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Abstract

Study Objectives: Obstructive sleep apnea (OSA), is characterized by intermittent hypoxia (IH), and is associated with increased
cardiovascular mortality that may not be reduced by standard therapies. Inappropriate activation of the renin-angiotensin-
aldosterone system occurs in IH, and mineralocorticoid receptor (MR) blockade has been shown to improve vascular outcomes
in cardiovascular disease. Thus, we hypothesized that MR inhibition prevents coronary and renal vascular dysfunction in mice
exposed to chronic IH.

Methods: Human and mouse coronary vascular cells and male C57BL/6] mice were exposed to IH or room air (RA) for 12 hours/day
for 3 days (in vitro) and 6 weeks with or without treatments with spironolactone (SPL) or hydrochlorothiazide (HTZ).

Results: In vitro studies demonstrated that IH increased MR gene expression in human and mouse coronary artery endothelial and
smooth muscle cells. Exposure to IH in mice increased blood pressure, reduced coronary flow velocity reserve (CFVR), attenuated
endothelium-dependent dilation, and enhanced vasoconstrictor responsiveness in coronary, but not renal arteries. Importantly, SPL
treatment prevented altered coronary vascular function independent of blood pressure as normalization of BP with HTZ did not
improve CFVR or coronary vasomotor function.

Conclusions: These data demonstrate that chronic IH, which mimics the hypoxia-reoxygenation cycles of moderate-to-severe OSA,
increases coronary vascular MR expression in vitro. It also selectively promotes coronary vascular dysfunction in mice. Importantly,
this dysfunction is sensitive to MR antagonism by SPL, independent of blood pressure. These findings suggest that MR blockade could
serve as an adjuvant therapy to improve long-term cardiovascular outcomes in patients with OSA.
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Statement of Significance
Obstructive sleep apnea (OSA) affects nearly a billion individuals globally and is often underdiagnosed and underestimated.
Untreated OSA markedly increases the risk of cardiovascular mortality due to the development of OSA-induced coronary micro-
vascular dysfunction (CMD). Standard treatments have failed to consistently improve cardiovascular outcomes in OSA patients.
This necessitates the exploration of adjuvant therapies that can work alongside continuous positive airway pressure (CPAP) to
address this issue. Our study suggests that mineralocorticoid receptor (MR) antagonism can improve both coronary vascular out-
comes and blood pressure in a murine model of OSA. These findings indicate that MR antagonists may serve as a valuable adjuvant
therapy for mitigating CMD in OSA patients and improve their cardiovascular outcomes.
Obstructive sleep apnea (OSA) is a pervasive and chronic condi- [2, 3]. OSA is characterized by intermittent increases in upper
tion, estimated to afflict nearly 1 billion individuals worldwide airway resistance within the context of heightened airway col-

[1], and is an independent risk factor for cardiovascular disease lapsibility, ultimately leading to either reductions or complete



cessation of airflow, termed hypopneas and apneas, respectively
[4]. Importantly, recent evidence indicates that OSA is associated
with coronary microvascular dysfunction (CMD) [5, 6], a power-
ful independent predictor of cardiac morbidity and mortality [7].
Regrettably, the mechanisms underlying adverse cardiovascu-
lar outcomes in OSA remain elusive and the primary treatment
modality for OSA, namely continuous positive airway pressure
(CPAP), has proven disappointingly ineffective in mitigating OSA-
induced cardiovascular risks [8-10] suggesting the need for adju-
vant interventions.

