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HIF-1a mediates hypertension and vascular @
remodeling in sleep apnea via hippo-YAP
pathway activation
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Abstract

Background Sleep apnea syndrome (SAS) is associated with hypertension and vascular remodeling. Hypoxia-
inducible factor-1a (HIF-1a) and the Hippo-YAP pathway are implicated in these processes, but their specific roles
remain unclear. This study investigated the HIF-1a/Hippo-YAP pathway in SAS-related hypertension.

Methods We established a rat model of SAS-induced hypertension via chronic intermittent hypoxia (CIH). Rats were
treated with siRNA targeting HIF-1a. Blood pressure, inflammation, oxidative stress, vascular remodeling, and VSMC
function were assessed. In vitro experiments with A7r5 cells and human aortic smooth muscle cells (HA0SMCs)
explored the effects of HIF-1a silencing and YAP1 overexpression.

Results Compared with the control group, the CIH group presented significant increases in both HIF-1a and

YAP1 expression, which correlated with increased blood pressure and vascular changes. HIF-1a silencing reduced
hypertension, oxidative stress, inflammation, and the severity of vascular remodeling. Specifically, siRNA treatment for
HIF-1a normalized blood pressure, decreased the levels of oxidative damage markers (increased SOD and decreased
MDA), and reversed the changes in the levels of inflammatory markers (decreased high-sensitivity C-reactive protein
(hs-CRP), interleukin-6 (IL-6) and soluble E-selectin (sE-s)). Structural analyses revealed reduced vascular smooth
muscle cell proliferation and collagen deposition, along with normalization of cellular markers, such as a-SMA and
TGF-B1. Furthermore, the Hippo-YAP pathway appeared to mediate these effects, as evidenced by altered YAP1
expression and activity upon HIF-1a modulation.

Conclusions Our findings demonstrate the significance of the HIF-1a/Hippo-YAP pathway in CIH-induced
hypertension and vascular remodeling. HIF-1a contributes to these pathophysiological processes by promoting
oxidative stress, inflammation, and aberrant VSMC behavior. Targeting this pathway could offer new therapeutic
strategies for CIH-related cardiovascular complications in SAS patients.
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Introduction

Sleep apnea syndrome (SAS) refers to the number of
repeated apnea and hypopnea events over thirty during
7 h of sleep per night or a sleep apnea hypopnea index>5
times/h (Bhadriraju et al. 2008). Chronic intermittent
hypoxia (CIH), which is related to repeated upper airway
collapse during sleep in SAS patients, is the major physi-
ological feature of SAS and the main stimulus for comor-
bidities of SAS, such as cardiovascular comorbidities and
systemic hypertension (Ma et al. 2016; Jordan et al. 2014).
Numerous studies have revealed that SAS-induced CIH
is an independent risk factor for hypertension (Seravalle
and Grassi 2022; Wang et al. 2016), and the incidence
of hypertension is significantly elevated in SAS patients
(Akashiba et al. 2022). SAS causes or exacerbates hyper-
tension via acute physiological impacts such as elevated
left ventricular afterload, decreased left ventricular pre-
load, increased sympathetic nerve activity, and increased
neurohumoral factors (Floras 2015). Vascular remodel-
ing has been identified as the basis of the pathogenesis
of SAS with hypertension (Arnaud et al. 2020). Therefore,
investigating the underlying mechanism of CIH-induced
hypertension might provide novel therapeutic targets for
clinical practice.

Emerging evidence suggests that alterations in the tran-
scription of hypoxia-inducible factors (HIFs) constitute
a crucial molecular mechanism of SAS in hypertension
(Prabhakar et al. 2020). HIF-1 was the first discovered
part of the HIF family, followed by HIF-2 (Heer et al.
2020). HIF-1 is present in all mammalian cells, but HIF-2
is limited to certain tissues, including developing blood
vessels, the lung, and the adrenal medulla (Zhang and
Kong 2023). Both HIF-1 and HIF-2 can be composed
of an O,-regulated o subunit together with a constitu-
tive B subunit (Ceranski et al. 2023). Hypoxia-inducible
factor-la (HIF-1a) is a subunit of HIF-1 that plays a vital
role in hypoxia-related signaling pathways by modulat-
ing various cellular and molecular events (Li et al. 2019).
HIF-1a has been shown to be highly expressed in patients
with SAS and hypertension (Lu et al. 2017). However, the
specific role and possible mechanism of HIF-1a in the
SAS in patients with hypertension are obscure.

The Hippo-Yes—associated protein (YAP) pathway
affects many diseases (Lv and Ai 2022). YAP1 is a tran-
scriptional activator of Hippo signaling that combines
with the HIF-1a protein in the nucleus and maintains its
stability (Kashihara et al. 2022). As reported previously,
the Hippo—YAP pathway is implicated in promoting
inflammation and oxidative stress in diseases (Zheng et
al. 2021; Shao et al. 2014). In addition, the Hippo—YAP
pathway can change the production of the extracellular
matrix as well as vascular smooth muscle cell growth and
migration, contributing to vascular remodeling (He et al.
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2018). However, the potential of the Hippo—YAP pathway
in SAS-related hypertension is unclear.

