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Summary: The development of cardiovascular diseases and type 2 diabetes is preceded by the risk factors of metabolic
syndrome (MS) which are often induced by high-carbohydrate high-fat diet (HCHFD) together with sedentary lifestyle.
These risk factors are associated with vascular dysfunction. Our previous study has shown that ursolic acid (UA) prevents
the development of these risk factors of MS induced by HCHFD, but the potential mechanism involved in the amelioration
of vascular oxidative stress induced by HCHFD has not been explained. This study investigated the mechanism by which
dietary UA supplementation improves vascular oxidative stress in male Wistar rats fed a HCHFD. Twenty (20) male Wistar
rats were randomly divided into 4 groups (n =5): 1- normal diet (ND) + distilled water (DW); 2 - ND+UA; 3 - HCHFD+DW;
4 — HCHFD+UA. HCHFD was formulated in-house. The animals were fed their respective diets daily for 20 weeks. The
drinking water of animals fed a HCHFD was augmented with 20% fructose. 250 mg/kg body weight of ursolic acid was
administered orally to UA-treated groups for the last 8 weeks of the study. Body mass index (BMI) and abdominal
circumference were evaluated; serum insulin and nitric oxide were assessed by using enzyme-linked immunosorbent assay
kits; and insulin resistance was determined using the homeostatic model assessment for insulin resistance (HOMA-IR).
Aortic antioxidant enzymes and reactive oxygen species were evaluated. Aorta and adipose tissues’ endothelial nitric oxide
synthase (eNOS) was evaluated using real-time polymerase chain reaction technique. There was a significantly (P<0.05)
lowered BMI percentage increase in the HCHFD+UA-fed animals compared to the HCHFD+DW-fed animals. In the
HCHFD+UA-fed animals, serum insulin and HOMA-IR were significantly (P<0.05) decreased compared to the
HCHFD+DW-fed animals. Serum nitric oxide was significantly (P<0.05) increased in HCHFD+UA-fed animals compared
to the HCHFD+DW-fed animals. In HCHFD+UA-fed animals, aorta superoxide dismutase, catalase and glutathione were
significantly (P<0.05) increased, compared to the HCHFD+DW-fed animals. Aorta reactive oxygen species was significantly
(P<0.05) decreased in HCHFD+UA-fed animals compared to the HCHFD+DW-fed animals. Both aorta and adipose tissue
eNOS mRNA level was significantly (P<0.05) more expressed in the HCHFD+UA-fed animals compared to the
HCHFD+DW-fed animals. Findings from this study showed that ursolic acid supplementation ameliorates vascular oxidative
stress and upregulates eNOS gene in male Wistar rats with high-carbohydrate high-fat diet (HCHFD)-induced metabolic
syndrome.
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INTRODUCTION adolescents, and 39 million children, which will cause about

. . . 167 million people to become ill by 2025 (WHO, 2022). The
Metabolic syndrome (MS) has become a growing epidemic components/diagnostic criteria of MS, which are central

with over one billion people in the world affected (Tran et obesity, elevated blood . .
o . , pressure, impaired glucose
al., 2020). Obesity is a component of MS. According to tolerance, insulin resistance, and dyslipidemia, are risk

