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Abstract
Purpose Obstructive sleep apnea syndrome (OSAS) has been
recognized as an important risk factor for cardiovascular mor-
bidity and mortality. However, the underlyingmechanisms are
poorly understood. Present study aimed to investigate the role
of NF-κB-dependent inflammation pathways in pathophysio-
logical responses of cardiovascular system in OSAS.
Methods Thirty male specific pathogen-free (SPF) Sprague-
Dawley rats were randomly assigned to normoxia (N) group,
continual hypoxia (CH) group, and intermittent hypoxia (IH)
group (n=10) and were exposed to N (21%O2), CH (8%O2),
or IH (6–11 % O2 for 10 s and 21 % O2 for 80 s in every 90 s)
for 8 h/day for 35 days. The hemodynamic and
pathomorphologic effects of IH and CH exposure were inves-
tigated as well as the expression of NF-κB-dependent inflam-
mation factors.
Results Chronic IH or CH significantly increased mean pul-
monary arterial pressure (mPAP) in rats, while no significant
changes occurred in mean carotid arterial pressure (mCAP).
The ratio of right ventricle (RV) to left ventricle (LV)+septum
(S) was significantly increased by both IH and CH, suggesting
RV hypertrophy was induced by IH or CH. Elastic fiber
staining showed an irregular pattern of elastic fiber distribu-
tion after hypoxia, and aortic tunica media thickness was
increased. Both chronic IH and CH upregulated the expres-
sions of transcription factor NF-κB and related pro-
inflammatory cytokines and adhesion molecules.

Conclusions The current study expands our understanding
that both IH and CH could activate the expression of NF-κB
and related inflammatory factors as well as cause pathophys-
iologic damage to the cardiovascular system in OSAS. All
these results provide further support to an emerging hypothe-
sis that activation of NF-κB-dependent inflammation may
play a central role in the pathophysiology of cardiovascular
dysfunction in OSAS.
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Introduction

Obstructive sleep apnea syndrome (OSAS) is one of the most
common public health problems, characterized by frequently
recurrent intermittent hypoxia/reoxygenation as the obvious
pathological trait, and affects an increasing number of popu-
lation in the both developed and developing countries all
around the world [1]. Accumulating evidences have indicated
that OSAS is clearly associated with an increased risk of
cardiovascular disorders and is an important risk factor for
cardiovascular morbidity and mortality [2]. The major con-
tributing factor to OSAS-associated cardiovascular disorders
is thought to be exposure to intermittent hypoxia (IH), which
in turn results in oxidative stress, inflammation, endothelial
dysfunction, and hypertension [3]. These proposed mecha-
nisms have been drawn from clinical studies and basic re-
search in both animal and human models of IH.

The IH is responsible for many of the cardiovascular con-
sequences of OSAS [4], and a greater understanding of the
cellular response to IH and reoxygenation may provide insight
into pathophysiological pathways in OSAS [5]. The experi-
mental animal and human models of acute and chronic IH
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have been developed to evaluate potential mechanisms for the
association between OSAS and cardiovascular disease.
Murine models may be particularly useful to examine how
IH causes cardiovascular dysfunction. Recurrent short cycles
of normoxia-hypoxia, when administered to rats for 35 days,
allow examination of the chronic cardiovascular response to
IH patterned after the episodic desaturation in humans with
sleep apnea [6]. Exposure of mouse to acute or chronic IH
causes systemic hypertension [7] and systemic and vascular
inflammation [8–10, 5]. However, the potential mechanism by
which intermittent hypoxia leads to cardiovascular disease in
OSAS is still unknown.

Previous evidences suggest that OSAS appears to be asso-
ciated with systemic inflammation, and OSAS should be
considered as a chronic and low-grade systemic inflammatory
disease [11, 12]. IH is thought to cause vessel inflammation
and is hypothesized to upregulate transcription factor produc-
tion and adhesion molecule expression, which can aid in the
production of reactive oxygen species (ROS) and exacerbate
endothelial dysfunction [3]. However, the precise mechanisms
through which OSAS promotes systemic inflammation have
not been fully explored.

