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Abstract
Background Obstructive sleep apnea syndrome, which is a
risk factor for resistant hypertension, is characterized by
chronic intermittent hypoxia (CIH) and is associated with
many cardiovascular diseases. CIH elicits systemic oxidative
stress and sympathetic hyperactivity, which lead to hyperten-
sion. Rho kinases (ROCKs) are considered to be major effec-
tors of the small GTPase RhoA and have been extensively
studied in the cardiovascular field. Upregulation of the
RhoA/ROCK signaling cascade is observed in various cardio-
vascular disorders, such as atherosclerosis, pulmonary hyper-
tension, and stroke. However, the exact molecular function of

RhoA/ROCK in CIH remains unclear and requires further
study.
Objective This study aimed to investigate the role of the
NADPH oxidase 4 (Nox4)-induced ROS/RhoA/ROCK path-
way in CIH-induced hypertension in rats.
Methods Male Sprague–Dawley rats were exposed to CIH for
21 days (intermittent hypoxia of 21% O2 for 60 s and 5% O2

for 30 s, cyclically repeated for 8 h/day). We randomly
assigned 56male rats to groups of normoxia (RA) or vertically
implemented CIH together with vehicle (CIH-V),
GKT137831 (CIH-G), N-acetyl cysteine (NAC) (CIH-N), or
Y27632 (CIH-Y). The rats in the RA group were continuously
exposed to room air, whereas the rats in the other groups were
exposed to CIH. Systolic blood pressure (BP) was monitored
at the beginning of each week. After the experiment, renal
sympathetic nerve activity (RSNA) was recorded, and serum
and renal tissues were subjected to molecular biological and
biochemical analyses.
Results Compared with the BP of RA rats, the BP of CIH-V
rats started to increase 2 weeks after the beginning of the
experiment, subsequently stabilizing at a high level at the
end of the third week. CIH increased both RSNA and oxida-
tive stress. This response was attenuated by treatment of the
rats with GKT137831 or NAC. Inhibiting Nox4 activity or
ROS production reduced RhoA/ROCK expression.
Treatment with Y27632 reduced both BP and RSNA in rats
exposed to CIH.
Conclusion Hypertension can be induced by CIH in SD rats.
The CIH-induced elevation of BP is at least partially mediated
via the Nox4-induced ROS/RhoA/ROCK pathway.
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Introduction

Obstructive sleep apnea (OSA) is a respiratory disease asso-
ciated with sleep that is characterized by repeated upper air-
way occlusion. OSA causes cardiovascular diseases such as
hypertension as a consequence of chronic intermittent hypoxia
(CIH) [1]. Approximately, 50% of patients with OSA are hy-
pertensive, and an estimated 30–40% of hypertensive patients
have OSA [2].

It is generally agreed that several different mechanisms
may be involved in CIH-induced hypertension. Several stud-
ies [3, 4] have concluded that sleep-related breathing disorders
induce hypertension through oxidative stress, endothelial dys-
function, hyperactivity of the sympathetic nervous system,
and effects on carotid body chemoreceptors and on the central
nervous system, among other mechanisms. Recent studies [5,
6] have described the role of carotid bodies in CIH as well as
the potent regulatory effect of carotid body-mediated
chemoreflexes on blood pressure (BP). However, the potential
mechanisms by which chemoreflexes lead to CIH are unclear.
The kidneys are an important organ in the regulation of BP, as
they receive nearly a quarter of the total resting cardiac output
[7]. Studies [8, 9] have shown that the RhoA/Rho kinase
(ROCK) pathway plays an important role in increased vascu-
lar resistance. ROCK is a downstream kinase of RhoA that
plays an important role in local blood flow and BP regulation
[10]. The Rho-kinase pathway is increased in hypertensive
rats [11, 12] and hypertensive patients [13], and Rho-kinase
inhibitor was reported to reduce arterial blood pressure in
three experimental models of hypertension [14]. Enhanced
production of reactive oxygen species (ROS) has been impli-
cated in the development and progression of CIH and hyper-
tension [15–19]. NADPH oxidase Nox1 and especially Nox4
(Renox) are major sources of ROS in the kidney and are crit-
ical mediators of redox signaling in vivo in the environment of
CIH. Research [20–22] has shown that RhoA/ROCKs may be
activated by ROS in vascular smooth muscle. Liming Jin et al.
[23] reported that ROS increase membrane-bound Rho in aor-
tic rings during maximum contraction. The aim of the present
study was to investigate the role of the Nox4-derived ROS-
mediated RhoA/ROCK pathway and the effect of antioxidants
on the RhoA/ROCK pathway in CIH-induced hypertensive
rats. We demonstrate that the elevation of BP in CIH may be
at least partially mediated by Nox4-derived ROS/RhoA/
ROCK pathway activity.

