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Abstract

Background and Objectives: Renovascular hypertension-induced cardiovascular impairments are associated

with oxidative stress and reduction of nitric oxide bioavailability. This study investigated the effects of nobiletin,
a polymethoxylated flavone found in citrus fruit peel, on vascular function and morpholosgical changes in
two-kidney, one-clip (2K-10)-induced renovascular hypertensive rats.

Method: 2K-1C operation was conducted in male Sprague-Dawley rats (160 -180 ¢) to induce renovascular
hypertension. Three weeks later, hypertensive rats were treated with nobiletin (15 or 30 mg/kg/day) or losartan
(10 mg/ke/day) each group n=6 for 4 weeks. At the end of the experiment, vascular function, histomorphology,
and plasma nitric oxide levels were measured.

Results: Nobiletin at 30 mg/kg/day significantly restored the impaired vasorelaxation responses to acetylcholine
(ACh) in both the aorta and mesenteric vascular beds of 2K-1C hypertensive rats (p<0.05). In addition, nobiletin
markedly decreased mesenteric contractile responses to electrical field stimulation (p<0.05). Notably, daily
administration of 30 mg/kg nobiletin alleviated aortic remodeling and significantly increased nitrite production
in renovascular hypertensive rats (p<0.05).

Conclusion: Nobiletin alleviates vascular dysfunction and morphological alterations in 2K-1C hypertensive rats.
These effects are associated with enhanced nitric oxide bioavailability

Keywords: nobiletin, hypertension, vascular morphology, vascular function, nitric oxide
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Introduction

Renovascular hypertension is one of the
progressive conditions that can lead to declining renal
function and damage to other vital organs.”” Goldblatt
and coworkers developed an experimental animal
model representing renovascular hypertension,
known as the two-kidney, one-clip (2K-1C) model.’
Previous studies reported that the progressive
increase in blood pressure in 2K-1C rats is primarily
mediated by both intra-renal and systemic activation
of the renin-angiotensin system (RAS) which is
involved in elevated oxidative stress.*® Furthermore,
several studies demonstrated that the vascular
endothelial dysfunction in renovascular hypertensive
rats may result from either excessive reactive oxygen
species (ROS) and declined nitric oxide (NO)
bioavailability.”® Notably, ROS such as superoxide
(OZ~_) can reduce NO bioavailability by forming
peroxynitrite (ONOO ), contributing to vascular
dysfunction in hypertension.”® Casto and coworker
found that increased superoxide in the aortic
endothelium impairs vascular relaxation in 2K-1C rats."

For the pharmacological management of
hypertension losartan, an angiotensin Il (Ang II)
receptor blockers (ARBs) have been suggested as one
of first line drugs. Losartan is a selective antagonist of
Ang Il type 1 receptor (AT1R).”” Previous evidence
demonstrated that losartan ameliorated renal and
cardiovascular impairments in hypertensive
patients.””" Nowadays, besides pharmacological
treatment and lifestyle modifications, functional foods
derived from medicinal herbs or plants are gaining
more attention as the alternative treatment of
cardiovascular disease. Nobiletin, a polymethoxylated
flavone mostly found in citrus peel, is one of the
bioactive compounds in citrus fruits that has been
proven to have cardiovascular protective effects. It
exhibited a wide range of pharmacological effects,
including antioxidative property, anti-apoptotic
factors, anti-inflammation and cardiovascular
protection.'®’ Potue and coworkers reported that

nobiletin potentially alleviated L-N°-Nitro arginine

methyl ester (L-NAME)-induced hypertension
through the modulation of Nrf-2/HO-1 and Matrix
Metalloproteinases (MMP) pathways in rats."
Bunbupha and coworkers have demonstrated that
Nobiletin (NB) attenuated aortic remodeling and renal
fibrosis through inhibition of oxidative stress markers
and Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase protein expression in high-fat
diet- induced metabolic syndrome rats."”*° Moreover,
NB had RAS inhibitory and antioxidant effects and
attenuated left venticular dysfunction and remodelling
via restoration of the AT1R/ Janus Kinase/Signal
Transducers And Activators Of Transcription (JAK/
STAT) pathway. NB also resolved renal damage that
was related to modulation of the AT1R/Nox4 cascade
in 2K-1C hypertension’".

However, the effects of NB on vascular
dysfunction and morphology alterations related with
the NO bioavailability in 2K-1C hypertensive model
are still unclear. Therefore, the recent study aimed
to examine the effects of NB on the vascular function
and morphology, and alterations of NO bioavailability
in 2K-1C hypertensive rats.

Material and Methods
Chemicals
Nobiletin was obtained from INDOFINE Chemical
Company, Inc. (NJ, USA). Losartan (Cozaar 50 mg) was
obtained from MSD. Merck & Co., Inc., (NJ, USA). Nitric
oxide assay kit was obtained from Sigma-Aldrich (Saint
Louis, MO, USA). All the other chemicals used in this

study were obtained from standard companies.