Therefore, this study explored the potential of the
HIF-1a/Hippo-YAP pathway in the progression of SAS-
related hypertension.

Materials and methods

Construction of the animal model

The animal experiments were implemented with the
approval of the animal ethical committee of our hospital.
Eight-week-old male Sprague-Dawley rats (Vital River,
Beijing, China) were housed in a specific pathogen-free
room at the proper temperature and provided with ade-
quate food and water. Rats were exposed to CIH via an
anoxic apparatus to establish an animal model of SAS
complicated with hypertension. The specific procedure
was as follows: (a) nitrogen (7%) was added for 1 min to
maintain hypoxia, and (b) oxygen (20%) was added for
0.5 min to maintain reoxygenation. The cycles of a and b
could be repeated every day from 9 am to 5 pm, and the
total experiments lasted for 56 days. The rats were not
given food or water when exposed to CIH via a hypoxic
instrument. The control rats were kept in the same appa-
ratus under normal air conditions (He et al. 2020; Guo
et al. 2022). The blood pressure of the caudal artery was
measured via a blood pressure monitor on days 0, 14,
28, 42, and 56. At the end of the experiment, an animal
model with a blood pressure greater than 150 mmHg was
successfully established.

In vivo HIF-1a treatment

The rats were randomly separated into (a) control, (b)
CIH, and (c) CIH+siRNA-HIF-la groups (n=6 per
group). The recombinant adeno-associated virus (rAAV)
vector was used as a negative control (NC). The rAAV
vector carrying siRNA-HIF-la and the control vec-
tor were obtained from Hanbio (Shanghai, China). Rats
in the CIH+HIF-1a group were injected daily with the
rAAV vector (1x10" vg/100 pL) carrying siRNA-HIF-1a
via the tail vein prior to CIH exposure (Guo et al. 2022).
Fifty-six days later, the rats were euthanized, and blood,
heart tissue, and the abdominal aorta were collected.

RT-qPCR
Total RNA was extracted with TRIzol reagent (Life Tech-
nologies) and reverse transcribed with a 5 x All-In-One
kit (Applied Biological Materials, Canada). Afterward,
gene expression was examined with SYBR Green Master
Mix (Applied Biosystems, USA). GAPDH was used as an
endogenous control, and gene expression was calculated
via the 2742¢T method.
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Immunohistochemistry

In brief, 4-pm paraffin-embedded sections were subjected
to deparaffinization and heat-induced antigen recovery.
Next, the samples were blocked with QuickBlock Block-
ing Buffer (Beyotime) for 30 min, followed by incubation
with primary antibodies containing anti-a-SMA and anti-
TGF-B1 at 4 °C overnight. The secondary antibodies were
then added for cultivation at 37 °C for 1 h. DAPI (Beyo-
time) was used to counterstain the nuclei. Images were
obtained with a microscope (Rueil-Malmaison).

Terminal deoxynucleotidyl transferase UTP nick end
labeling (TUNEL)

Apoptosis in rat heart and aortic tissues was analyzed via
TUNEL assay kit (Roche Applied Science, Switzerland)
following the manufacturer’s instructions. Briefly, tissue
sections were prepared, and the sections were incubated
with 50 pL of TUNEL mixture for 60 min at 37 °C in the
dark. The sections were subsequently washed with PBS
and stained with DAPI. The TUNEL-positive cells were
observed under a Nikon fluorescence microscope (Ti2-U,
Tokyo, Japan).

Western blot

The rat tissues were removed and placed in a 2.0 mL cen-
trifuge tube, followed by treatment with 1 mL of RIPA
lysis buffer containing 10 uL of PMSF protease inhibi-
tor (Beyotime, China). A Nuclear and Cytoplasmic Pro-
tein Extraction Kit (Beyotime, China) was used to isolate
the proteins from the cytoplasm and nuclei, respectively.
The mixture was subsequently homogenized on ice. After
centrifugation, the liquid layer containing the total pro-
tein was transferred to a new tube. After the protein
concentration was determined, the total protein was
separated via SDS-PAGE and then transferred to polyvi-
nylidene difluoride (PVDF) membranes (Millipore, USA).
Afterwards, the membranes were blocked for 2 h with 5%
skim milk powder, followed by incubation with primary
antibodies, including anti-HIF-la (1:1000, ab179483,
Abcam), anti-TGF-f1 (1:1000, ab215715, Abcam), anti-
a-SMA (1:10000, ab124964, Abcam), anti-Ki67 (1:100,
ab231172, Abcam), anti-Bax (1:1000, ab32503, Abcam),
and anti-Bcl-2 (1:1000, ab194583, Abcam), for 12 h as
well as secondary antibodies (1:2000, ab6721, Abcam) for
1.5 h. The protein bands were detected via chemilumi-
nescence reagents (Pierce, USA).