Materials and methods

Experimental protocols

Forty male Sprague–Dawley (SD) rats (body weight 190–
210 g) were purchased from the Experimental Animal

Center of Wuhan University (Wuhan, China). Eight rats (ex-
posed to room air and injected i.p. with saline at 5 ml/kg·d; RA
group) were randomly selected for experiments establishing
the baseline levels of all biomarkers. The remaining 32 rats
were randomly divided into four groups, denoted as follows:
CIH-G [CIH + GKT137831 (Nox1 and Nox4 inhibitor)
(40 mg/(kg·d), i.p., Selleck Chemicals, Shanghai, China)];
CIH-N [CIH + N-acetyl cysteine (NAC, ROS scavenger)
(300 mg/(kg·d), i.p., Hangzhou Minsheng Pharmaceutical
Co., Ltd., China)]; CIH-Y [CIH + Y27632 (RhoA inhibitor)
(10 mg/(kg·d), i.p., Selleck Chemicals, Shanghai, China)]; and
CIH-V [(CIH + saline or 0.1% DMSO in saline (5 ml/(kg·d),
i.p.)]. This study was approved by the Ethics Committee of
Wuhan University and was conducted in accordance with the
Declaration of Helsinki and the Guide for the Care and Use of
Laboratory Animals, as adopted and promulgated by the
United States National Institutes of Health. The rats were
housed in departmental animal chambers and maintained on
a 12:12 h light-dark cycle under standard laboratory condi-
tions (temperature, 25 ± 2 °C; humidity, 60 ± 5%). The rats
were provided with standard rodent chow and allowed free
access to water. Renal sympathetic nerve activity (RSNA)
was measured at the end of the experiment, before all of the
rats were sacrificed. Every effort was made to minimize the
number of rats used and their suffering during the
experiments.

The model of CIH was established according to previously
published methods [24]. Sealed chambers were used to gen-
erate a hypoxic environment. Pure nitrogen and compressed
air were distributed into each chamber through timed solenoid
valves. Using 90 s cycles, pure nitrogen was infused into each
chamber for the first 30 s until the minimum oxygen concen-
tration reached 5%. Compressed air was infused for the re-
maining 60 s to allow the oxygen concentration in the cham-
bers to gradually return to 20.9%. For the RA group, air was
infused into the chamber. For all groups, exposure experi-
ments were performed between 8 am and 4 pm.

Measurement of systolic BP (SBP)

SBP was measured every week using tail cuff plethysmogra-
phy (RBP-1 non-invasive BP analyzer, Chengdu Technology,
China). SBP was monitored in conscious animals, and three
measurements were averaged.

RSNA recording

These experiments were performed under deep isoflurane an-
esthesia. RSNAwas recorded using fine wire bipolar platinum
electrodes placed on the left renal nerve under direct visuali-
zation using a surgical microscope. A left subcostal incision
was made, and the kidney was approached from the retroper-
itoneal space under an anatomical microscope. A bundle of
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renal nerves was identified and gently freed from the sur-
rounding tissue. One of the renal nerves was dissected and
hooked by a pair of platinum electrodes. To insulate the elec-
trodes and the nerve from the surrounding tissue and to pre-
vent desiccation of the nerves, we covered the electrodes and
the nerve preparation with liquid paraffin. Electrical changes
in RSNAwere amplified, filtered, and monitored on an oscil-
loscope with a low-frequency cutoff of 100 Hz and a high-
frequency cutoff of 3000 Hz. RSNAwas integrated at a time
constant of 10 ms with a sampling frequency of 10 kHz. The
rats were allowed to stabilize for 30–60 min after surgery
before initiating the acute experimental protocols. The bipolar
platinum electrode was connected to a biological polygraph
(RM6240BD, Chengdu Technology, China) to record RSNA
simultaneously. After stabilization of the signal, the rats were
i.p. administered a daily dose of GKT137831 (40 mg/(kg·d))
to CIH-G, NAC (300 mg/(kg·d)) to CIH-N, Y27632 (10 mg/
(kg·d)) to CIH-Y, and DMSO/saline (5 ml/(kg·d )), or saline
(5 ml/(kg·d)) to CIH-V through single intraperitoneal injec-
tion, and changes in RSNAwere observed. Integrated RSNA
was simultaneously recorded. The postmortem background
signal was determined, and the experimental data were
corrected for the background signal. The difference in
RSNA between before and after the intervention was
expressed as the percent change from baseline.