Animals

In the present study, male Sprague Dawley rats
weighing 160-180 ¢ were obtained from Nomura Siam
International Co, Ltd., Bangkok, Thailand. All the rats
were housed in the HVAC (heating, ventilation, and
air-conditioning) system (23+2°C). This study
complied with the standard for care and use of
experimental animals that was approved by the
Animal Ethic Committee of Khon Kaen University,
Khon Kaen, Thailand (Permit No. IACUC-KKU-73/63).
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Induction of 2K-1C hypertension

After one week of acclimation period, the rats
were induced to renovascular hypertension by
restriction of renal blood flow. The 2K-1C procedure
was performed under anesthesia with an intraperitoneal
injection of xylazine (5 mg/kg) and zoletil (25 mg/kg).
Thereafter, a silver clip (0.2 mm inner diameter) was
placed on the left renal artery, while the sham rats
were operated without the arterial clip.

The successful rate of the induction procedure
is around 75-80%

Thereafter, hypertension was presented in the
2K-1C operated rats at the 3" week after operation

followed our previous finding.”

Experimental protocols

After 3 weeks of surgery, the rats that had a
systolic blood pressure (SP) > 160 mmHg were included
as 2K-1C hypertensive rats”. The rats were randomly
divided into 5 groups (n = 6 /group) including sham
operated group received vehicle (propylene glycol,
1.5 mL/kg/day), 2K-1C untreated group received
vehicle, 2K-1C treated with NB at dose 15 or 30 mg/
kg/day, and 2K-1C treated with losartan (Los) at dose
10 mg/kg/day. The dose of NB and Los was followed
by previous study”. The treatment period was
conducted for 4 weeks. However, after the induction
process and completion of the experimental period,
the survival rate of rats was approximately 80%.
At the end of the experiment, vascular function,
vascular morphology study and plasma NO2- were

evaluated.

Vascular function study

After isolation, the mesenteric vascular bed was
perfused with oxygenated Krebs solution at 37°C to
ensure tissue viability. Vasoconstrictive responses
were assessed using electrical field stimulation (EFS)
(5-40 Hz; 90 V, 1-ms pulse, 30 s) and by bolus injection
of norepinephrine (NE) (0.15-15 nmol). For vasorelaxation
studies, the tissue was precontracted with methoxamine

(5-7 uM), followed by administration of either

acetylcholine (ACh) or sodium nitroprusside (SNP)
(both 0.1-10 nmol). Changes in mean perfusion
pressure were continuously measured with a pressure
transducer and recorded via a BIOPAC acquisition
system (BIOPAC Systems Inc., California, USA).
To assess vasorelaxation in conduit arteries, thoracic
aortic rings (2-3 mm) were precontracted with
phenylephrine (10 pM). Relaxation responses to
increasing concentrations of either acetylcholine or
sodium nitroprusside (both 0.01-3 pM) were then
monitored in organ baths filled with oxygenated Krebs
solution. Isometric tension was continuously measured
using force transducers connected to a four-channel
bridge amplifier and recorded via a PowerlLab system

(ADInstruments, Australia with Chart v5 software).

Plasma nitrate/nitrite level

Evaluation of systemic NO bioavailability was
represented by the plasma levels of nitrite. The
measurement investigated the conversion of nitrate
to nitrite in plasma using nitric oxide assay kit
(MAK454-1KT, Sigma-Aldrich Crop., Saint Louis, MO,
USA).

Vascular histological and morphology analysis

The aortic tissues were fixed in 4% formalin for
48 h and then processed as previous described.”
The aortic tissues were paraffin embedded and cut
into 5 pm-thick sections. The morphometric changes
in thoracic aorta were evaluated using the hematoxylin
and eosin (H&E) staining techniques. The cross-
sectional area (CSA), aortic wall thickness, lumen
diameter, and wall/lumen ratio were investigated
under a light microscope (Nikon digital sight10, Tokyo,
Japan).