recent da}ta, more than 1 b||_||(_)n people in the Worlq are  factors for the development of cardiovascular disease
obese, including 650 million adults, 340 million
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(CVD) and type 2 diabetes (T2D) (O’Neill and O’Driscoll,
2015; Tune et al., 2017). These risk factors, which are often
induced by high-carbohydrate high-fat diet (HCHFD)
(Omodara et al., 2022) together with sedentary lifestyle, are
associated with vascular dysfunction (Tran et al., 2020).
The maintenance of normal vascular homeostasis depends
essentially on healthy endothelial cell layer. In normal
physiology, the endothelium produces several paracrine
factors that regulate vascular tone, limit expression of
proinflammatory molecules, inhibit platelet aggregation,
promote fibrinolysis, and limit smooth muscle proliferation
(Meyers and Gokce, 2007; Lee et al., 2017). Endothelial-
derived nitric oxide (NO) is the principal driver of the
vasodilatory process. eNOS is mostly expressed in
endothelial cells, it synthesizes NO in a pulsatile manner and
its activity is markedly increased when intracellular Ca®
rises. With respect to the regulation of vascular tone, one of
the most important physiological stimuli for eNOS
activation is the frictional force of the flowing blood exerted
on the endothelial cell surface, known as the fluid shear
stress (Shaul, 2002; Lam et al., 2006). This stimulus does
not produce sustained increases in intracellular Ca2+
(Forstermann and Sessa, 2012). When exposed to the
increased shear stress, healthy endothelium responds with
increased NO production owing to the phosphorylation of
eNOS (Corson et al., 1996). Once synthesized, NO diffuses
to VSMC and induces endothelium-dependent, flow-
mediated vasodilatation to accommodate the increased flow
(Rapoport et al., 1983; Forstermann et al., 1986). NO
molecules vasodilate the local vascular smooth muscles by
stimulating guanylyl cyclase and increasing production of
cyclic guanosine monophosphate (cGMP) (Forstermann and
Sessa, 2012). In addition to its vasodilatory effects, NO also
acts as a potent inhibitor of platelet aggregation and
adhesion, interferes with leukocyte adhesion, and inhibits
proliferation of vascular smooth muscles (Forstermann and
Sessa, 2012; Lee et al., 2017). Disruption of these processes
results in unhealthy endothelium which leads to vascular
dysfunction.

Previous data have shown vascular dysfunction in
conduit and small arteries in patients with metabolic
syndrome (Schillaci et al., 2005; Greenstein et al., 2009).
Dysfunctional resistance arteries play a key role in the
development of hypertension and is mediated, at least in
part, by oxidative stress (Schiffrin and Touyz, 2004). In the
vascular system, reactive oxygen species (ROS) are
produced by different cell types, such as endothelial cells,
vascular smooth muscle cells, and inflammatory cells
infiltrating the perivascular tissue (Di et al., 1999; De
Ciuceis et al., 2005). NADPH oxidase represents the major
source of ROS in the vasculature (Schiffrin, 2008). In
addition, the enzyme endothelial NO synthase (eNOS),
which normally is “coupled” and produces NO, under some
conditions, such as in the presence of excess oxidative stress
or decreased tetrahydrobiopterin, is ‘“uncoupled” and
generates superoxide (-O2-). This leads to the production of
reactive nitrogen species, such as peroxynitrite, as a result
of the action of -O2— on NO. Thus, in the vascular system,
oxidative stress from different sources decreases NO
bioavailability, thereby promoting endothelial dysfunction,
vasoconstriction, remodeling, and enhanced systemic
vascular resistance, leading to blood pressure increase
(Touyz and Schiffrin, 2004; Schiffrin, 2008).

Markers of oxidative stress have been studied as a means
to assess endothelial injury and dysfunction because
reduction in NO bioavailability is often due to increased
pro-oxidant stress. Glutathiones maintains thiol groups of
biomolecules in their reduced state and prevents
peroxidation of membrane lipids (Molyneux et al., 2002).
Similarly, high cysteine levels are indicative of increased
oxidative stress. Glutathione is also involved in
transportation of NO (Bohlen et al., 2009). Previous studies
have found associations between increased oxidative stress,
measured as lower glutathione and/or higher cysteine levels
and flow-mediated dilation (FMD), microvascular
vasodilator function, arterial stiffness, and arterial thickness
(Ashfaq et al., 2008; Dhawan et al., 2011; Patel et al., 2011;
Mkhwanazi et al., 2014).

Insulin resistance is marked by hyperinsulinemia and
hyperglycemia. Under normal conditions, insulin enhances
the vasodilatory action of NO and increases its production,
however, display paradoxical vasoconstriction when
exposed to high level of insulin. In patients with insulin-
dependent diabetes mellitus, the serum insulin concentration
is inversely correlated with endothelium-dependent
vasodilation (EDV) (Johnstone et al., 1993). Furthermore,
insulin administration itself impairs endothelial function
(Arcaro et al., 2002). However, this impairment can be
reversed with the administration of antioxidant vitamin C.
This suggests that hyperinsulinemia increases oxidative
stress in the vasculature (Arcaro et al., 2002). Vascular
oxidative stress and overproduction of ROS have a
deleterious effect on eNOS activity and synthesis of NO.
The ROS in insulin-resistant subjects enhance the oxidation
of BH4 to 7,8-dihydrobiopterin (BH2), limiting the amount
of active cofactor available for eNOS function. The activity
of dihydropteridine reductase, an enzyme that regulates the
rate of regeneration of BH4 from BH2, is reduced in insulin
resistance and compounds on the problem with pteridine
metabolism (Shinozaki et al., 2001). Finally, ROS directly
inactivate NO, thereby decreasing its bioavailability.