OSA is characterized by several physiological perturbations
with intermittent hypoxia (IH) being particularly notable [11].
These processes subsequently trigger and propagate a diverse
range of pathophysiological consequences, including disruption
of the hypothalamic-pituitary-adrenal axis and activation of the
renin-angiotensin-aldosterone system (RAAS) [12]. While the
exact nature of the relationship between OSA and RAAS activa-
tion remains incompletely understood [13], a reciprocal associ-
ation exists. OSA can instigate RAAS activation, and conversely,
chronic RAAS activation can exacerbate the prognosis and mor-
bidities associated with OSA [14]. Aldosterone and activation of its
cognate receptor, the mineralocorticoid receptor (MR), have been
implicated in vascular dysfunction [15], including CMD [16-19].
Inappropriate MR activation elicits genomic and non-genomic
signaling with detrimental consequences including vascular
inflammation, oxidative stress, fibrosis, endothelial dysfunction,
and cardiac dysfunction [16, 20]. Accordingly, clinical and exper-
imental trials have demonstrated that targeted MR blockade
reduces blood pressure, alleviates oxidative stress and inflam-
mation, and improves vascular and cardiac function [21, 22]. In
murine models, chronic IH exposure has been shown to induce
the development of hypertension over 5 weeks of exposure with
weekly mean increases in systolic blood pressure of 3.5 mmHg as
demonstrated by Fletcher and colleagues [23]. Indeed, repeated
cycles of hypoxia and reoxygenation lead to sustained increases
in blood pressure, driven in part by sympathetic nervous system
activation and RAAS involvement response is a well-established
hallmark of the IH murine model [23]. Given that hypertension
develops relatively rapidly in this model, it is widely used to study
the cardiovascular impacts of OSA, including vascular dysfunc-
tion and in this case, the therapeutic potential of interventions
such as MR antagonism.

Despite these associations, few studies have explored the
effects of MR antagonism in OSA-induced morbidity, with only
a few studies focusing on resistant hypertension in OSA patients
[24, 25]. Additionally, there is a notable lack of experimental stud-
ies using available animal OSA models to assess the impact of MR
signaling in vascular tissues, along with the potential benefits of
MR antagonism on cardiovascular outcomes. Thus, we tested the
hypothesis that spironolactone (SPL), a common MR antagonist,
improves coronary and renal vascular function in mice exposed
to chronic IH mimicking the desaturation profiles of patients with
moderate-to-severe OSA.

In vivo and in vitro models of IH were used in this study to
provide complementary insights into the molecular and physio-
logical mechanisms affected by OSA. The in vivo murine model
is intent on replicating the systemic and integrated physiological
consequences of chronic IH exposures that mimic OSA, including
oxidative stress, inflammation, and tissue-specific hypoxia, which
are known to contribute to vascular dysfunction in OSA patients
[11]. On the other hand, the in vitro model provides an isolated
environment, whereby specific cellular responses, such as the
upregulation of MR in coronary vascular cells, can be assessed
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directly. While the IH conditions differ between the in vivo and
in vitro settings—due to the challenges of rapidly cycling oxy-
gen levels in cell culture without eliciting shear stress—the use
of both models allows for dissecting the cellular mechanisms
and validating findings in a more complex whole-animal system
[26]. This dual approach enhances the translational relevance of
the findings, as it demonstrates the upregulation of MR in both
human and mouse cells in vitro and assesses the functional
impact of MR blockade on vascular outcomes in vivo.

Methods

Animals and treatments

All experiments were approved by the Institutional Animal
Care and Use Committee of the University of Missouri (Protocol
#38864). Male C57BL/6] mice (8-week-old) were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). Animals were
housed in a controlled environment with 12 h light-dark cycles
(07.00-19.00 hours) at constant temperature (26 +0.2°C) with ad
libitum access to water and food (normal chow). For the first set
of experiments, mice were divided into four experimental groups
exposed to either IH or room air control (RA) for 6 weeks and
treated with or without spironolactone (SPL) administered via
time-release (60 days) matrix-driven delivery pellets (SC, 20mg/
kg, Innovative Research of America, Sarasota, FL) [19]. To control
for the blood pressure effects of SPL, a second experiment was
conducted using another four experimental groups exposed to
either IH or RA for 6 weeks and treated with or without hydrochlo-
rothiazide (HTZ). HTZ was dissolved in DMSO and then added to
drinking water (20 mg/kg, MedChemExpress, Monmouth Junction,
NJ) [27] or the same amount of DMSO alone in water (Figure 1). At
the end of the experimental periods, mice were euthanized using
CO, followed by cervical dislocation and exsanguination.