Collection and storage of blood and tissues

Rats from each experimental group were sacrificed via blood
collection through intracardiac puncture. Blood samples were
subjected to centrifugation, and the resulting serumwas stored
at −80 °C. The kidneys were harvested and fixed in 4%
phosphate-buffered formaldehyde for histopathological obser-
vation. The remaining portions of renal tissue were immedi-
ately frozen in liquid nitrogen and stored at −80 °C.

Measurement of oxidative stress biomarkers in the kidney

Blood samples from the rats were homogenized in tissue lysis
buffer (Beyotime, China). After lysis for 15 min on ice, the
homogenates were centrifuged at 3000 rpm for 15 min. The
MDA contents in the supernatant were measured using com-
mercially available kits (Jiancheng Bioengineering, Nanjing,
China). Briefly, the MDA contents of homogenates were de-
termined spectrophotometrically by measuring the levels of
thiobarbituric acid-reactive substances. Three milliliters of
1% phosphoric acid and 1 ml of 0.6% thiobarbituric acid
solution were added to 0.5 ml of plasma that had been pipetted
into a tube. The mixture was then heated in boiling water for
45 min. After the mixture had cooled, the colored fraction was
extracted into 4 ml of n-butanol. The absorbance at 532 nm
was measured using a microplate spectrophotometer

(Multiskan MK3, Thermo Scientific). The amount of lipid
peroxide was calculated as the concentration of thiobarbituric
acid-reactive substances of lipid peroxidation in nanomoles
per milligram of protein (nmol/mg protein) according to a
standard graph prepared from measurements of standard
solutions (1,1,3,3-tetramethoxypropane). ROS levels were
assessed in serum extracts using the DCFH-DA fluorescence
assay (Molecular Probes). After preincubation with the above-
mentioned chemicals, tissue was exposed to DCFH-DA
(2 mM, in DMSO) for an additional 60 min to detect ROS
production. DCF fluorescence of the samples was measured at
room temperature with excitation and emission wavelengths
of 488 and 525 nm, respectively. The activity of superoxide
dismutase (SOD) in renal tissue was measured using a com-
mercial assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions.
Briefly, this assay kit employs a thiazole salt for the detection
of superoxide anions to produce a colored product. The absor-
bance was measured at a wavelength of 450 nm. One unit (U)
of SOD was defined as the total enzyme needed to produce 50
% dismutation of superoxide radicals. The total tissue protein
concentration was measured with a commercial kit (Beyotime
Institute of Biotechnology, Shanghai, China), and SOD activ-
ity was expressed as U of SOD per milligram of protein (U/mg
protein).

Serum norepinephrine (NE) assays

Blood samples were centrifuged at 3000 rpm for 10 min and
stored at −20 °C until use. Serum NE levels were determined
using a rat NE detection kit (Elabscience Biotechnology Co.,
Ltd., Wuhan, China) according to the manufacturer’s
instructions.

Terminal deoxynucleotidyl transferase-mediated dUTP
digoxigenin nick-end labeling (TUNEL) assay

Apoptosis was evaluated via the in situ TUNEL assay accord-
ing to the manufacturer’s instructions (Roche, USA). Serial
sagittal kidney sections were digested with 20 μg/ml protein-
ase K (Dako, Glostrup, Denmark) for 15min, immersed in 3%
hydrogen peroxide for 5 min, and incubated with terminal
deoxynucleotidyl transferase at 37 °C for 1 h. The sections
were subsequently incubated with a peroxidase-labeled anti-
digoxigenin antibody at 37 °C for 30 min, visualized with
diaminobenzidine, and counterstained with hematoxylin.
Apoptotic cells were counted manually under a light micro-
scope at a magnification of 200×. The apoptotic index was
calculated as the percentage of cells showing positive TUNEL
staining. TUNEL(+) cells were counted from five random
fields for each rat.
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Western blotting