Nitric oxide (NO) demonstrates its important role in
adipose tissue biology by influencing adipogenesis, insulin-
stimulated glucose uptake, and lipolysis. Endothelial nitric
oxide synthase (eNOS) is an enzyme responsible for NO
formation in adipose cells (Engeli et al., 2004). A study by
Sansbury et al. (2012) demonstrate that increased eNOS
activity prevents the obesogenic effects of high-fat diet
without affecting systemic insulin resistance thereby
stimulating metabolic activity in adipose tissue.

Ursolic acid (UA) is a natural pentacyclic triterpenoid
carboxylic acid that is also known as urson, prunol, malol,
or 3B-hydroxyurs-12-en-28-oic acid (Mbaveng et al., 2014).
UA and its related compounds such as oleanolic acid,
betulinic acid, uvaol or o- and PB-amyrin, are widely
distributed in various plants, and have become integral part
of human diet (Jager et al., 2009; Mbaveng et al., 2014).
Their content and composition differ between various
species, due to the presence and activity of the enzymes
responsible for their synthesis. Dietary sources of UA
include apple (Malus domestica) fruit; apple peels contain
large quantities of ursolic acid and related compounds
(Cargnin & Gnoatto, 2017). Several studies, both in vitro
and in vivo, have revealed that UA has diverse biological
roles, including anti-inflammatory (Kashyap et al., 2016),
anti-oxidative (Liobikas et al., 2011), anti-carcinogenic
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(Shishodia et al., 2003), anti-obesity (Jayaprakasam et al.,
2006), and anti-diabetic activities (Kwon et al., 2018). We
have shown that UA prevents the development of high-
carbohydrate high-fat diet (HCHFD)-induced MS
(Omodara et al., 2022). However, the potential mechanism
involved in the amelioration of vascular dysfunction and
oxidative stress induced by HCHFD has not been explained.
This study investigated the mechanism by which dietary UA
supplementation improves vascular oxidative stress in male
Wistar rats fed a HCHFD.

MATERIALS AND METHODS

Experimental Animals: A total of twenty (20) male Wistar
rats, 8-9 weeks old and weighing 120 - 170 grams were
housed in well-aerated plastic cages and allowed to
acclimatize having free access to commercial grower mash
feed and water ad libitum. After two weeks of
acclimatization, the cages' beddings were changed from
shaving sawdust to aluminium beddings. This allowed us to
quantify spill over food and measure total daily food
consumption.

Table 1:
Macronutrients in a normal diet and HCHF diet

Macronutrient Normal diet HCHF diet
Total carbohydrate (g/100g) 57.24 53.82
Total fat (9/100g) 4.78 17.29
Protein (9/100g) 25.76 14.05
Crude fibre (g/100g) 2.68 1.44

Ash (g/100g) 5.62 3.40
Moisture (g/100g) 4.06 10.02

Note:

Drinking water in the HCHFD-fed rats was augmented with 20%
fructose.

Formulation of High-carbohydrate
(HCHFD):

The high-carbohydrate, high-fat diet (HCHFD) was
formulated in-house following the method of Panchal et al.
(2011) and Wong et al. (2017) with little modification. The
high-carbohydrate, high-fat diet consists of condensed milk
(39.5%), fructose (17.5%), thermally oxidized palm oil
(20%), Powdered rat food (15.5%), Hubble, Mendel &
Wakeman (HMW) salt mixture (2.5%), and water (5%)
together with 20% fructose in drinking water (Omodara et
al., 2022). Proximate analysis of the diets was carried out by
the method of AOAC (2006) and the results are presented in
table 1 below.

High-fat Diet

Preparation of Thermally Oxidized Palm Oil: Fresh palm
oil was thermally oxidized as described previously (Osim et
al., 1992). Briefly, fresh palm oil was subjected to heat at
150°C in a stainless-steel pot. The heating was for five
rounds, and each round lasted 20 minutes. After each round,
the oil was allowed to cool for 5 hours. The obtained
thermally oxidized palm oil was then used in the
formulation of the HCHFD.