IH exposures

In vitro.

Human and mouse coronary artery endothelial and smooth
muscle cells (SMC) were obtained and grown in their respec-
tive mediums supplemented with growth factors and 5% FBS
(Supplementary Table S1). All the experiments were performed
in passages 3 to 5 with 70%-80% confluence [28]. The cells
were plated onto six-well plates (50k/well). IH was achieved by
cycles of 30 minutes of 0.1% O, + 5% CO, and 30 minutes of 21%
O, +5% CO, repeated 12 times daily for 3 days using Oxycycler
(Biospherix, Lacona, NY). Cells that were concurrently grown in
continuous 21% O, + 5% CO, were used as normoxic controls (RA)
for these experiments. This in vitro IH profile has been previously
demonstrated to induce molecular changes observed in OSA
patients [29].

In vivo.

The IH exposure protocol used has been previously described [30].
Briefly, mice were exposed to IH for 6 weeks, while RA-exposed
control mice were housed in standard housing conditions and
exposed to normoxic gas. IH exposures consisted of alternating
21% F,, and 6% F,, 20 cycles h- [1] for 12 hours day- [1] dur-
ing daylight (07:00-19:00 hours) using a commercially available
system (80 x 50 x 50 cm; Oxycycler A44X0O, BioSpherix, Redfield,
NY, USA). Control conditions corresponded to the same expo-
sures using room air. The IH exposures recapitulate nadir oxy-
hemoglobin saturations in the range of 65%-75%, which are the
primary correlate of moderate-to-severe OSA in humans [31]. All
4-5 mice/cages were freely behaving, had unrestricted access to
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Figure 1. Schematic of experimental treatment groups and measured outcomes.

water and chow, and were placed in normoxic conditions (21%
F,.,) during the dark period (from 19.00 to 07.00 hours).

Blood pressure

Mean arterial blood pressure (MBP) was measured using the tail-
cuff method by volume pressure recording (CODA system, Kent
Scientific, Torrington, CT, USA) in conscious restrained animals
between ZT-5 and 6. The tail-cuff method is reliable and compa-
rable to telemetry measurements using an aortic catheter [32].
Mice were placed in a cylindrical restrainer over a warmed device.
After 30 minutes of habituation, at least 8-10 recordings were
obtained, each separated by 5 minutes. The mean of the lowest
five values for systolic, diastolic, and mean blood pressure were
retained for analyses [33].

Coronary and renal artery function

After euthanasia, the heart was extracted, and the left ante-
rior descending coronary artery was micro-dissected; similarly,
the kidneys were removed, and the second-order renal arteries
were dissected and harvested. Both coronary and renal arteries
were mounted on a wire myograph for isometric tension record-
ings (Danish Myo Technology, Model 630MA, Aarhus, Denmark).
Data were collected and quantified using PowerLab software
(AD Instruments). Excised vessels were normalized to a tension
equivalent to that experienced by the vessels in vivo at 90 mmHg
pressure as previously described [6, 33] in tissue baths containing

warmed (37°C), oxygenated (95% O,, 5% CO,) physiological salt
solution consisting of (in mM): (118.99 NaCl; 4.69 KCI; 1.17 MgSO,,
0.03 EDTA; 2.5 CaClZ 25 NaHCO,; 1.18 KH,PO,; 5.5 glucose). Vessel
viability was assessed by exposure to 80 mM KCl at the start of
reactivity experiments. For vasoconstriction studies, coronary
arteries were challenged with cumulative administration of
U46619 (10°-10°M), while renal arteries were challenged with
phenylephrine (PE, 10°-10-°M). Vasoconstrictive responses were
presented as force generated in millinewton per millimeter (mN/
mm) [33]. For relaxation studies, vessels were pre-constricted
with U46619 (10-°M, coronary) and PE (10’M, renal), before cumu-
lative administration of acetylcholine (ACh; 10°-10°M) and
sodium nitroprusside (SNP; 10°-10~°M). Vasodilator responses
are presented as a percentage of maximal dilation from the pre-
constricted tension, as previously described [6].