Renal tissues were used for western blot analysis. Protein
concentrations were measured using the bicinchoninic acid
(BCA) assay (Thermo Scientific, USA). Equal amounts of
boiled protein in loading buffer were separated via SDS-
PAGE us ing 10% Bis -Tr i s NuPAGE ge l s (L i fe
Technologies, USA) and then electrophoretically transferred
to polyvinylidene difluoride membranes (Millipore, USA).
The membranes were subsequently incubated with primary
antibodies (rabbit anti-ROCK, 1:30,000, Abcam, UK; rabbit
anti-Nox4, 1:300, Elabscience, China; rabbit anti-Nox1,
1:200, BOSTER, Wuhan, China; and anti-GAPDH, Cell
Signaling Technology, USA) overnight at 4 °C, followed by
incubation with a secondary antibody (HRP-conjugated goat
anti-rabbit IgG, 1:50,000, BOSTER,Wuhan, China) for 1 h at
room temperature. The membranes were washed three addi-
tional times with TBST; positive antibody reactions were de-
tected using an enhanced chemiluminescence system and
Hyperfilm X-ray film. The resultant protein bands were quan-
tified via densitometry (Quantity One 4.5.0 software; Bio-Rad
Laboratories, Richmond, CA, USA).

RhoA activity assay

RhoA activation was assessed using a RhoA pull-down assay
kit (NewEast Bioscience, Cat. No. 80601, USA) according to
the manufacturer’s protocol. Briefly, renal tissue was lysed
with lysis buffer from the RhoA pull-down assay kit, and the
total protein concentration was measured using a protein assay
kit (Beyotime, Cat. No. P0010S, China). Each sample was
adjusted to 1 ml with 1× assay/lysis buffer from the RhoA
pull-down assay kit. Then, 1 μl of a monoclonal anti-active
RhoA antibody was added to the tube. Next, 20 μl of protein
A/G agarose beads was quickly added to each tube, and the
mixtures were incubated at 4 °C for 1 h with gentle agitation.
The tubes were centrifuged for 1 min at 5000×g. The beads
were washed three times with 0.5 ml of 1× assay/lysis buffer.
The bead pellet was resuspended in 20μl of 2× reducing SDS-
PAGE sample buffer. Samples were boiled for 5 min, and the
proteins in the supernatants were subjected to 10% SDS-
PAGE and transferred to a PVDF membrane. The proteins
were then analyzed via western blot using an anti-RhoA anti-
body from the RhoA pull-down assay kit at a 1:800 dilution.

Statistical analysis

All data are expressed as means ± S.E.M. Statistical analysis
was performed using SPSS v17.0. Statistical comparisons be-
tween groups were conducted using one-way ANOVA, and
the LSD test was employed for multiple comparisons. Avalue
of P < 0.05 indicated a significant difference.

Results

CIH induced increased hypertension and hyperactivity
of RSNA in rats

As shown in Fig. 1, compared with the RA group, of CIH-V
group of SD rats showed a significant SBP elevation begin-
ning in the second week, and SBP gradually increased
throughout the experimental period in response to CIH.
Moreover, CIH resulted in a significant increase in RSNA
compared with room air exposure, which was (0.77 ± 0.09)
μv/s and (0.26 ± 0.05) μv/s, respectively, P < 0.0001 (Fig. 2 a,
e, f, g). RSNAwas not altered by administration of DMSO or
saline. In addition, CIH resulted in a marked increase in the
NE level in serum (Fig. 3). TUNEL assays showed that CIH-
V group exhibited a significant elevation of apoptosis relative
to RA group (Fig. 4).

CIH induced increased expression of RhoA/ROCK

Western blotting was conducted to measure RhoA-GTP and
ROCK protein expression in renal tissues from the CIH-Vand
RA groups. The expression of RhoA-GTP and ROCK pro-
teins in renal tissues was increased by 1.76- and 1.02-fold,
respectively, in rats exposed to CIH compared with room
air-exposed rats (Fig. 7).