Enzyme-linked immunosorbent assay (ELISA)

The collected blood was centrifuged to isolate the
serum. The serum levels of superoxide dismutase (SOD,
#MBS266897), malondialdehyde (MDA, #MBS268427),
high-sensitivity C-reactive protein (hs-CRP,
#MBS764381), interleukin-6 (IL-6, # MBS2020158) and
soluble E-selectin (sE-s, #MBS2533566) were determined
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with commercial ELISA kits provided by MyBioSource
(San Diego, CA, USA).

Histopathological analysis

After fixation with 4% formaldehyde, the sections were
dehydrated, embedded, and sliced into 5 pm thick sec-
tions. Hematoxylin and eosin (H&E; Sigma-Aldrich,
USA) staining and Masson’s trichrome staining (Maixin
Biotechnology, China) were carried out following the
manufacturer’s instructions. The Masson-stained posi-
tive areas were quantified by Image] software to evaluate
fibrosis.

Cell culture and transfection

Rat aortic smooth muscle cells (A7r5) purchased from
the Chinese Academy of Sciences (Shanghai, China) and
human aortic smooth muscle cells (HAoSMCs) pur-
chased from American Type Culture Collection (ATCC,
MA, USA) were incubated in DMEM (Gibco, USA) sup-
plemented with 10% fetal bovine serum (Gibco, USA)
at 37 °C with 5% CO,. Two specific siRNAs targeting
HIF-1a (siRNA-HIF-1a#1 and siRNA-HIF-1a#2) and the
negative control (siRNA-NC) and a YAP1 overexpression
vector (oe-YAP1) and negative control (oe-NC) were pur-
chased from RiboBio (Guangzhou, China). The cells were
transfected via Lipofectamine 3000 (Invitrogen, USA)
under hypoxic conditions (5% CO,, 1% O,, and 94% N,).

EdU

The cells were plated into 48-well plates, and cell prolif-
eration was detected via a Cell-Light EAU Apollo 567 In
Vitro Kit (RiboBio, China). The cells were treated with
EdU solution (50 uM) for 2 h at 37 °C and then processed
following the manufacturer’s instructions. Images of
the cells were acquired under a microscope (Olympus,
Japan).

Colony formation assay

Briefly, 2000 cells were plated into 6-well plates for cul-
ture. The cells were grown for 10 days, followed by crystal
violet staining (Solarbio, Beijing, China). The number of
colonies was manually counted.

Flow cytometry

The cells were cultivated in 6-well plates after transfec-
tion. After 48 h, cell apoptosis was determined via a FITC
Annexin V Apoptosis Detection Kit (BD Biosciences,
USA), followed by evaluation via a flow cytometer (BD
Biosciences, USA).

Transwell

The cells were seeded in the upper chamber of a Tran-
swell plate. The lower chamber contained medium sup-
plemented with 10% FBS. After 12 h, the nonmigrated
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cells were removed, and the migrated cells were fixed and
stained with crystal violet. The cells were photographed
under a microscope.

Statistical analysis

Each experiment was performed three times. SPSS 22.0
software (IBM Company, USA) was used for the data
analysis. The differences were analyzed by t tests or one-
way ANOVA. The data are shown as the means*SDs.
P<0.05 indicated statistical significance.

Results

HIF-1a and YAP1 are overexpressed in a rat model of SAS-
Induced Hypertension

We first established that the expression of HIF-1a and its
downstream target YAP1 was increased in a rat model
of CIH, a hallmark of SAS. Using RT-qPCR and west-
ern blot techniques, we demonstrated elevated levels
of both HIF-1a and YAP1 in the cardiac and aortic tis-
sues of CIH-exposed rats than in those of control rats
(Fig. 1A-B). Additionally, we detected the cytoplasmic
and nuclear expression of HIF-1a in heart tissue and aor-
tic tissue. The results showed that CIH induced the trans-
portation of HIF-1a from the cytoplasm to the nucleus,
which indicated that CIH promoted the activation of
HIF-1a in vivo (Fig. 1C). These findings provide a molec-
ular link between SAS and the cardiovascular pathologies
frequently observed in SAS.