Coronary flow velocity reserve

Coronary flow velocity reserve (CEVR) serves as a noninvasive
method for quantitative in vivo assessment of coronary micro-
vascular function and dysfunction in pathologic conditions [34].
The velocity of blood flow in the coronary artery was measured
as described previously [6, 35] using a hand-held 20 MHz Doppler
probe (Indus Instruments, Houston, TX). Under isoflurane anes-
thesia (1.5%-2%) mice were secured in the supine position to a
temperature-controlled platform that included electrocardio-
graphic electrodes placed under each limb. For coronary flow, the



probe tip was placed on the left chest at the level of the cardiac
base and pointed horizontally toward the anterior basal surface
of the heart, and optimal Doppler flow velocity signals were
obtained at a range gate depth of 2.5-3 mm. A computer-based
Doppler signal processor (Model DSPW, Indus Instruments) was
used to store the Doppler signals for analysis. The coronary artery
baseline flow velocity was recorded at 1% isoflurane concentra-
tion. The hyperemic flow velocity was recorded during maximal
vasodilatation induced by 2.5% isoflurane and after three minutes
of isoflurane inhalation. Coronary artery flow velocity reserve was
calculated as the ratio of hyperemic peak flow velocity to baseline
(H/B) peak flow velocity.

RT-PCR

Total RNA was extracted from cell cultures using the RNeasy
Lipid Tissue Mini Kit (Qiagen Germantown, MD) following the
manufacturer’s instructions. Subsequently, the isolated total
RNA was reverse-transcribed into complementary DNA (cDNA)
using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Human and mouse MR gene (Nr3c2)
in addition to housekeeping gene TATA-box binding protein (TBP)
was amplified using their respective primers (Supplementary
Table S2; IDT, Coralville, IA). Furthermore, TagMan gene expres-
sion assays were employed for human MR (Hs01031804_m1) and
mouse MR (MmO01241596_m1) (Fisher Scientific, Waltham, MA).

Statistical analysis

Data analysis was performed using Prism 8 statistical software
(GraphPad, San Diego, CA, USA). Two-way ANOVA with multiple
comparisons followed by the Tukey post hoc test was used for
concentration-response curves, and Two-way ANOVA with mul-
tiple comparisons followed by Tukey post hoc was used for H/B
ratio. Student t-test was used for gene expression analysis. Data
were tested for normal distribution using Shapiro-Wilk test and
expressed as mean + SD. A p value < .05 was considered statisti-
cally significant.

Results

IH in vitro significantly upregulated MR gene
expression in vascular endothelial and SMC

Specifically, compared to RA control, human coronary artery
endothelial and SMC MR gene expression were higher after
[H exposure (2.1+0.2, p<.0001 and 1.8 +0.4, p<.01, respec-
tively; Figure 2). Similarly, IH increased MR expression in both
mouse coronary artery endothelial (2.9 +0.9, p <.0001) and SMC
(1.7 £0.3, p < .001; Figure 2).

Increased blood pressure and coronary
vasodilator dysfunction induced by IH is
prevented by SPL in vivo with no effect on renal
artery vasomotor function

Significant elevations in MBP were observed in IH mice (110 + 6
mmHg) when compared to RA mice (86 +4 mmHg, p<.0001)
that were normalized by SPL treatment (IH-SPL: 93 + 8 mmHg,
p <.0001; Figure 3A). Vasoconstriction responses to U46619 in
coronary arteries were enhanced in [H-exposed mice (2.8 0.2
mN/mm vs. RA: 2.4 + 0.3 mN/mm, p <.05) and were attenuated
in SPL-treated mice (IH-SPL: 2.2 + 0.3 mN/mm, p <.0001; Figure
3B). Moreover, maximal ACh-induced coronary artery relaxa-
tion was impaired in IH (63% + 4% vs. RA: 89 £ 5%, p < .0001) but
was significantly improved by SPL treatment (IH-SPL: 83% + 6%,