Y27632 suppressed CIH-induced hypertension
and hyperactivity of RSNA

As shown in Fig. 1, treatment with Y27632 was associated
with a significant decrease in SBP compared with vehicle
treatment from the second week of CIH exposure until the
end of the experiment, although there was also a significant
difference between the CIH-Y and RA groups. In addition,
RSNA was inhibited by Y27632 treatment, in spite of ex-
posure to CIH (Fig. 2 d, f, g). Y27632 supplementation
significantly reduced the CIH-induced increase in NE

Fig. 1 SBP in SD rats exposed to CIH (with and without drug
intervention; n = 8) vs. room-air conditions (RA; n = 8).*p < 0.05,
significant difference. n.s. not significant
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levels in serum and apoptosis in renal tissue compared with
vehicle treatment (Fig. 3 and 4). Y-27632 partially inhibited
the increases in SBP and NE levels induced by CIH. Based
on these results, we concluded that the RhoA/ROCK
pathway was involved in the mechanism of CIH-induced
hypertension.

CIH increased oxidative stress and Nox4 expression
in the kidney

Nox4 expression was increased by 1.85-fold in the CIH-V
group relative to the RA group (Fig. 5). However, there was
no significant difference in the expression of Nox1 between
the CIH-V and RA groups (P > 0.05). The SOD level in the
CIH-V group was decreased by 0.45-fold relative to that in the
RA group. TheMDA and ROS levels were increased by 0.82-
and 1.71-fold, respectively, in the CIH-V group relative to the
RA group. Treatment with GKT137831 or NAC resulted in
reductions in MDA and ROS formation as well as recovery of
SOD activity in the CIH-V group (Fig. 6).

GKT137831 and NAC inhibited the elevation of SBP
and enhancement of RSNA in rats exposed to CIH

Figure 1 showed that SBP was significantly lower in the CIH-
G and CIH-N groups than in the CIH-V group. Acute inter-
vention with an antioxidant (GKT137831) or an active oxy-
gen scavenger (NAC) significantly decreased RSNA during
CIH compared with vehicle treatment (Fig. 2 b, c, f, g). In
addition, the NE levels of both the CIH-G and CIH-N groups
were lower than those of the CIH-V group. Administration of
GKT137831 and NAC dramatically attenuated CIH induced
apoptosis (Fig. 4). This evidence demonstrates that
GKT137831 and NAC can partially suppress the increases
in SBP and RSNA induced by CIH.

GKT137831 and NAC inhibited the CIH-induced
increases in RhoA/ROCK expression and oxidative stress

The RhoA-GTP and ROCK expression levels in the CIH-G
group were decreased by 44 and 35%, respectively, and those
in the CIH-N group were decreased by 45 and 37%, respec-
tively, relative to those in the CIH-V group. Neither DMSO
nor saline altered RhoA-GTP or ROCK expression (P > 0.05,
Fig. 7). Although increased oxidative stress was observed in
rats exposed to CIH, as demonstrated by elevated renal tissue
MDA and ROS levels and decreased SOD levels in the CIH-V

�Fig. 2 Original recording and integrated RSNA (renal sympathetic nerve
activity) showing in each group. a CIH-V. bCIH-G. cCIH-N. dCIH-Y. e
RA. f △RSNA of baseline *P < 0.05 vs. CIH-V. g Baseline of RSNA
*P < 0.001 vs. RA, #P < 0.0001 vs. RA. Data are presented as
mean ± SEM, n = 8 rats per group; ANOVA
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group, oxidative stress was significantly reduced by
GKT137831 or NAC treatment (P < 0.05, Fig. 6). Based on
the results, it revealed that GKT137831 and NAC can partially
suppress the increases in SBP and RSNA induced by CIH
through inhibition of RhoA/ROCK pathway.

Discussion

OSA syndrome is usually associated with daytime sleepiness,
fatigue, and deficits in attention and executive function [25,
26]. In fact, OSA has been considered to represent an inde-
pendent risk factor for systemic hypertension and resistant
hypertension [27]. The sleeper is spared asphyxia by brief
arousal, but the adverse consequences of this event include
sleep fragmentation, further adrenergic activation coupled
with vagal inhibition, surges in BP and heart rate, and a burst
of oxidative stress [28]. Although various mechanisms have
been proposed to underlie the development of hypertension in
OSA, the detailed mechanism linking these two conditions is
still unclear. Hypoxia-reoxygenation is used as a representa-
tive model of OSA [29]. The rat CIH model, in which
hypoxia-reoxygenation episodes are simulated and several
cardiovascular pathologic features of OSA are reproduced, is
the gold-standard model for studying the mechanisms in-
volved in OSA [16, 26, 30, 31]. The present study used an

Fig. 3 NE levels in each group. *p < 0.05, significant difference

Fig. 4 a Representative
microscopy images of tubular
epithelial cell apoptosis (TUNEL
assay, original magnification
×200). b Percentage (%) of
TUNEL (+) cells in kidney
tissues. *p < 0.05, significant
difference
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intermittent hypoxia model under normal pressure conditions
of hypoxia (30 s) and reoxygenation (60 s) in SD rats, and
these conditions were equivalent to severe sleep apnea [32].