Experimental Design: After two weeks of acclimatization,
animals were randomly divided into 4 groups and treated as
follows:

(i) Group 1: Normal diet-fed rats + Distilled water
(ND+DW; n =5),

(ii) Group 2: ND + Ursolic acid (ND+UA; n = 5),

(iii) Group 3: High-carbohydrate high-fat diet-fed rats
(HCHFD) + Distilled water (DW) (HCHFD + DW, n = 5),
(iv) Group 4: HCHFD + Ursolic acid (HCHFD+UA, n
=5).

Feeding of Animals and Administration of Ursolic Acid:
The animals were fed their respective diets daily for 20
weeks. The ND-fed rats were provided with normal tap
water while drinking water in the HCHFD-fed rats was
augmented with 20% fructose. A dose of 250 mg/kg body
weight of ursolic acid (Zhang et al., 2016) was adopted.
Ursolic acid was dissolved in an equal volume of distilled
water and 50% DMSOQ, and administered orally through oral
gavage to both ND+UA and HCHFD+UA groups starting
12 weeks after initiation of the HCHFD for a further 8 weeks
period.

Determination of Percentage Change in Body Mass
Index: All rats were monitored daily for food and water
intake. The body weight of rats was measured every 4 weeks
from week 0 until week 12 and measured weekly from week
12 until week 20 using a standard weighing scale. While
body length (nose to anus) and abdominal circumference
were measured using a standard measuring tape every 4
weeks. The body mass index (BMI) of each rat was
calculated as body weight (in grams) / [body length (in
centimeters)]2 (Panchal et al., 2011). The difference
between BMI values at weeks 0 and 20 were determined and
used to calculate the percentage change (increase).

Calculation of Percentage Change or Increase:

Change = values at week 20 — values at week 0.

If the change is positive, it means there is an increase and if
negative, it means there is a decrease. In this study, all
changes were positive, meaning there were increases.
Therefore, in this study, the percentage increase was
calculated as follows:

Percentage increase (%) = increase/values at week 0 x 100.

Biochemical Analysis, Animal sacrifice, blood sample
collection and tissue processing: At the end of 20 weeks,
animals were fasted overnight for 12 hours and anesthetized
using a combination of 75 mg/kg body weight of ketamine
and 5 mg/kg body weight of diazepam injection, and blood
samples were collected via cardiac puncture (Flecknell,
2009). The blood samples, collected in plain bottles, were
centrifuged for 10 minutes at 6000RPM to harvest the
serum. The serum was collected, stored at -70°C and used
for insulin and nitric oxide assay. Descending abdominal
aorta and adipose tissues were isolated, washed in
phosphate-buffered solution (pH 7.4) and homogenised with
phosphate-buffered solution, centrifuged at 447 x g for
approximately 20 min. The supernatant was carefully
collected and used for the assay of reactive oxygen species,
superoxide  dismutase, catalase, glutathione and
determination of expression levels of eNOS mRNA.

ELISA kits techniques: Insulin ELISA Kkits, nitric oxide
(NO) ELISA kits, reactive oxygen species (ROS) ELISA
Kits, Superoxide dismutase (SOD) ELISA Kits, catalase
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(CAT) ELISA Kkits and glutathione (GSH) ELISA kits were
purchased from Coon Koon Biotech®, Shanghai, China.
The assays were done following the manufacturer’s manual
based on the principles of each of the test. ELISA microplate
reader was used to read the absorbance and the
concentration of the solutions.

Homeostasis Model Assessment for Insulin Resistance
(HOMA-IR): Insulin resistance was determined by the
formula:

HOMA-IR = fasting blood glucose (mg/dl) x fasting insulin
(niu/ml)/405 (Matthews et al., 1985; Cho et al., 2017).

Real-time polymerase chain reaction: The descending
abdominal aorta and retroperitoneal adipose tissues were
harvested and used to determine the levels of expression of
eNOS mRNA by the real-time PCR method. Primer
centrifuging was done using a micro refrigerated centrifuge
(MTX-150) at 15,000 RPM. The primers were then
reconstituted by using 150 pl of PCR graded water. Primer
sequences were designed using the National Center for
Biotechnology Information Primer Design tool. All primers
were purchased from BIONEER, USA. The synthesized
sequences of PCR primers are: eNOS — forward: 5'-
TATTTGATGCTCGGGACTGC-3" and reverse: 5'-
AAGATTGCCTCGGTTTGTTG-3". B-actin — forward: 5°-
TTGTAACCAACTGGGACGATATGG-3 and reverse:
5’-GATCTTGATCTTGATGGTGCTGCTAGG-3". B-actin
primer was used as a housekeeping gene primer to amplify
the endogenous control product (Padilla et al., 2014).