Badranetal. | 5

Human Mouse
57 sk * % * % * % . RA
— 4 . e H
52
c ©
= 34
2a
om
- -
32 . o s
| ' E R
L ]
c ] ] I I
EC SMC EC SMC

Figure 2. IH exposure in vitro increases MR gene expression in human
and mouse coronary vascular cells. Fold change in MR gene expression in
human and mouse endothelial cells (EC) and smooth muscle cells (SMC)
after exposure to IH for 3 days (n = 5-6 wells) with 50k cells/well. Data
represented as mean + SD. Statistical analysis was done using the Student
t-test. *p < .01, *p < .001, ***p < .0001. IH, intermittent hypoxia; RA, room
air; MR, mineralocorticoid receptor; TBP, TATA-box binding protein.

p <.0001; Figure 3C). There were no differences between groups
in endothelium-independent vasodilation to SNP (Figure 3D).
Unlike coronary arteries, renal arteries excised from IH mice
did not exhibit increases constrictor responses to PE (6.2 +0.9
mN/mm vs. RA: 6.2 £ 1.8 mN/mm). Treatment with SPL had no
effect on vasoconstrictor responses (IH-SPL: 6.5 + 1.1 mN/mm;
Figure 3E). Similarly, maximal ACh-induced relaxation responses
were not changed in renal arteries from IH mice (84% = 8%)
when compared to RA mice (85% + 9%), with no effect in IH mice
(84% + 12%; Figure 3F). There were no differences between groups
in SNP-induced vasodilation (Figure 3G).

Impaired CFVR elicited by IH is restored with SPL
treatment

Assessment of CFVR in vivo revealed lower maximal hyperemic
flow velocity responses to isoflurane in IH mice (Figure 4A).
Accordingly, the H/B ratios after 6 weeks were significantly lower
in IH mice when compared to RA controls (2.6 £ 0.2 vs. 3.4+ 0.2,
p <.001). Treatment with SPL improved CFVR in mice exposed to
IH (IH-SPL: 3.4 = 0.3, p < .001; Figure 4B).

Coronary vasomotor dysfunction in IH is blood
pressure-independent

MBP was significantly increased in IH mice (109 + 5 mmHg) when
compared to RA controls (88 +6 mmHg, p<.0001). Treatment
with HTZ effectively reduced MBP (IH-HTZ: 95 + 3 mmHg, p <.01;
Figure 5A). However, increased U46619 vasoconstriction in cor-
onary arteries of IH (2.7 + 0.4 mN/mm vs. RA: 2.1+ 0.3 mN/mm,
p <.01) were not attenuated in IH-HTZ mice (2.6 = 0.3 mN/mm,
p > .9; Figure 5B). Moreover, impaired maximal ACh-induced coro-
nary artery relaxation in IH (63% + 5% vs. RA: 90% =+ 5%, p < .0001)
was also not improved in IH-HTZ mice (68% = 5%, p > .9; Figure
5C). There were no differences between groups in SNP-induced
vasodilation (Figure 5D).

Impaired CFVR induced by IH is not improved
with HTZ treatment

CFVR was reduced in IH mice (2.6 +0.2) when compared to RA
controls (3.6 +£0.4, p<.001). Similar to coronary vasomotor
responses, normalization of MPB in IH-HTZ mice did not improve
CFVR (2.9 £0.2, p > .7; Figure 6, A and B).
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Figure 3. SPL treatment normalizes blood pressure and ameliorates coronary, but not renal, artery vasomotor dysfunction in mice exposed to 6 weeks
of TH. (A) Mean arterial blood pressure (MBP). Coronary artery cumulative concentration-response curves to the thromboxane A, analog U46619 (B),
acetylcholine (ACh; C), and sodium nitroprusside (SNP; D). Renal artery cumulative dose-response curves to phenylephrine (PE; E), ACh (F), and SNP
(G). Data are shown as mean + S.D (n = 6-8). Statistical analysis was done using two-way ANOVA followed by Tukey post hoc test. ***p <.0001 for MAP.
p < .05 vs. all groups. IH, intermittent hypoxia; RA, room air; SPL, spironolactone.