Silencing HIF-1a attenuates hypertension, oxidative stress,
and inflammation

To elucidate the functional role of HIF-1« in the patho-
genesis of hypertension associated with SAS, we admin-
istered siRNA targeting HIF-1a to rats prior to exposure
to CIH conditions. The knockdown efficiency of HIF-1a
was validated in the aorta tissues of CIH rats. We also
demonstrated that the downstream target YAP1 was
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upregulated and that its phosphorylation level (p-YAP1)
was reduced in the aortic tissues of CIH rats, whereas
HIF-1a silencing decreased the expression of YAP1 and
elevated p-YAP1 levels, suggesting that the activation of
the Hippo—YAP signaling pathway in CIH rats was sup-
pressed by HIF-1a knockdown (Fig. 2A). Figure 2B shows
a progressive increase in systolic blood pressure over
56 days in the CIH-exposed rats. Conversely, rats in the
CIH+siRNA-HIF-1a group displayed a notable reduc-
tion in blood pressure, underscoring the hypertensive
role of HIF-1a in this model.

Furthermore, we investigated the influence of HIF-1«
on oxidative stress and inflammation, which are critical
components in the development of hypertension in SAS.
Our data, presented in Fig. 2C, indicate that superoxide
dismutase (SOD) activity was significantly compromised
in the CIH group but was preserved upon HIF-1a silenc-
ing, suggesting a protective role against oxidative dam-
age. Additionally, the levels of malondialdehyde (MDA),
a marker of lipid peroxidation, were elevated in the CIH
group but were mitigated by siRNA-HIF-la treatment
(Fig. 2D).

Inflammatory profiling further revealed elevated levels
of high-sensitivity C-reactive protein (hs-CRP), inter-
leukin-6 (IL-6), and serum endothelin (s-Es) in the CIH
group. Notably, these inflammatory markers were sub-
stantially reversed following the depletion of HIF-la
(Fig. 2E). These findings suggest that HIF-la not only
contributes to the hypertensive response but also modu-
lates oxidative stress and inflammation in this rat model
of SAS-induced hypertension.

Silencing HIF-1a attenuates SAS-Induced Vascular
Remodeling

We investigated the effects of HIF-la silencing on
structural alterations characteristic of vascular remod-
eling. Histological analysis via H&E staining revealed
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Fig. 1 Elevated HIF-1a and YAP1 expression in a rat model of SAS-induced hypertension. (A-B) RT-gPCR and western blot analysis revealed significantly
increased expression of HIF-1a and its downstream target YAP1 in both the heart and aortic tissues of rats exposed to chronic intermittent hypoxia (CIH)

compared with those of controls. n=6 per group. (C) Western blotting was
heart and aortic tissues. The data are shown as the means +SDs. (**P<0.01)

used to detect the expression of HIF-1a in the cytoplasm and nucleus of rat
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Fig. 2 HIF-1a knockdown attenuates hypertension, oxidative stress, and inflammation in SAS. (A) Western blotting was performed to detect the protein
expression of HIF-1a, YAP1, and p-YAP1 in the aortic tissues of rats in the control, CIH and CIH+ siRNA-HIF-1a groups. (B) Systolic blood pressure measure-
ments over a 56-day CIH exposure period. Compared with those in the CIH-only group, the blood pressure of the rats pretreated with siRNA-HIF-1a was
significantly lower. (C-D) ELISA analysis revealed decreased superoxide dismutase (SOD) activity and increased malondialdehyde (MDA) levels, indicative
of oxidative stress, in the CIH group. HIF-1a silencing rescues SOD activity and reduces MDA. (E) Elevated levels of inflammatory markers, including high-
sensitivity C-reactive protein (hs-CRP), interleukin-6 (IL-6), and soluble E-selectin (s-Es), were detected in the CIH group. HIF-1a depletion significantly
normalizes these inflammatory mediators. n=6 per group. The data are shown as the means+SDs. (**P<0.01)

cardiomyocyte degeneration and blood vessel dilation in
the CIH group. Importantly, these pathological changes
were significantly reduced in the rats pretreated with
siRNA-HIF-1a. Additionally, the CIH group exhibited an
irregular arrangement of vascular smooth muscle cells
(VSMCs) and increased thickness of the vascular media
layer, both of which were ameliorated following siRNA-
HIF-1a treatment. Furthermore, Masson’s trichrome
staining revealed increased collagen deposition within
the vessel wall in the CIH group, indicative of vascular
fibrosis; this effect was also mitigated following HIF-1a
knockdown (Fig. 3A-C). To characterize vascular remod-
eling further, we assessed the expression of a-smooth
muscle actin (a-SMA), a marker of the VSMC contrac-
tile phenotype, and transforming growth factor-p1 (TGEF-
B1), a potent profibrotic factor. Immunohistochemistry
and western blot analyses revealed decreased a-SMA
and increased TGF-B1 expression in the CIH group.

Additionally, we verified the CIH-induced upregulation
of HIF-1a and Ki67 and the reduction in TUNEL-positive
cells. Western blot analysis also revealed that the expres-
sion of Ki67 and Bcl-2 was elevated, whereas that of Bax
was decreased in the rat aorta tissue and heart tissue in
the CIH group. Strikingly, these alterations were reversed
following siRNA-HIF-1a administration (Fig. 3D and E),
suggesting that HIF-1a plays a key role in promoting the
phenotypic changes associated with vascular remodeling.