As a pivotal transcription factor in chronic inflammatory
diseases, nuclear factor-kappa B (NF-κB) appears to play a
key role in mediating the inflammatory and cardiovascular
consequences of OSAS [13]. The experimental repetitive
hypoxia/reoxygenation that mimics OSAS activates NF-κB-
dependent inflammatory pathways [9, 5]. Patients with OSAS
had increased NF-κB activities [14], as well as elevated serum
levels of NF-κB-dependent pro-inflammatory cytokine and
adhesion molecules, such as tumor necrosis factor-α
(TNF-α) [15], monocyte chemotactic protein-1 (MCP-1)
[16], vascular cell adhesion molecule-1 (VCAM-1) [14], and
regulated upon activation normal T cell expressed and secret-
ed factor (RANTES) [17]. However, despite all this evidence,
the pathophysiologic events orchestrating the activation of
NF-κB-dependent pathway that leads to cardiovascular dys-
function remain largely unexplored. The present study aimed
to investigate the effects of chronic IH on the cardiovascular
dysfunction and the NF-κB-dependent pathways in rats.

Materials and methods

Animals

Thirty male specific pathogen-free (SPF) Sprague-Dawley
(SD) rats, weighed 180–220 g, were obtained from the exper-
imental animal center of Wenzhou Medical College,
Wenzhou, Zhejiang, China, and were randomly assigned to
three groups: normoxia (N) group, continual hypoxia (CH)
group, and intermittent hypoxia (IH) group (n=10). Rats were
housed in controlled conditions and providedwith standard rat

chow. All animal care and procedures were approved by the
Ethics Committee of Wenzhou Medical University.

Continuous and intermittent hypoxia protocol

Animals were exposed to normoxic, intermittent, or continual
hypoxic conditions according to group destinations. Briefly,
rats were housed in customized steel chambers equipped with
air control to deliver an intermittent or continuous hypoxic
stimulus. An automated nitrogen/oxygen gas delivery system,
provided by Scientific Research Center of Wenzhou Medical
College, was used to maintain hypoxia/reoxygenation or con-
tinuous hypoxia. IH rat chambers were flushed with nitrogen
to rapidly achieve hypoxia (a nadir of 6–11 % O2), stabilized
at that level for 10 s, and then infused with oxygen to restore
normoxia (21 % O2). The cycle was repeated every 90 s for
8 h/day (from 9:00 to 17:00) during the animals’ diurnal sleep
period for 35 days using a computer-controlled system. Rats
in the CH chambers and N chambers were exposed to similar
handling except that O2 concentrations were continuously
maintained at 8 and 21 %, at approximately the same liter
flow, respectively, which simulated the same noise and airflow
disturbance. Anhydrous calcium chloride and sodium hydrox-
ide was used for water vapor absorption and carbon dioxide
absorption, respectively.

Hemodynamic assessment and pathomorphologic analysis

After 35 days of exposure, the rats were weighed and anes-
thetized by intraperitoneal injection of 5 % chloral hydrate
(400 mg/kg body weight), and a polyethylene catheter was
slowly inserted into the pulmonary artery through the right
jugular vein. The mean pulmonary arterial pressure (mPAP)
was then recorded. At the meantime, the mean carotid arterial
pressure (mCAP) was also recorded via a polyethylene cath-
eter inserted into the carotid artery.

Next, the heart was dissected out of the chest cavity imme-
diately after the animal was killed. After removal of the atria,
the free wall of the right ventricle was carefully dissected from
the remainder of the heart. The right ventricle (RV), left
ventricle (LV), and septum (S) were weighed individually
for each rat. The RV/(LV+S) ratio was calculated as an index
of RV hypertrophy (RVHI) [18].

Elastic fiber staining

The aorta and left ventricle of each rat were separated and
fixed in 4 % paraformaldehyde for 24 h. The samples were
embedded in paraffin and cut in 4 μm cross sections. The
elastic fiber in the aorta and left ventricular tissues were
stained, and one aorta and left ventricle sections per animal
were used for analysis. After deparaffinization, sections were
oxidized with potassium permanganate, oxalic acid-bleached
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for 1–2 min, followed by ethanol dehydration, and then elastic
fibers were stained for about 1–2 h (Brilliant Green and
Ponceau Red, Shanghai Source Biological Technology Co.,
Ltd., Shanghai, China). Stained cross sections were captured
on a Leica microscope, and the tunica media thickness of aorta
(ATMT) was determined.

Enzyme-linked immunosorbent assay

After the hemodynamic data were recorded, blood samples
were collected from the right jugular vein. Serum level of C-
reaction protein (CRP), NF-κB, TNF-α, MCP-1, VCAM-1,
and RANTES were detected using commercially available
enzyme-linked immunosorbent assay (ELISA) kits (Shanghai
Source Biological Technology Co., Ltd., Shanghai, China)
according to the manufacturer’s directions.