2.5% Isoflurane

preey

4 I P
i - ﬂ#
e L Jdﬁt»‘u. e R L 4

1% Isoflurane

e

Badranetal. | 7

1% Isoflurane 2.5% lIsoflurane

e

O g e B

1% Isoflurane 2.5% lIsoflurane

"
M
r

A

¢
.

4- e
®) N =
=2

H/B rati
i

Placebo

SPL

Figure 4. SPL treatment improves CFVR in mice exposed to 6 weeks of IH. (A) Blood flow velocity images of coronary arteries responses at baseline
(1%) and hyperemic inducing (2.5%) concentrations of isoflurane. (B) Coronary flow velocity reserve (CFVR) values are calculated as a ratio of
hyperemic to baseline responses (H/B) to isoflurane. Data represented as mean + S.D (n = 6) mice. Statistical analysis was done using two-way ANOVA
followed by Tukey post hoc test. ** p < .001. IH, intermittent hypoxia; RA, room air; SPL, spironolactone.

Discussion

This study is the first to evaluate the therapeutic potential of
MR antagonism on vascular outcomes in a murine model of
OSA. There are several novel and important findings in the
present study. Firstly, in vitro, [H increases MR gene expression

in both human and mouse coronary artery endothelial and
SMC. Secondly, in vivo IH demonstrates differential impacts on
distinct vascular beds, revealing impairment in coronary, but
not renal, vascular function. Thirdly, MR antagonism using SPL
ameliorates both increased blood pressure and coronary artery
dysfunction in mice subjected to IH. Lastly, our observations
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Figure 5. HTZ treatment normalizes blood pressure but does not attenuate coronary artery vasomotor dysfunction in mice exposed to 6 weeks

of IH. (A) Mean arterial blood pressure (MBP). Coronary artery cumulative concentration-response curves to thromboxane A, analog U46619 (B),
acetylcholine (ACh; C), and sodium nitroprusside (SNP; D). Data are shown as mean + S.D (n = 5). Statistical analysis was done using two-way ANOVA
followed by Tukey post hoc test. fp < .05 vs. RA, ¥p < .05 vs. RA-HTZ. IH, intermittent hypoxia; RA, room air; HTZ, hydrochlorothiazide.

reveal that coronary artery dysfunction induced by IH is inde-
pendent of the concurrent blood pressure elevation, as it is not
mitigated by blood pressure normalization with HTZ. These
findings underscore not only the effectiveness of SPL in reduc-
ing blood pressure but also the direct improvement of vascular
function through MR antagonism under IH conditions. Thus,
these studies provide novel evidence supporting a pathophys-
iological role for MR in the cardiac vasculature and support
therapeutic targeting of MR in IH-induced coronary vascular
dysfunction. Thus, MR antagonists may serve as an effective
adjuvant therapy for OSA patients to improve long-term cardi-
ovascular outcomes.

CMD is an early and independent predictor of cardiac mor-
bidity and mortality [36]. Indeed, prior to the development of
flow-limiting coronary atherosclerosis, CMD is associated with
cardiac injury (i.e. positive troponin) [37]. Assessment of coro-
nary microvascular function in vivo by coronary flow reserve
(CFR) revealed reduced CFR in OSA patients compared to non-
OSA patients indicative of coronary microvascular impairment
[38]. A recent meta-analysis confirmed this significant associa-
tion between OSA and reduced CFR, correlating with OSA sever-
ity [5]. Importantly, we recently published the first evidence of

coronary microvascular dysfunction in a murine model of OSA
[6, 33], highlighting this model as a platform in which to inter-
rogate mechanisms underlying and develop targeted therapies
for OSA-induced coronary microvascular dysfunction. This need
is all the more pressing when considering the limited success
of CPAP therapy in improving cardiovascular outcomes in OSA
patients [8-10].