Statistical analysis

The data were presented as mean + standard
error of the mean (SEM). The statistical analysis was
performed using GraphPad prism (version 8.3) with a
one-way analysis of variance (ANOVA), followed by
Turkey’s post hoc test. A p-value of <0.05 was

considered as statistical significance.
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Results

Effect of nobiletin or losartan on vascular contractile
responses to electrical field stimulation (EFS) and
exogenous norepinephrine (NE) in 2K-1C
hypertensive rats

The contractile responses to EFS significantly
increased in the mesenteric vascular beds isolated
from 2K-1C induced hypertensive group compared to
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the sham-operated group (p<0.05; Figure 1A). After 4
weeks of 30 mg/kg of nobiletin or losartan treatment,
the responses significantly reduced, compared to the
2K-1C untreated rats. However, the contractile
responses to exogenous NE were not different among

groups (Figure 1B).
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Figure 1 Effect of nobiletin or losartan on contractile responses to electrical field stimulation (A), and exogenous

norepinephrine (B) in 2K-1C hypertensive rats. Data are expressed as mean + S.E.M. (n =6/¢roup). *: p<0.05 vs
Sham, #: p<0.05 vs 2K-1C. 2K-1C is 2K-1C received vehicle, 2K+NB15 is 2K-1C received nobiletin 15me/ke, 2K+NB30
is 2K-1C received nobiletin 30mg/kg, and 2K+Los10 is 2K-1C received losartan 10 mg/kg.

Effect of nobiletin or losartan on vascular relaxation
responses to vasoactive agents in the mesenteric
in 2K-1C hypertensive rats

The hypertensive untreated rats exhibited the
significant decrease in relaxation responses of
mesenteric vascular beds and aortic rings to ACh
compared to the sham-operated rats (p<0.05; Figure
2A and 2C, respectively). After thoracic oral
administration of 30 mg/kg of nobiletin or losartan,
the relaxation responses to ACh of both types of
vascular were significantly improved, when compared
to hypertensive untreated rats (p<0.05; Figure 2A and
2C, respectively). However, the relaxation responses
to sodium nitroprusside (SNP) in both vascular set ups

did not differ among groups (Figure 2A and 2D).

Effect of nobiletin or losartan on systemic NO
bioavailability in 2K-1C hypertensive rats
Circulating NO bioavailability indicated by
plasma nitrite levels were significantly reduced in the
2K-1C untreated group compared to the
sham-operated group (p<0.05; Figure 3). However,
30 mg/kg of nobiletin or losartan significantly
upregulated the levels of plasma nitrite in hypertensive

rats induced by 2K-1C operation. (p<0.05).
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Figure 2 Effect of nobiletin or losartan on vascular responses to exogenous acetylcholine in mesenteric vascular
beds (A) and thoracic aorta (C), and responses to sodium nitroprusside in mesenteric vascular beds (B) and
thoracic aorta (D) in 2K-1C hypertensive rats. Data are expressed as mean + S.E.M. (n =6/group). : p<0.05 vs
Sham, *: p<0.05 vs 2K-1C, B p<0.05 vs 2K+NB15. 2K-1C is 2K-1C received vehicle, 2K+NB15 is 2K-1C received
nobiletin 15mg/kg, 2K+NB30 is 2K-1C received nobiletin 30mg/kg, and 2K+Los10 is 2K-1C received losartan 10 mg/kg.
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Figure 3 Effect of nobiletin or losartan on plasma nitrite level. Data are expressed as mean + S.EM. (n =6/
group). : p<0.05 vs Sham, *: p<0.05 vs 2K-1C. 2K-1C is 2K-1C received vehicle, 2K+NB15 is 2K-1C received
nobiletin 15mg/kg, 2K+NB30 is 2K-1C received nobiletin 30mg/kg, and 2K+Los10 is 2K-1C received losartan 10
me/kg.
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Effect of nobiletin or losartan on vascular morphology changes in 2K-1C hypertensive rats

A

Sham 2K-1C 2K+NB15 2K+NB30 2K+Los10

According to the H&E staining in the aortic sections, the aortic wall thickness, cross sectional area, and
wall to lumen ratios of 2K-1C untreated group significantly rises, while the lumen diameter was not different,
when compared to sham-operated group (p<0.05). However, oral administration of nobiletin at dose 30 mg/kg
or losartan for 4 weeks considerably suppressed the aortic morphology alterations more than nobiletin at dose

15 mg/kg respectively (p<0.05; Figure 4 A-E).
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Figure 4 Effect of nobiletin or losartan on the vascular morphology changes in 2K-1C hypertensive rats.
Representative figures of aortic sections stained with H&E (200X magnification, scale bar = 100 pym, A).
Semi-quantitative analyses of vascular morphology are represented in aortic wall thickness (B), lumen diameter
(Q), ratios of the wall to lumen (D), and cross-sectional area (E). Data are expressed as mean + S.EM. (n =6/
group). : p<0.05 vs Sham, *: p<0.05 vs 2K-1C, . p<0.05 vs 2K+NB15. 2K-1C is 2K-1C received vehicle, 2K+NB15
is 2K-1C received nobiletin 15mg/kg, 2K+NB30 is 2K-1C received nobiletin 30mg/kg, and 2K+Los10 is 2K-1C
received losartan 10 mg/ks.
Discussion to endothelial function. Additionally, increased
Our findings demonstrated that partial restriction