RNA extraction was carried out under ice rack. Samples
were homogenized with a homogenizer and 500 pl of RB
Buffer was added. The lysate was centrifuged at 13,000
RPM for 3 minutes and the supernatant was transferred into
a new microcentrifuge tube. 200 pl of 100% ethanol was
added and mix immediately using pipette. The sample was
then transferred to a binding column in a 2 ml collection
tube, the lid was closed and centrifuged at 14,000 RPM for
20 seconds. 700 pul of RWA1 was added without wetting the
rim and centrifuged at 14,000 RPM for 20 seconds and
supernatant was discarded. The sample was transferred into
another collection tube and 500 ul of RWA2 Buffer was
added without wetting the rim and centrifuged at 14,000
RPM for 20 seconds and supernatant also discarded. The
sample was transferred into another collection tube and 500
pl of RWA2 Buffer was added without wetting the rim and
centrifuged at 14,000 RPM for 4 minutes (2 minutes per
orientation) and supernatant discarded. Ethanol was
completely removed by centrifuging once more at 14,000
RPM for 1 minute. The binding column was then transferred
to a new 1.5 ml tube for elusion by adding 50 pl of ER
Buffer and after waiting for 5 minutes at room temperature
(250C), we centrifuged at 10,000 RPM for 1 minute to elute.
After total RNA extraction, cDNA was synthesized from
total RNA using the High-Capacity cDNA Reverse
Transcription kit (BIONEER, USA). 3 ul of each primer and
17 pl of each RNA, making 20 pl, were added to each
reaction in the reverse transcription premix tube. The tubes
were loaded in the PCR machine at 420C for 1 hour.
Quantitative real-time polymerase chain reaction (PCR) was
performed using the Real-Time PCR Detection System
(Applied Biosystem GeneAmpR). Primers and cDNA were
thawed. A 20-pL reaction mixture containing 10-uL of real-

time PCR reagent (AccuPowerR 2X GreenStarTM gPCR
Master Mix, BIONEER, USA), 4-uL of gene-specific
primers (2-uL for forward primer and 2-pL for reverse
primer) plus 4-uL of cDNA template, together with
appropriate concentration of PCR graded water and ROX
dye in PCR tubes. The mixture was mixed by vortexing and
the tubes were sealed using optical adhesive film for real-
time PCR. Centrifuging was done at 3,000 RPM for 2
minutes and the tubes were loaded into the Real-Time PCR
Detection System. The reactions were performed under the
following conditions:

Table 2:

PCR conditions
Step Temperature Time Cycles
Pre-denaturation 94 °C 5 min 1 cycle
Denaturation 94 °C 30 sec 40
Annealing 54 °C 30 sec Cycles
Extension 72°C 30 sec
Final extension 72°C 5 min

Thereafter, mMRNA expression level was determined as
fold change (FC) as follows:
FC = 2624C9 (Ljvak and Schmittgen, 2001).

Statistical Analysis: Data were expressed as mean *
standard error of the mean (SEM). Data were analyzed using
one-way analysis of variance (ANOVA), followed by the
Tukey post-hoc test. Values at P<0.05 was considered
statistically significant. The SPSS version 23 (IBM,
Armonk, NY, USA) was used for statistical analysis.

RESULTS

Effect of ursolic acid on body mass index in male Wistar
rats fed a high-carbohydrate high-fat diet: Figure 1
shows that the HCHFD+DW group had a significantly
(P<0.05) higher BMI increase (50.0+0.69) compared to the
ND+DW group (23.84+0.57). While the HCHFD+UA-fed
rats had a significantly (P<0.05) lower BMI increase
(34.78£0.30) compared to the HCHFD+DW group

(50.0+0.69).
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Figure 1:

Percentage change in body mass index in male Wistar rats fed
HCHFD and UA. (n = 5 rats per group). UA dose = 250 mg/kg
body weight.