Silva et al. [33] have suggested that sympathetic hyperac-
tivity is associated with OSA-related hypertension. Renal
sympathetic innervation may contribute to BP fluctuations.
Denton et al. [34] showed in animal experiments that RSNA
and renal postglomerular vascular resistance were increased in
response to hypoxia. Linz et al. [35, 36] have demonstrated
that repetitive obstructive respiratory events in pigs result in a
postapneic BP increase. These changes are mainly sympathet-
ically driven, as they are attenuated by renal sympathetic de-
nervation. Bao et al. [37] reported that renal artery denervation
eliminated the chronic diurnal changes in mean BP and plas-
ma and renal tissue catecholamine levels in response to epi-
sodic hypoxia. Coincidentally, Fletcher et al. [38] demonstrat-
ed that animals that underwent renal artery denervation
showed unchanged or reduced BP in response to episodic
hypoxia, but that sham-operated animals showed a progres-
sive, sustained increase in resting BP in response to com-
pressed air. The nature of sympathetic hyperactivity in CIH-
exposed animals was further elucidated by Huang et al. [39].
In the present study, we found that BP and RSNA were
significantly higher after 21 days of CIH than before CIH. In
addition, the NE contents in serum were higher in the CIH-V

than in the RA group. Our findings are consistent with those of
previous studies. This evidence indicates that CIH causes hy-
pertension and hyperactivity of renal sympathetic nerves.

RhoA is a member of the Rho subfamily within the RAS
superfamily of monomeric GTPases. RhoA, which exhibits
30% amino acid homology with Ras, has been identified as
a key signaling molecule and plays an important role in
various physiological processes. Rho-family proteins can pos-
sess lipid modifications that target them to cell membranes
and can cycle between GTP- and GDP-bound states [40].
RhoA affects cell migration and cytokinesis through its down-
stream effector ROCK. The RhoA/ROCK pathway plays an
important role in mediating cell functions and is related to the
regulation of vascular tone and oxidative stress [9]. Activation
of RhoA, which involves its migration to the plasma mem-
brane, increases ROCK activity. The RhoA/ROCK pathway
can change the sensitivity of Ca2+ to the systolic system to
influence BP [41]. Specifically, cytosolic Ca2+ not only exerts
direct control over myosin light chain phosphorylation but
also influences vascular smooth muscle contraction by en-
hancing the sensitivity of the contractile apparatus, a process
referred to as BCa2+ sensitization^, which appears to be medi-
ated by the small monomeric G protein RhoA and its target
ROCK [42]. Increased RhoA expression and/or activity could
augment smooth muscle tone and thus contribute to the

Fig. 5 a, c Expression of NOX1
and NOX4 in both CIH-Vand RA
groups. b, d NOX1 and NOX4
changes in renal tissue of rats in
both CIH-V and RA groups.
*p < 0.05 versus RA. n.s. not
significant

Fig. 6 SOD activity (a), MDA content (b), and ROS level (c). Results are expressed as mean ± SEM, n = 8 rats per group. *p < 0.05, significant
difference
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pathogenesis of highly prevalent disorders such as hyperten-
sion [14]. Firth et al. [43] and Lee et al. [44] have detected
increased expression of RhoA/ROCK in spontaneously hy-
pertensive rats. Uehata et al. [14] demonstrated that Y-27632
dramatically reduces BP in rat models of hypertension.
Furthermore, de Frutos et al. revealed that activation of
ROCK in the vasculature could be induced by CIH [45].
Kyan J. Allahdadi et al. [46] demonstrated that the augmented
constrictor response in CIH-induced hypertension is depen-
dent on ROCK. Furthermore, de Frutos et al. revealed that
activation of ROCK could be induced by CIH in the vascula-
ture [45]. Moreover, Ito et al. found that activation of the
Rho/Rho-kinase pathway in the nucleus tractus solitarius
(NTS) contributed to the maintenance of basal BP via the
sympathetic nervous system in spontaneously hypertensive
rats [47–49]. In the current study, we found that the rats in
the CIH-Y group exhibited a non-significant tendency to-
wards increased B compared with the CIH-V group. RhoA
and ROCK expression was significantly higher in the CIH-V
group than in the RA group. In addition, the RSNA of CIH-
exposed rats was attenuated by Y27632 treatment. These find-
ings suggest that the RhoA/ROCK pathway may be a patho-
logical mechanism involved in CIH-induced hypertension.
Several studies [50–54] have demonstrated that excess
RhoA protein signaling is involved in the pathogenesis of
ischemia-reperfusion-induced target organ damage and that
the pattern of hypoxia-reoxygenation is similar to that ob-
served for the pathogenesis of ischemia-reperfusion.