HIF-1a promotes VSMC Proliferation and Migration while
suppressing apoptosis

Given the central role of dysregulated VSMC behavior
in vascular remodeling (Wang et al. 2023a, b), we exam-
ined the effects of HIF-1a on VSMC proliferation, migra-
tion, and apoptosis using the A7r5 cell line and human
aortic smooth muscle cells (HAoSMCs) under hypoxic
conditions. Hypoxia significantly upregulated HIF-la
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wall thickness and fibrotic areas following HIF-1a silencing. (D) Immunohistochemical staining revealed decreased a-smooth muscle actin (a-SMA) and
increased transforming growth factor-1 (TGF-31), Ki67 and HIF-1a expression in CIH-exposed hearts and aortas. siRNA-HIF-1a treatment reversed these
changes. TUNEL assays were used to detect apoptosis in the rat heart and aorta. (E) Western blot analysis revealed downregulation of a-SMA and Bax
and upregulation of TGF-31, Ki67, and Bcl-2 in the CIH group, with restoration upon HIF-1a knockdown. n=6 per group. The data are shown as the

means+SDs. (**P<0.01)

expression in A7r5 cells and HAoSMCs (Fig. 4A, Figure
S1A). Silencing HIF-1a with siRNA effectively reduced
HIF-1a levels in hypoxia-exposed cells (Fig. 4B, Figure
S1B).

EdU and colony formation assays revealed a marked
decrease in the proliferative capacity of HIF-1la-silenced
A7r5 cells and HAoSMCs compared with that of the
hypoxia control group (Fig. 4C and D, Figure S1C-D).
Moreover, flow cytometry analysis revealed increased
apoptosis in A7r5 cells and HAoSMCs after HIF-la
knockdown (Fig. 4E, Figure S1E). Consistent with these
findings, Transwell migration assays revealed signifi-
cantly reduced cell migration following HIF-1a silencing
(Fig. 4F, Figure S1F).

These findings underscore the critical role of HIF-1«
in regulating the key cellular behaviors that contribute to
pathological vascular changes.

HIF-1a modulates VSMC Behavior via activation of the
Hippo-YAP pathway

To elucidate the mechanism by which HIF-la regu-
lates VSMC function, we explored its interplay with the
Hippo-YAP signaling pathway. Notably, HIF-1a silencing

resulted in decreased expression of the transcriptional
coactivator YAPI1, along with increased phosphoryla-
tion of YAP1 (p-YAP1), in A7r5 cells and HAoSMCs,
indicating pathway inactivation (Fig. 5A, Figure S2A).
To confirm the involvement of the Hippo—YAP path-
way, we conducted rescue experiments in which YAP1
was overexpressed in A7r5 cells and HAoSMCs (Fig. 5B,
Figure S2B). YAP1 overexpression successfully reversed
the inhibitory effects of HIF-1a silencing on VSMC pro-
liferation, migration and apoptosis (Fig. 5C and F, Figure
S2C-F). These results highlight the complex regulatory
network involving HIF-1a and the Hippo—YAP pathway,
which orchestrates the cellular dynamics essential for
vascular remodeling under hypoxic conditions.

Discussion

SAS and hypertension coexist and are closely related
(Gonzalez-Pliego et al. 2016). SAS-induced oxidative
stress is the main cause of hypertension (Dumitrascu
et al. 2013). In addition, inflammation is considered
copathogenesis of SAS together with hypertension (Wang
et al. 2023a, b). As a crucial end product of lipid oxida-
tion, MDA induces tissue damage and is a vital index for
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evaluating oxidative damage (Tsikas 2017). SOD is a cru-
cial antioxidant enzyme that over clears reactive oxygen
species (ROS) (Yang et al. 2022). Hs-CRP is an indica-
tor of systemic inflammation (Moutachakkir et al. 2017),
IL-6 can trigger and enhance vascular inflammation and
contribute to SAS (Imani et al. 2020), and sE-s are indi-
cators of endothelial dysfunction (Roldan et al. 2003). In
the present study, the levels of hs-CRP, IL-6 and sE-s in
the serum of SAS-hypertensive rats induced by CIH were
elevated, the MDA level was increased, and the SOD
level was decreased, suggesting that high levels of inflam-
mation and severe oxidative damage are related to SAS
combined with hypertension.