Immunohistochemical staining

Additional aortic and left ventricular sections were processed
as described above and blocked at room temperature followed
by incubation with rabbit anti-rat NF-κB p65 antibody (1:50,
Abcam, UK) and rabbit anti-rat MCP-1 antibody (1:50,
Abcam, UK) diluted in PBS containing 5 % of bovine serum
albumin (BSA), respectively, and then incubated with horse
reddish peroxidase (HRP)-labeled second antibodies after be-
ing washed by PBS. The aortic and left ventricular specimens,
incubated with 5 % BSA to replace the specific primary
antibody, served as negative controls. Immune reaction was
visualized using 3,30-diaminobenzidine (DAB). Five fields of
vision were randomly selected from each section for analyses.
The expressions of NF-κB and MCP-1 were quantified by
Image Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, USA)
and that in N group were set as 1 to indicate the basal level.

Statistical analyses

All data were expressed as mean±standard deviation (SD).
All statistical analyses were performed with SPSS, version
17.0 (SPSS Inc., Chicago, IL, USA). Statistical tests for dis-
tribution (QQ plots) were performed. Comparison between
the groups was performed by one-way analysis of variance
(ANOVA). A level of P<0.05 was considered as statistically
significant; a level of P<0.01 as highly significant.

Results

The hemodynamic and pathomorphologic effects of chronic
IH or CH

All data were shown to be normally distributed by QQ plot
analysis. After 35 days of hypoxia, the mean pulmonary

arterial pressure (mPAP) in both groups were significantly
elevated when compared with the N group (P=0.00 and
0.01, respectively, F=10.94, Table 1). The mPAP in the IH
group was higher than that in the CH group, although the
difference did not reach the statistical significance (P=0.29).
However, the variation tendency of mean carotid arterial
pressure (mCAP) among groups was quite different from that
of mPAP. The mCAP were slightly higher in N group than in
either IH or CH group, and there was no distinct difference of
the mCAP between each group (P=0.93 and 0.29, respective-
ly, F=1.31, Table 1).

The RV/(LV+S) ratio was used as an index for RV hyper-
trophy (RVHI). As shown in Table 1, hypoxia exposure
caused RV hypertrophy. RVHI in IH and CH groups were
statistically higher than that in N group (P=0.03 and P=0.02
respectively, F=5.56). No significant difference was found
between the IH and CH groups (P=0.97).

Effects of chronic IH and CH on the aorta and left ventricle

Elastic fiber staining showed obvious changes in the elastic
fiber structure of the aorta and left ventricle (Fig. 1). After
exposure to hypoxia for 35 days, the aorta in the IH and CH
group showed an irregular elastic fiber pattern of distribution
compared with the N group, and elastic fibers in the aorta were
discontinued and disordered (Fig. 1a). Meanwhile, the left
ventricle in the IH and CH groups showed some pathological
alterations of the left ventricular muscle cells, which
were swollen and arranged irregularly (Fig. 1a). The
thicknesses of the aortic tunica media were also mea-
sured and were found to be significantly increased in IH and
CH groups, when compared with the N group (P=0.004 and
P=0.01, respectively, Fig. 1b). On the other hand, the aortic
tunica media thickness was similar between the IH and CH
groups (P=0.24).

Effect of chronic IH and CH on serum inflammatory factors

To investigate the influence of hypoxia and hypoxia/
reoxygenation on systemic inflammation, serum levels

Table 1 Hemodynamic and pathomorphologic effects of chronic IH or
CH

N group IH group CH group F value

mPAP (mmHg) 13.40±6.24 27.70±9.15*** 22.90±4.75* 10.94

mCAP (mmHg) 91.00±15.07 89.20±10.21 83.30±6.38 1.308

RVHI 0.29±0.03 0.32±0.02* 0.33±0.02* 5.56

N normoxia, IH intermittent hypoxia,CH continual hypoxia,mPAPmean
pulmonary arterial pressure, mCAP mean carotid arterial pressure, RVHI
right ventricular hypertrophy index

*P<0.05, ***P<0.001 vs the N group
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of CRP, NF-κB, TNF-α, MCP-1, VCAM-1, and
RANTES were detected using ELISA method.
Compared with normoxia, hypoxia notably increased
the serum levels of transcript factor NF-κB and other
aforementioned inflammatory factors (Fig. 2). In the IH
group, CRP, NF-κB, MCP-1, and RANTES levels
showed statistically significant differences (P<0.01),
and TNF-α and VCAM-1 showed statistical differences
(P<0.05), as compared with the N group. Whereas, in
the CH group, the increase in serum inflammatory fac-
tor levels had statistical differences (P<0.05), except
that for RANTES (P=0.213). However, there was no
significant difference in the serum inflammatory factor
levels between the IH and CH groups.