of left renal arterial blood flow induced by the 2K-1C

vascular contractile responses to EFS in 2K-1C rats

suggest heightened perivascular sympathetic nerve

operation impairs endothelium-dependent
vasorelaxation, as evidenced by reduced responses
to ACh in both resistance and conduit arteries.
Notably, the vascular responses to SNP remained

unaffected, indicating that the impairment is specific

activity under hypertensive conditions. From a
morphological perspective, seven weeks of 2K-1C
induction resulted in vascular remodeling, as shown
by increased aortic wall thickness, cross-sectional

area, and wall-to-lumen ratio. This structural alteration
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was accompanied by reduced NO bioavailability,
evidenced by lower plasma nitrite levels in untreated
hypertensive rats. Importantly, treatment with a higher
dose of nobiletin or losartan for four weeks significantly
improved endothelial-dependent vasorelaxation,
suppressed sympathetic overactivity, attenuated
aortic remodeling, and restored NO bioavailability in
2K-1C hypertensive rats.

In the 2K-1C animal model, numerous studies
have documented progressive deterioration in vascular
function and structure. The narrowing of the renal
artery leads to reduced renal perfusion pressure,
which is sensed by baroreceptors in the afferent
arteriole. Concurrently, decreased sodium delivery to
the distal tubule is detected by macula densa (MD)
cells. These stimuli collectively activate the RAS,
a key driver of blood pressure elevation in this
model. Ang Il, a key effector of the RAS, exerts its
actions primarily through binding to AT1R, resulting in
enhanced sodium and water reabsorption, increased
sympathetic tone, and systemic vasoconstriction — all
of which contribute to sustained hypertension.
Overactivation of RAS components such as ACE, Ang
Il, and AT1R has been associated with elevated blood
pressure and impaired cardiovascular function.””
In line with our previous findings, 2K-1C rats exhibited
systemic ACE overactivity, increased Ang Il levels, and
upregulated AT1R expression in the cardiac tissue,
which were attenuated by nobiletin administration.”
Relatively, the present study showed that an impairment
of vascular endothelial-dependent relaxation
response in 2K-1C rats was alleviated by nobiletin
treatment.

Besides functional impairment, structural
alterations of the aorta were also observed in
renovascular hypertensive rats. Previous studies have
demonstrated that Ang Il, acting via AT1R, stimulates
NADPH oxidase (Nox) activity, leading to increased
production of superoxide anions (O -"). Supportively,
Guo reported that 2K-1C rats exhibited elevated

blood pressure and cardiac remodeling, attributed to

overactivation of the RAS and enhanced ROS production.”
Similarly, Maneesai et al. found that seven weeks of
2K-1C induction led to vascular dysfunction and
cardiac hypertrophy, associated with upregulation of
RAS activity, cardiac OZ-_ production, and increased
TGF-B1 expression.”” Elevated superoxide levels in
vascular endothelial cells react with NO, resulting in
peroxynitrite (ONOQO) formation, which decreases NO
bicavailability a key contributor to both vascular
functional and structural deterioration.”* Wunpathe
and coworkers further demonstrated that overexpression
of Nox subunits (p47 phox and gp91 phox) in aortic
tissue was associated with increased vascular Oz~_
production, elevated circulating malondialdehyde
(MDA) and NE levels, and reduced NO bioavailability
in 2K-1C rats.”® However, our current findings show
that oral administration of nobiletin at 30 meg/kg/day
for four weeks significantly improved vascular
endothelial function, attenuated aortic structural
remodeling, and suppressed sympathetic nerve
overactivity in 2K-1C rats. These effects were
accompanied by enhanced NO bioavailability. The
vascular protective effects of nobiletin are likely
mediated through its antioxidant and anti-inflammatory
properties, consistent with our earlier findings showing
that nobiletin restored oxidative/antioxidative
imbalance and downregulated inflammatory cytokine
expression in cardiac tissue of 2K-1C rats.”

Losartan, an ARB, was used as positive control
in this study. It demonstrated vascular protective
effects in both conduit and resistance arteries,
improving both vascular function and structure.
In addition, treatment with losartan significantly
enhanced NO bioavailability in 2K-1C hypertensive
rats. These beneficial effects are consistent with its
well-established role in inhibiting the RAS, effectively
reducing Ang ll-induced blood pressure elevation,
oxidative stress, inflammatory responses, and
associated cardiovascular abnormalities in animal

models.?*!*
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Conclusion

In conclusion, nobiletin attenuated vascular
remodeling and endothelial dysfunction and reduced
sympathetic nerve overactivity in 2K-1C renovascular
hypertensive rats. These vascular protective effects
were associated with improved nitric oxide (NO)
bioavailability, suggesting a potential therapeutic role
for nobiletin in managing hypertension-related vascular

complications
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