Vascular remodeling is a complicated process involving
thickening of the vascular wall, narrowing of the lumen
and vascular dysfunction (Wang and Khalil 2018). The
imbalance between the proliferation and apoptosis of
VSMCs as well as the transition from a contractile phe-
notype to a synthetic phenotype of VSMCs are crucial
factors for vascular remodeling (Yu et al. 2022). Dur-
ing hypertension, the expression of a-SMA, a systolic
marker of VSMCs, is decreased (Zhang et al. 2017). The
proliferation, migration and synthesis of large amounts
of ECM components in VSMCs can also cause vascu-
lar remodeling (Zou et al. 2022). TGF-p1 induces ECM
deposition along with fibroblast proliferation, stimulates
the transformation of fibroblasts into myofibroblasts,
and promotes vascular remodeling (Jia et al. 2023).
Therefore, a-SMA together with TGF-f1 is a vital indi-
cator of vascular remodeling. In the present study, CIH
exposure reduced a-SMA expression but increased TGF-
B1 expression in rats. Moreover, histological staining
revealed increased collagen deposition and changes con-
sistent with vascular remodeling after exposure to CIH.

Repeated apnea leads to CIH-induced HIF-1a upreg-
ulation and increased ROS production, thus promot-
ing the occurrence of hypertension (Guo et al. 2022). In
this study, HIF-1a expression increased in rats after CIH
exposure. Knockdown of HIF-1a repressed the systolic
blood pressure, oxidative stress, inflammation and vascu-
lar remodeling stimulated by CIH, which was consistent
with the findings of previous studies (Luo et al. 2019).

It is well known that YAP1 can promote VSMC phe-
notypic modulation and vascular remodeling (Osman et
al. 2021; Lin et al. 2018). HIF-1a increases the nuclear
localization of YAP while decreasing its phosphorylation
(Ma et al. 2017). Hypoxia promotes the binding of YAP
to HIF-1a in the nucleus, thereby stabilizing the HIF-1a
protein (Zheng et al. 2023). Our research revealed that
silencing HIF-1a reduced YAP1 expression but increased
p-YAP1 levels. Moreover, overexpression of YAP1
reversed the inhibited proliferation and migration as
well as increased apoptosis in HIF-1a-silenced A7r5 cells
and HAoSMCs, suggesting that HIF-1a promotes VSMC
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proliferation by activating the Hippo—YAP pathway,
which was in line with the findings of a previous study
(Chen et al. 2018).

This study has several limitations. First, only young
adult male rats were used, whereas sleep apnea is com-
monly observed in elderly women in clinical settings.
Future studies should incorporate both aging and sex as
variables to fully explore the role of HIF-1a and its regu-
latory mechanisms. Second, while we investigated the
role of the Hippo—YAP pathway in hypoxia-exposed cells,
further validation of whether HIF-1a exacerbates CIH-
induced hypertension through the Hippo—YAP pathway
in vivo is necessary.

In conclusion, this study is the first to demonstrate that
HIF-1a knockdown alleviates hypertension, inflamma-
tion, oxidative stress, and vascular remodeling in a CIH-
induced hypertension model. These effects are mediated
through the activation of the Hippo—YAP pathway. Our
findings suggest that targeting HIF-1a could be a promis-
ing therapeutic strategy for managing CIH-related hyper-
tension in SAS patients.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/510020-024-00987-5.

[ Supplementary Material 1 J

Acknowledgements
None.

Author contributions

Shoude Zhang: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Writing — original draft preparation.
Yuan Zhao: Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Writing — original draft preparation. Zhanwei Dong:
Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Validation, Visualization, Writing — review & editing. Mao Jin: Conceptualization,
Funding acquisition, Project administration, Resources, Supervision, Validation,
Visualization, Writing — review & editing. Ying Lu: Conceptualization, Data
curation, Formal analysis, Validation, Visualization, Writing — review & editing.
Mina Xu: Conceptualization, Data curation, Formal analysis, Validation,
Visualization, Writing - review & editing. Hong Pan: Conceptualization, Data
curation, Formal analysis, Software, Validation, Visualization, Writing — review

& editing. Guojin Zhou: Conceptualization, Data curation, Formal analysis,
Software, Validation, Visualization, Writing — review & editing. Mang Xiao:
Conceptualization, Data curation, Formal analysis, Software, Validation,
Visualization, Writing — review & editing.

Funding

This work was supported by the Joint Fund Project of the National Key
Laboratory for the Etiology and Prevention of High-Incidence Diseases in
Central Asia Co. built by the Provincial and Ministerial Departments with Aral
Hospital in 2023 (No. SKL-HIDCA-2023-ALE3); the Research Project within the
First Division Aral Hospital in 2023 (No. YNKY-202308); the Hangzhou City
Medical and Health Science and Technology Project in 2023 (No. B20230455);
and the Hangzhou City Medical and Health Science and Technology Project in
2021 (No. A20210546).

Data availability
The corresponding author can provide the data that support the findings of
this study upon request.


https://doi.org/10.1186/s10020-024-00987-5
https://doi.org/10.1186/s10020-024-00987-5

Zhang et al. Molecular Medicine (2024) 30:281

Declarations

Ethics approval and consent to participate

The animal study protocols received approval from the Ethics Committee of
Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, adhering
to both national guidelines and the principles of the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
There are no declared conflicts of interest.