Noxs are membrane-associated enzymes that catalyze the
single-electron reduction of molecular oxygen using either
NADH or NADPH as an electron donor. To date, seven mem-
bers of the Nox family have been identified—Nox1–5 and the
dual oxidases Duox1 and Duox2 [55, 56]. Nox4 is a 578-
amino-acid protein that exhibits 39% sequence identity to
Nox2, with specific conservation of the six membrane-

spanning regions and binding sites for NADPH, flavin adenine
dinucleotide (FAD), and heme [57–60]. Renal cortical Nox4,
which is required for high ROS production and subsequent cell
injury in mesangial cells, podocytes, and tubular epithelial
cells, is the most important enzyme in CIH [61]. Cuevas
et al. [62] investigated renal Nox4 expression and activity as
well as ROS production during the development of hyperten-
sion in mice. Jha et al. [63] demonstrated that deletion of Nox4,
but not Nox1, reduced renal ROS production. The deleterious
effects of ROS on the cardiovascular system are primarily
exerted via modulation of specific signaling pathways [16].
Chi et al. and Knock et al. [64, 65] found that ROS caused
RhoA activation in vascular smooth muscle cells and endothe-
lial cells through an unknown mechanism. Jackson et al. [66]
demonstrated that intrarenal tempol (superoxide dismutase
mimetic) or Y27632 (Rho kinase inhibitor) administration
abolished the interaction between UK14,304 (alpha(2)-
adrenoceptor agonist) and angiotensin II both in vivo and
in vitro; the investigators concluded that Nox/superoxide and
RhoA/ROCK are involved in the interaction between alpha(2)-
adrenoceptors and angiotensin II in renal vascular resistance.
In the present study, RhoA and ROCK expression in renal
tissue was significantly decreased in both the CIH-G and
CIH-N groups compared with the CIH-V group. Although
GKT137831 is a dual Nox1 and Nox4 inhibitor, there is some
indication that its actions in our experiments are due to its
targeting of Nox4 in the kidney [67]. Although we cannot
exclude the possibility that other enzymes are also involved
in CIH, Nox4 may be particularly important in the kidney,
where its expression was increased by CIH and decreased by
treatment with specific inhibitors of Nox1/4, especially in
association with renal oxidative stress and damage.

Based on these findings, we propose the following
mechanisms of CIH-induced hypertension: (1) CIH in-
duced hypertension and overexpression of RhoA and

Fig. 7 a Expression of RhoA-
GTP, total RhoA, and b ROCK in
the kidney of different groups.
RhoA-GTP/total RhoA (c) and
ROCK (d) results are expressed
as mean ± SEM. n = 8 rats per
group. *p < 0.05, significant
difference
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ROCK in rats and inhibition of the RhoA/ROCK path-
way resulted in a decrease in hypertension; thus, we
infer that the RhoA/ROCK pathway plays an important
role in CIH-induced hypertension. (2) Administration of
GKT137831 inhibited CIH-induced overexpression of
RhoA and ROCK and reduction in BP. Based on this
evidence, we conclude that GKT137831 reduces SBP by
inhibiting the RhoA/ROCK pathway; that is, hyperten-
sion induced by CIH was at least partially mediated
through the Nox4-derived ROS/RhoA/ROCK pathway.

Conclusion

In conclusion, we demonstrated a potential role of NOX4 in
the pathogenesis of CIH-induced hypertension. Our results
indicate that the elevation of BP induced by CIH is at least
partially mediated via the Nox4-derived ROS/RhoA/ROCK
pathway. Inhibition of this pathway may have clinical signif-
icance to the treatment of OSA patients.
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