The cumulative clinical and experimental evidence highlights
chronic IH as a key contributor to the development of CVD in
OSA [11, 39]. IH induces heightened sympathetic activation, oxi-
dative stress, inflammation, dyslipidemia, and insulin resistance,
contributing to elevated blood pressure, endothelial dysfunction,
and atherosclerosis [40]. Numerous studies have shown a sig-
nificant impact of IH exposures on reactivity in multiple vascu-
lar beds [6, 41, 42]. Furthermore, a recent meta-analysis of 112
studies in rodents confirmed that IH significantly increases MBP,
impairs vasodilation, and enhances vasoconstrictor responses in
various vessels such as aorta, femoral, carotid, and mesenteric
arteries [43]. Nevertheless, the current study is one of the few
studies that illustrates the divergence of responses to IH by two
distinct vascular beds in the same animal [44], whereby the antic-
ipated IH-induced coronary artery dysfunction [6, 33] was not
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matched by any measurable changes in renal artery reactivity.
This is particularly intriguing since recent studies have reported
[H-mediated renal damage, including reduced glomerular filtra-
tion rates, decreases in renal perfusion and PO,, enhanced renal
oxidative damage, inflammation, and fibrosis. It is plausible that

IH severity and duration can differentially affect cardiorenal out-
comes [45].

MR expression in the vasculature plays a crucial role in reg-
ulating overall vascular function, affecting blood vessel reac-
tivity, permeability, and structural integrity [16]. Conversely,
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inappropriate MR activation in vascular endothelial and SMC
promotes reactive oxygen species formation, inflammation, vas-
cular stiffness, and fibrosis [46]. Indeed, experimental and clinical
studies have implicated increased MR activation owing, in part,
to high levels of aldosterone in hypertension and other CVDs [15,
16, 20]. Moreover, OSA and experimental IH have been reported
to increase plasma levels of aldosterone and renin, stimulate the
release of ACTH from the pituitary, and enhance cortisol secre-
tion [14]. In our study, we show for the first time that in vitro IH
exposures increase MR gene expression in coronary vascular cells
derived from either human or mouse. Interestingly, a recent study
reported no changes in MR gene expression in cardiomyocytes
obtained from rats exposed to IH [47]. Thus, the upregulation of
MR gene expression in coronary endothelial and SMC suggests
the possibility that vascular MR signaling plays a critical role in
IH-induced CMD, similar to our recent report in obese mice [48].
However, the descriptive nature of our study limits our ability to
explain the observed heterogeneity in response to IH between
renal and coronary blood vessels, which may reflect the involve-
ment of distinct pathways. Furthermore, we did not assess MR
gene expression in renal vascular cells in vitro or compare MR
expression in coronary and renal arteries from mice exposed to
IH. Future studies will adopt a more mechanistic approach to
delineate the pathways underlying MR activation and its contri-
bution to IH-induced vascular dysfunction.

In the current study, we show that male mice exposed to 6
weeks of IH and treated with SPL exhibited marked reductions
in blood pressure coincident with improved coronary artery
function and CFVR. While hypertension is known to impact cor-
onary artery function through hemodynamic stress, resulting in
endothelial dysfunction, impaired vasodilation, and increased
arterial stiffness [49], IH can independently contribute to vascu-
lar dysfunction via non-blood pressure-related mechanisms [14].
Our data demonstrate such a blood pressure-independent effect
of MR blockade to improve coronary vascular function in IH as
normalization of blood pressure in IH with HTZ did not improve
coronary function. Importantly, it has been established that HTZ
does not affect MR expression [27, 50, 51]. This finding is consist-
ent with our previous reports that MR antagonism improves cor-
onary microvascular function in animal models of obesity and
diabetes independent of blood pressure [19, 52]. Thus, this find-
ing underscores critical blood pressure-independent deleterious
effects of IH on coronary microvascular function, while also high-
lighting the involvement of MR activation, as evidenced by the
positive impact of SPL treatment.