Received: 26 April 2024 / Accepted: 3 November 2024
Published online: 28 December 2024

References

Akashiba T, et al. Sleep Apnea Syndrome (SAS) Clinical Practice guidelines 2020.
Respir Investig. 2022;60:3-32.

Arnaud C, Bochaton T, Pepin JL, Belaidi E. Obstructive sleep apnoea and cardiovas-
cular consequences: pathophysiological mechanisms. Arch Cardiovasc Dis.
2020;113:350-8.

Bhadriraju S, Kemp CR Jr, Cheruvu M, Bhadriraju S. Sleep apnea syndrome: implica-
tions on cardiovascular diseases. Crit Pathw Cardiol. 2008;7:248-53.

Ceranski AK, et al. Hypoxia and HIFs in Ewing sarcoma: new perspectives on a
multi-facetted relationship. Mol Cancer. 2023;22:49.

Chen JY, Zhang YG, Du JD. HIF-1alpha restricts proliferation and apoptosis of
Tca8113 cells through up regulation of Hippo signaling pathway under
hypoxic conditions. Eur Rev Med Pharmacol Sci. 2018;22:6832-7.

de Heer EC, Jalving M, Harris AL. HIFs, angiogenesis, and metabolism: elusive
enemies in breast cancer. J Clin Invest. 2020;130:5074-87.

Dumitrascu R, Heitmann J, Seeger W, Weissmann N, Schulz R. Obstructive sleep
apnea, oxidative stress and cardiovascular disease: lessons from animal stud-
ies. Oxid Med Cell Longev. 2013;2013:234631.

Floras JS. Hypertension and sleep apnea. Can J Cardiol. 2015;31:889-97.

Gonzalez-Pliego JA, Gonzalez-Marines D, Guzman-Sanchez CM, Odusola-Vazquez
SO. [Obstructive sleep apnea syndrome and hypertension. Evidence of their
relationship]. Rev Med Inst Mex Seguro Soc. 2016;54:338-43.

Guo C, Zhang M, SuW, Xu M, Zhao S. miR-199a-5p Relieves Obstructive Sleep
Apnea Syndrome-Related Hypertension by Targeting HIF-1a. J Immunol Res.
2022:7236647.

He J, et al. The role of Hippo/yes-associated protein signalling in vascular
remodelling associated with cardiovascular disease. Br J Pharmacol.
2018;175:1354-61.

He L, Liao X, Zhu G, Kuang J. miR-126a-3p targets HIF-1a and alleviates obstructive
sleep apnea syndrome with hypertension. Hum Cell. 2020;33:1036-45.

Imani MM, et al. Evaluation of serum and plasma Interleukin-6 levels in obstructive
sleep apnea syndrome: a Meta-analysis and Meta-regression. Front Immunol.
2020;11:1343.

Jia P, et al. Liensinine improves Angll-induced vascular remodeling via MAPK/TGF-
betal/Smad2/3 signaling. J Ethnopharmacol. 2023,317:116768.

Jordan AS, McSharry DG, Malhotra A. Adult obstructive sleep apnoea. Lancet
(London England). 2014;383:736-47.

Kashihara T et al. YAP mediates compensatory cardiac hypertrophy through aero-
bic glycolysis in response to pressure overload. J Clin Invest. 2022;132.

Li HS, et al. HIF-1alpha protects against oxidative stress by directly targeting mito-
chondria. Redox Biol. 2019;25:1011009.

Lin M, et al. Yes-associated protein mediates angiotensin ll-induced vascular
smooth muscle cell phenotypic modulation and hypertensive vascular
remodelling. Cell Prolif. 2018;51:e12517.

Lu D, Li N, Yao X, Zhou L. Potential inflammatory markers in obstructive sleep
apnea-hypopnea syndrome. Bosn J Basic Med Sci. 2017;17:47-53.

Page 10 of 10

Luo, et al. CD146-HIF-1alpha hypoxic reprogramming drives vascular remodeling
and pulmonary arterial hypertension. Nat Commun. 2019;10:3551.

Lv H, Ai D. Hippo/yes-associated protein signaling functions as a mechanotrans-
ducer in regulating vascular homeostasis. J Mol Cell Cardiol. 2022;162:158-65.

Ma L, Zhang J, Liu Y. Roles and Mechanisms of Obstructive Sleep Apnea-Hypopnea
Syndrome and Chronic Intermittent Hypoxia in Atherosclerosis: Evidence and
Prospective. Oxid Med Cell Longev. 2016;8215082.

Ma X, Zhang H, Xue X, Shah YM. Hypoxia-inducible factor 2alpha (HIF-2alpha) pro-
motes colon cancer growth by potentiating yes-associated protein 1 (YAP1)
activity. J Biol Chem. 2017,292:17046-56.