Data were expressed as Mean+SEM (n=5). a = significant vs ND+DW
at P<0.05; b = significant vs ND+UA at P<0.05; ¢ = significant vs
HCHFD+DW at P<0.05. ND+DW: normal diet + distilled water
group; ND+UA: normal diet + ursolic acid group; HCHFD+DW:
high-carbohydrate high-fat diet + distilled water group;
HCHFD+UA: high-carbohydrate high-fat diet + ursolic acid group.
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Effect of ursolic acid on fasting serum insulin in male
Wistar rats fed a high-carbohydrate high-fat diet: Figure
2 shows that there was a significant increase (P<0.05) in

fasting insulin level in the HCHFD+DW group
(123.76£0.95) compared to the ND+DW group
(73.84+0.72). The HCHFD+UA-fed animals had a

significantly lower (P<0.05) insulin level (95.64+0.48)
compared to the HCHFD+DW group (123.76+0.95).
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Figure 2:

Serum insulin concentration in male Wistar rats fed HCHFD and
UA. (n = 5 rats per group). UA dose = 250 mg/kg body weight.
Data were expressed as Mean+SEM (n=5). a = significant vs ND+DW
at P<0.05; b = significant vs ND+UA at P<0.05; ¢ = significant vs
HCHFD+DW at P<0.05. ND+DW: normal diet + distilled water
group; ND+UA: normal diet + ursolic acid group; HCHFD+DW:
high-carbohydrate high-fat diet + distilled water group;
HCHFD+UA: high-carbohydrate high-fat diet + ursolic acid group

Effect of ursolic acid on homeostatic model assessment
for insulin resistance in male Wistar rats fed a high-
carbohydrate high-fat diet: Figure 3 shows that there was
a significant increase (P<0.05) in HOMA-IR level in the
HCHFD+DW group (36.72£0.53) compared to the
ND+DW group (16.70+£0.34). The HCHFD+UA-fed
animals had a significantly lower (P<0.05) HOMA-IR level
(23.0+0.34) compared to the HCHFD+DW group
(36.72+0.53).
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Figure 3:

Homeostatic model assessment for insulin resistance in
male Wistar rats fed HCHFD and UA. (n =5 rats per group).
UA dose = 250 mg/kg body weight. Data were expressed as
Mean+SEM (n=5). a = significant vs ND+DW at P<0.05; b =
significant vs ND+UA at P<0.05; ¢ = significant vs HCHFD+DW at
P<0.05. ND+DW: normal diet + distilled water group; ND+UA:
normal diet + ursolic acid group; HCHFD+DW: high-carbohydrate
high-fat diet + distilled water group; HCHFD+UA: high-
carbohydrate high-fat diet + ursolic acid group.

Effect of ursolic acid on aorta superoxide dismutase in
male Wistar rats fed a high-carbohydrate high-fat diet:
Figure 4 shows that there was a significant decrease
(P<0.05) in the level of aorta SOD in the HCHFD+DW
group (28.82+1.02) compared to the ND+DW group
(48.68+1.10). The HCHFD+UA-fed animals had a
significantly higher (P<0.05) level of aorta SOD
(49.34+1.14) compared to the HCHFD+DW group

(28.82+1.02).
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Figure 4:

Levels of aorta superoxide dismutase in male Wistar rats fed
HCHFD and UA. (n = 5 rats per group). UA dose = 250 mg/kg
body weight. Data were expressed as MeantSEM (n=5). a =
significant vs ND+DW at P<0.05; b = significant vs ND+UA at
P<0.05; ¢ = significant vs HCHFD+DW at P<0.05. ND+DW: normal
diet + distilled water group; ND+UA: normal diet + ursolic acid
group; HCHFD+DW: high-carbohydrate high-fat diet + distilled
water group; HCHFD+UA: high-carbohydrate high-fat diet + ursolic
acid group.

Effect of ursolic acid on aorta catalase in male Wistar
rats fed a high-carbohydrate high-fat diet: Figure 5
shows that there was a significant decrease (P<0.05) in the
level of aorta catalase in the HCHFD+DW group
(39.50+1.50) compared to the ND+DW group (53.32+2.09).
The HCHFD+UA-fed animals had a significantly higher
(P<0.05) level of aorta catalase (57.84+1.50) compared to
the HCHFD+DW group (39.50£1.50).
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Figure 5:

Levels of aorta catalase in male Wistar rats fed HCHFD and UA.
(n =5 rats per group). UA dose = 250 mg/kg body weight.