Effects of chronic IH and CH on NF-κB and MCP-1
in the aorta and left ventricle

The expressions of NF-κB (Fig. 3) and MCP-1 (Fig. 4)
in the aorta and left ventricle were determined
immunohistochemically. In the IH and CH groups, pos-
itive immunohistochemical staining of NF-κB and MCP-
1 showed dark brown particle sediment, as well as the
blue-stained nucleus of the smooth muscle cells that
distributed loosely and irregularly in the aorta and left
ventricle (Figs. 3 and 4). By contrast, there were low
NF-κB and MCP-1 expressions in the N group without
hypoxia exposure. Both NF-κB and MCP-1 expressions were
upregulated by chronic IH or CH in the aorta and left ventricle
(Figs. 3 and 4b).

Discussions

Previous studies evidenced that even small increase in blood
pressure is associated with significant increases in cardiovas-
cular morbidity and mortality, and sleep-related diseases that
induce increased blood pressure would be anticipated to sub-
stantially affect cardiovascular risk [19]. The results of our
study showed that exposure of SD rats to chronic IH or CH for
35 days stimulated the changes in cardiopulmonary hemody-
namics and morphology of the RV. The mPAP in our OSAS
rat models was significantly increased by either IH or CH,
while mCAP was not significantly different between
normoxic group and hypoxic groups, corroborating the results
of previous researches, which suggested pulmonary hyperten-
sion developed by 4 weeks of chronic hypoxia [20]. In addi-
tion, the RV/(LV/S) ratio of hypoxia groups was also in-
creased significantly compared with the normal oxygen con-
trol group, indicating the existence of RV hypertrophy in-
duced by chronic IH or CH. This observation is in partial
agreement with the previous studies, which reported signifi-
cant increases in the mPAP, and RV hypertrophy in hypoxia
rats when compared with the normoxia ones [21, 22].
Furthermore, we also found the obvious changes in the elastic
fiber structure of the aorta and left ventricle after 35 days of
continuous or intermittent hypoxia. The thicknesses of the
aortic tunica media were significantly increased by IH or
CH, consistent with previous results, which indicated that
patients with OSAS have a significantly increased intima-
media thickness compared with matched controls [23]. All
the above results showed evidence that suggested rat model of

Fig. 1 Effects of chronic hypoxia
(CH) and intermittent hypoxia
(IH) on the aorta and left
ventricle. Elastic fiber staining of
the aorta and left ventricle after
the chronic IH and CH (a); the
thicknesses of the aortic tunica
media (ATMT) were found to be
significantly increased in IH and
CH groups (b); and the value in
the IH group was lower than that
of CH group although the
difference did not reach statistical
significance. N normoxia, IH
intermittent hypoxia, CH
continual hypoxia. *P<0.05,
**P<0.01 vs the N group

680 Sleep Breath (2015) 19:677–684



OSAS with cardiovascular complication was successfully
established, and both IH and CH can result in the similar
effects on cardiopulmonary hemodynamics and morphology
of the RV.

The pathogenesis of cardiovascular disease in OSAS is not
yet completely understood and is thought to be multifactorial
in origin [24]. Increasing evidence suggests that OSAS is a
systemic inflammatory disease, and inflammatory processes
play a pivotal role in the pathogenesis of cardiovascular dis-
ease in OSA [25, 10]. The increased levels of inflammatory
cytokines, adhesion molecules, and activation of circulating
neutrophils have been reported in OSAS patients and were
suggested to be linked to the pathogenesis of systemic

inflammation that directly contribute to cardiovascular dis-
eases [14, 26]. IH may play a role in the pathobiology of
cardiovascular complications in OSAS through activation of
pro-inflammatory pathways [27]. Our results showed the ac-
tivation of CRP, NF-κB, TNF-α, MCP-1, VCAM-1, and
RANTES by hypoxia exposure.

As an important circulating marker of inflammation, CRP
is suggested to be one of the best predictors for future cardio-
vascular morbidity directly participating in atheromatous le-
sion formation [28]. One possible mechanism for the CRP-
induced gene expression is suggested to be through the acti-
vation of NF κB that results in the expression of profibrotic
plasminogen activator inhibitor-1 (PAI-1), known

Fig. 2 ELISA analysis of the serum levels of inflammatory factors,
including CRP, NF-κB, TNF-α, MCP-1, VCAM-1, and RANTES, after
chronic IH or CH. ELISA enzyme-linked immunosorbent assay, CRP
C-reaction protein,NF-κB nuclear factor-kappa B, TNF-α tumor necrosis

factor-α,MCP-1monocyte chemotactic protein-1, VCAM-1 vascular cell
adhesion molecule-1, RANTES regulated upon activation normal T cell
expressed and secreted factor, N normoxia, IH intermittent hypoxia, CH
continual hypoxia. *P<0.05, **P<0.01 ***p<0.001 vs the N group