We should point out that the cell-specific role of MR cannot
be determined by this study. It remains uncertain whether the
heightened coronary vasoconstriction and impaired coronary
vasodilation can be ascribed to MR effects in endothelial cells (EC),
in SMC, in neither, nor both. Recent studies have shed light on the
distinct roles of MR in SMC versus EC in blood pressure regulation
and microvascular function. Notably, while MR in SMC plays a
crucial role in modulating vascular tone and blood pressure regu-
lation with age [53], endothelial cell MR has a negligible impact on
various blood pressure parameters, including systolic, diastolic,
mean, diurnal, or salt-sensitive hypertension [54]. Specifically,
endothelial cell MR deletion does not significantly alter responses
to typical hypertensive stimuli, such as mineralocorticoid excess
or angiotensin II exposure [54, 55]. It is essential to recognize
however, that endothelial cell MR activation can induce oxidative
stress, inflammation, and endothelial dysfunction, particularly
in the context of diet-induced obesity, emphasizing the intricate
interplay between MR and metabolic factors [56, 57]. In coronary

arteries, MR deletion in EC mitigated enhanced vasoconstrictor
responses under hypertensive conditions [54]. Conversely, smooth
muscle cell MR activation has been implicated in vascular dys-
function by amplifying vasoconstrictor responses and fostering
vascular inflammation [48, 58]. In particular, MR inactivation in
SMC has been demonstrated to improve left ventricular function
and remodeling in obesity and post-myocardial infarction, cou-
pled with preserved CFR and prevention of coronary endothelial
dysfunction [48, 59]. These findings underscore the cell-specific
roles of vascular MR in cardiovascular physiology and pathology
relevant to our findings in IH that warrant further examination.
Despite the upregulation observed in SMC exposed to IH in vitro,
IH had minimal impact on smooth muscle cell function in vivo, as
evidenced by the preserved response to SNP, a direct nitric oxide
donor. This was also the case even after 16 weeks of IH exposure
[33]. This suggests that hypoxia/reoxygenation primarily affects
EC, which are directly exposed to circulating blood, unlike SMC.
In vitro, however, SMCs are directly subjected to hypoxia/reox-
ygenation, potentially accounting for the observed differences.
More definitive studies are needed to elucidate cell-specific,
MR-dependent mechanisms underlying IH-induced vascular
dysfunction.

As in every study, it is important to acknowledge several lim-
itations that warrant consideration. First, more mechanistic
studies are required to investigate vascular bed heterogeneity in
response to IH, with an emphasis on MR-dependent mechanisms
and the specific roles of different vascular cell types. Secondly,
our study was conducted in male mice, and we acknowledge the
importance of examining potential sex differences in response to
IH and MR inhibition. Future studies should address this crucial
aspect to obtain a comprehensive understanding of the effec-
tiveness of MR blockade across genders. Thirdly, IH exposures
and SPL treatment were confined to only 6 weeks. Thus, future
work extending the periods of IH exposure and MR antagonist
treatments is warranted to assess the full extent of potential
cardiovascular benefits of MR inhibition under IH conditions.
Furthermore, we assessed the preventive effects of MR inhibition
but did not explore the impact of such pharmacological inter-
vention on the reversibility of vascular deficits upon initiation
of simulated OSA treatment [33]. Lastly, the interplay between
[H and the obesity- and age-mediated effects on MR activation
and cardiovascular responses to MR antagonists are warranted
in light of the prevalence of these common co-morbid conditions
among patients with OSA [60]. This nuanced examination could
contribute valuable insights into the complex interplay among all
these interwoven factors and enhance our understanding of their
combined impact on cardiovascular health and recovery in the
context of OSA treatment.

In summary, we have shown that chronic IH, mimicking the
hypoxia-re-oxygenation cycles observed in moderate-to-severe
OSA, induces systemic hypertension, and specifically triggers
blood pressure-independent endothelial dysfunction in coronary
arteries, along with a reduction in CFVR in mice. These effects can
be effectively prevented by MR antagonism using SPL highlighting
a critical role for MR activation in IH-mediated CMD and provid-
ing rationale for exploration of MR-based therapeutics as adju-
vant therapies to CPAP to improve long-term cardiac outcomes in
patients with OSA.

Supplementary material

Supplementary material is available at SLEEP online.
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