Moutachakkir M, Lamrani Hanchi A, Baraou A, Boukhira A, Chellak S. Immunoana-
lytical characteristics of C-reactive protein and high sensitivity C-reactive
protein. Ann Biol Clin (Paris). 2017,75:225-9.

Osman |, et al. YAP1/TEAD1 upregulate platelet-derived growth factor receptor
beta to promote vascular smooth muscle cell proliferation and neointima
formation. J Mol Cell Cardiol. 2021;156:20-32.

Prabhakar NR, Peng YJ, Nanduri J. Hypoxia-inducible factors and obstructive sleep
apnea. J Clin Invest. 2020;130:5042-51.

RoldanV, Marin F, Lip GY, Blann AD. Soluble E-selectin in cardiovascular disease and
its risk factors. A review of the literature. Thromb Haemost. 2003;90:1007-20.

Seravalle G, Grassi G. Sleep apnea and hypertension. High Blood Press Cardiovasc
Prev. 2022,29:23-31.

Shao D, et al. A functional interaction between Hippo-YAP signalling and FoxO1
mediates the oxidative stress response. Nat Commun. 2014;5:3315.

Tsikas D. Assessment of lipid peroxidation by measuring malondialdehyde (MDA)
and relatives in biological samples: Analytical and biological challenges. Anal
Biochem. 2017,524:13-30.

Wang X, Khalil RA. Matrix metalloproteinases, vascular remodeling, and Vascular
Disease. Adv Pharmacol. 2018;81:241-330.

Wang Y, Yang Q, Feng J, Cao J, Chen B.The prevalence and clinical features of
hypertension in patients with obstructive sleep apnea Hypopnea Syndrome
and related nursing strategies. J Nurs Research: JNR. 2016;24:41-7.

Wang G, et al. MicroRNA regulation of phenotypic transformations in vascu-
lar smooth muscle: relevance to vascular remodeling. Cell Mol Life Sci.
20233;80:144.

Wang X, Guan L, Wu C, Zhao'Y, Zhao G. Continuous positive airway pressure may
improve hypertension in patients with obstructive sleep apnea-hypopnea
syndrome by inhibiting inflammation and oxidative stress. Arch Med Sci.
2023b;19:237-41.

Yang J,Wang P, Li S, Liu T, Hu X. Polyamine oxidase triggers H(2)O(2)-Mediated
spermidine improved oxidative stress tolerance of Tomato seedlings sub-
jected to saline-alkaline stress. Int J Mol Sci. 2022;23.

Yu J, et al. LncRNA PSR regulates vascular remodeling through encoding a Novel
protein arteridin. Circ Res. 2022;131:768-87.

Zhang XA, Kong H. Mechanism of HIFs in osteoarthritis. Front Immunol.
2023;14:1168799.

Zhang MJ, et al. TRPV1 attenuates intracranial arteriole remodeling through
inhibiting VSMC phenotypic modulation in hypertension. Histochem Cell
Biol. 2017;147:511-21.

Zheng Z, et al. Hippo-YAP/MCP-1 mediated tubular maladaptive repair promote
inflammation in renal failed recovery after ischemic AKI. Cell Death Dis.
2021;12:754.

Zheng S, Mo J, Zhang J, Chen Y. HIF-Talpha inhibits ferroptosis and promotes
malignant progression in non-small cell lung cancer by activating the
Hippo-YAP signalling pathway. Oncol Lett. 2023;25:90.

ZouF, LiY, Zhang S, Zhang J. DP1 (prostaglandin D(2) receptor 1) activation pro-
tects against vascular remodeling and vascular smooth muscle cell transition
to myofibroblasts in Angiotensin Il-induced hypertension in mice. Hyperten-
sion. 2022;79:1203-15.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿HIF-1α mediates hypertension and vascular remodeling in sleep apnea via hippo–YAP pathway activation
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Construction of the animal model
	﻿In vivo HIF-1α treatment
	﻿RT‒qPCR
	﻿Immunohistochemistry
	﻿Terminal deoxynucleotidyl transferase UTP nick end labeling (TUNEL)
	﻿Western blot
	﻿Enzyme-linked immunosorbent assay (ELISA)
	﻿Histopathological analysis
	﻿Cell culture and transfection
	﻿EdU
	﻿Colony formation assay
	﻿Flow cytometry
	﻿Transwell
	﻿Statistical analysis

	﻿Results
	﻿HIF-1α and YAP1 are overexpressed in a rat model of SAS-Induced Hypertension
	﻿Silencing HIF-1α attenuates hypertension, oxidative stress, and inflammation
	﻿Silencing HIF-1α attenuates SAS-Induced Vascular Remodeling
	﻿HIF-1α promotes VSMC Proliferation and Migration while suppressing apoptosis
	﻿HIF-1α modulates VSMC Behavior via activation of the Hippo–YAP pathway

	﻿Discussion
	﻿References