Fig. 3 Immunohistochemical
analysis of NF-κB expressions in
the aorta and left ventricle after
chronic IH or CH (a), and the
expressions of NF-κB were
showed to be upregulated
by IH or CH exposure (b).NF-κB
nuclear factor-kappa B, N
normoxia, IH intermittent
hypoxia, CH continual hypoxia.
*P<0.05 vs the N group
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atherothrombogenic factor [29]. Chronic hypoxia exposure in
our study did result in significantly elevated levels of CRP,
suggesting inflammatory reaction was caused and potential
effect on the cardiovascular system.

Activated NF-κB is a key transcription factor in chronic
inflammatory diseases [30], and accumulating findings that
OSAS and chronic IH were associated with activation of
NF-κB and its downstream products implicated NF-κB as a
key factor in the link between OSAS and cardiovascular
diseases [26, 27]. This observation seemed potentially rele-
vant to reports in OSAS populations of increased circulating
cytokines and proteins in the downstream pathways from
NF-κB activation, including plasma levels of TNF-α [15],
CRP, and MCP-1 [31], and increased VCAM-1 [32]. Our data
are consistent with these studies, in addition to the pulmonary
hypertension and RV hypertrophy identified in our OSAS rat
model, the results of our study also clearly demonstrated the
activation of NF-κB and its downstream products after IH or
CH exposure.

Pro-inflammatory cytokine TNF-α modulated the physio-
logical sleep, and the level of TNF-α was found to correlate
with the severity of OSAS [15]. TNF-α is produced by mono-
cytes and T cells through a transcriptional pathway involving
NF-κB and upregulates VCAM-1 expression [33]. NF-κB can
also activate the overexpression of VCAM-1, MCP-1, and
RANTES involved in leukocyte recruitment and migration
to the inflammatory site [14, 34, 35].

Proinflammatory chemokines MCP-1, RANTES are be-
lieved to be responsible for cell recruitment [36]. Activation
of the MCP-1 and RANTES genes was found to be controlled
by NF-κB [34, 35]. As a chemoattractant for inflammatory

cells, RANTES is also associated with cardiovascular diseases
risk [37] and is critically and early involved in the atherogen-
esis [38]. An increased aortic intima-media thickness with
inflammation was demonstrated in the IH induced inflamma-
tory pre-atherosclerotic remodeling of C57BL6 mouse, and
this effect was attenuated by neutralizing the RANTES/CCL5
activity during IH exposure [8]. The present study showed that
serum levels of RANTES, a pro-atherosclerotic chemokine,
and MCP-1 increased in our IH-induced OSAS rat models,
along with the aforementioned chemokine TNF-α, CRP, and
VCAM-1, along with the elevated NF-κB level. All these
results provide further support for the NF-κB-dependent in-
flammatory pathways involving in the pathophysiology of
both OSAS and cardiovascular diseases.

The evidence for the difference in the response of physio-
logical systems between IH and CH has been mentioned
previously [39]. Chronic exposure to IH has been generally
used as an animal model for studying IH during sleep.
However, it is worth noting that in our study, both chronic
IH and CH resulted in pulmonary hypertension and RV hy-
pertrophy, as well as significantly increased expressions of the
aforementioned cytokines, and CH showed no statistically
different effect than the IH, corroborating the results of recent
study, which indicated that chronic CH for 2 weeks can also
significantly increase mPAP, as well as elicited significantly
RV hypertrophy [40].

In summary, the current study expanding our previ-
ous findings indicates that both IH and CH could acti-
vate the expression of NF-κB and related inflammatory
factors, as well as cause the pathophysiologic damage to
cardiovascular system. All these results provide further

Fig. 4 Immunohistochemical
analysis of MCP-1 expressions in
the aorta and left ventricle after
chronic IH or CH (a), and the
expressions of MCP-1 were
showed to be upregulated
by IH or CH exposure (b).
MCP-1 monocyte chemotactic
protein-1, N normoxia, IH
intermittent hypoxia, CH
continual hypoxia. *P<0.05,
**P<0.01 vs the N group

682 Sleep Breath (2015) 19:677–684



support to an emerging hypothesis that activation of NF-κB
may play a central role in linking the pathophysiology of
OSAS with cardiovascular disease.
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