardiac inflam-
mation [7], increased oxidative stress [30], and aggravated
cardiomyocyte apoptosis [31]. In addition, CIH has been
also shown to be implicated in sympathetic activation and
hypertension in animal models, both of which could influ-
ence cardiac function [32]. CIH models are convenient to
explore the chronic results of human disease development
because of allowing animals to be exposed to hypoxia for
a long period of time.

CIH has been shown to be aggravated cardiomyocyte
apoptosis, which resulting in cardiac dysfunction. In this
study, we observed significant apoptosis in the myocardi-
um in the CIH group, as indicated by increased TUNEL-
positive myocytes (Fig. 5). We also found CIH caused
cellular death and structural changes by HE staining
(Fig. 2), and caused cardiac dysfunction by echocardiog-
raphy (Fig. 3). Apoptosis, also termed programmed cell
death, is associated with the Bcl-2 family of proteins
[33]. The Bcl-2 family is a kind of apoptosis-related
genes; moreover, its expression and regulation are the
key factors influencing apoptosis [34]. Bcl-2 and Bax pro-
teins, members of the Bcl-2 family, have been reported to
play an important role in response to apoptosis [35]. Bcl-2
is the anti-apoptotic member, but Bax is the pro-apoptotic
member. Because of this, we examined the expression of
Bcl-2 and Bax in cardiomyocytes after exposing to CIH.
We observed pro-apoptotic Bax protein was significantly
increased following CIH 6 weeks (Fig. 5), whereas anti-
apoptotic member Bcl-2 was decreased after CIH 6 weeks
(Fig. 5). BNIP3 is also a member of the Bcl-2 protein
family [36]. Hypoxia-induced BNIP3 expressions are di-
rectly involved in cardiomyocyte apoptosis and cardiac
remodeling [36, 37]. In our study, we demonstrated that
pro-apoptotic BNIP 3 is upregulated during CIH (Fig. 5).
In other words, increased expression of pro-apoptotic
BNIP3 and Bax or deceased expression of anti-apoptotic
Bcl-2 during hypoxic conditions indicated that CIH
caused cardiomyocyte apoptosis. So we inferred that apo-
ptosis plays a crucial role in cardiac dysfunction in CIH;
however, its molecular mechanisms are still unclear.

FLNs are classically recognized as large cytoplasmic pro-
teins that belong to an extended family of homodimeric actin-
binding and actin-crosslinking proteins [12, 13]. FLNs are
associated with many cellular stress responses, including
hypoxia-related effects [18]. There are three members in the
FLNs: FLNA and FLNB, which are ubiquitously expressed,
and FLNC, a muscle-restricted isoform, which is predomi-
nantly expressed in muscle tissue [19].

FLNC plays a role in cancer metastasis; the expression of
FLNC is directly involved in cancer cell apoptosis [20, 21]. In
cardiac disease studies, FLNC as a candidate gene is involved
in chronic heart failure, arrhythmias, conduction blocks,
and cardiomyopathy, frequently resulting in sudden cardi-
ac death [23–25]. However, the expression and function of
FLNC in cardiomyocyte apoptosis after CIH are unknown.
In the present study, we examined the expression of FLNC
in cardiomyocytes after exposing to CIH. We demonstrated
that FLNC had higher expression in CIH-induced
cardiomyocytes than that in normoxia tissues (Figs. 4, 5,
and 6). To understand whether high expression of FLNC
could regulate apoptosis in CIH-induced cardiomyocytes,
we examined the expression of active caspase-3 and the
relationship between active caspase-3 and FLNC.
Compared with the normoxia group, the active caspase-3
protein level was significantly increased in CIH group
(Fig. 6a). Double-labeling immunofluorescent staining re-
vealed that the co-localizations of FLNC and active
caspase-3 were observed after CIH (Fig. 6b). Therefore,
we speculated that the increased expression of FLNC could
regulate cell apoptosis in CIH-induced cardiomyocytes.

In conclusion, our study demonstrated that in CIHmodel of
OSA rat, CIH induced cardiomyocyte apoptosis, resulting in
cardiac dysfunction. We also observed that FLNC expression
is upregulated in CIH-induced cardiomyocytes, and this phe-
nomenon is related to high expression of active caspase-3.
These suggest that FLNC is implicated in the pathogenesis
of CIH-induced cardiomyocyte apoptosis, and FLNC may
serve as a novel cardioprotective target for OSA patients.

Limitations

Despite our compelling and novel findings, the study had
limitations. This study was done in rat models and has some
limitations, like all animal models of human disease.
However, CIH is a distinct pathological mechanism of OSA,
which is recognized as an independent risk factor in cardio-
vascular pathogenesis during the development of OSA.
Therefore, establishing a reliable animal model of OSA is
an important prerequisite for in-depth experimental stud-
ies. In our study, although there were no obvious evidences
on “regulation” of cell survival or death, we examined the
expression of BNIP 3, BCL-2, Bax, and active caspase-3 in
normoxia group and CIH group, and the relationship be-
tween FLNC and active caspase-3 after CIH. In cardiac
disease studies, FLNC as a candidate gene is involved in
chronic heart failure, arrhythmias, conduction blocks, and
cardiomyopathy, frequently resulting in sudden cardiac
death [23–25]. These results directly or indirectly demon-
strated that FLNC expression correlated with survival of
cardiomyocytes in CIH.
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