Data were expressed as Mean+SEM (n=5). a = significant vs ND+DW
at P<0.05; b = significant vs ND+UA at P<0.05; ¢ = significant vs
HCHFD+DW at P<0.05. ND+DW: normal diet + distilled water
group; ND+UA: normal diet + ursolic acid group; HCHFD+DW:
high-carbohydrate high-fat diet + distilled water group;
HCHFD+UA: high-carbohydrate high-fat diet + ursolic acid group.
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Effect of ursolic acid on aorta glutathione in male Wistar
rats fed a high-carbohydrate high-fat diet: Figure 6
shows that there was a significant decrease (P<0.05) in the
level of aorta glutathione in the HCHFD+DW group
(9.7620.19) compared to the ND+DW group (14.58+0.41).
The HCHFD+UA-fed animals had a significantly higher
(P<0.05) level of aorta glutathione (13.58+0.42) compared
to the HCHFD+DW group (9.76£0.19).
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Figure 6:

Levels of aorta glutathione in male Wistar rats fed HCHFD and
UA. (n =5 rats per group). UA dose = 250 mg/kg body weight.
Data were expressed as Mean+SEM (n=5). a = significant vs ND+DW
at P<0.05; b = significant vs ND+UA at P<0.05; ¢ = significant vs
HCHFD+DW at P<0.05. ND+DW: normal diet + distilled water
group; ND+UA: normal diet + ursolic acid group; HCHFD+DW:
high-carbohydrate high-fat diet + distilled water group;
HCHFD+UA: high-carbohydrate high-fat diet + ursolic acid group.

Effect of ursolic acid on serum nitric oxide in male
Wistar rats fed a high-carbohydrate high-fat diet: Figure
7 shows that level of serum NO significantly decreased
(P<0.05) in the HCHFD+DW group (24.30+1.01) compared
to the ND+DW group (28.50+0.96). There was a significant
increase (P<0.05) in the level of serum NO in the
HCHFD+UA-fed animals (38.96+0.97) compared to the
HCHFD+DW group (24.30+1.01).
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Figure 7:

Levels of serum nitric oxide in male Wistar rats fed HCHFD and
UA. (n = 5 rats per group). UA dose = 250 mg/kg body weight.
Data were expressed as Mean+SEM (n=5). a = significant vs ND+DW
at P<0.05; b = significant vs ND+UA at P<0.05; ¢ = significant vs
HCHFD+DW at P<0.05. ND+DW: normal diet + distilled water
group; ND+UA: normal diet + ursolic acid group; HCHFD+DW:
high-carbohydrate high-fat diet + distilled water group;
HCHFD+UA: high-carbohydrate high-fat diet + ursolic acid group.

Effect of ursolic acid on aorta reactive oxygen species in
male Wistar rats fed a high-carbohydrate high-fat diet:
Figure 8 shows that level of aorta ROS significantly
increased (P<0.05) in the HCHFD+DW group
(521.76+£0.84) compared to the ND+DW group
(259.02+0.44). There was a significant decrease (P<0.05) in
the level of aorta ROS in the HCHFD+UA-fed animals
(331.00£0.52) compared to the HCHFD+DW group
(521.76+0.84).
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Figure 8:

Levels of serum nitric oxide in male Wistar rats fed HCHFD and
UA. (n =5 rats per group). UA dose = 250 mg/kg body weight.
Data were expressed as Mean+SEM (n=>5). a = significant vs ND+DW
at P<0.05; b = significant vs ND+UA at P<0.05; ¢ = significant vs
HCHFD+DW at P<0.05. ND+DW: normal diet + distilled water
group; ND+UA: normal diet + ursolic acid group; HCHFD+DW:
high-carbohydrate high-fat diet + distilled water group;
HCHFD+UA: high-carbohydrate high-fat diet + ursolic acid group.

Effect of ursolic acid on aorta eNOS mRNA expression
in male Wistar rats fed a high-carbohydrate high-fat
diet. Figure 9 shows that aortic eNOS mRNA level was
significantly (P<0.05) downregulated in the HCHFD+DW-
fed rats (0.26+£0.06) compared to normal control
(1.00£0.04). Treatment with UA significantly (P<0.05)
upregulated aortic eNOS mRNA level in the HCHFD+UA-
fed rats (0.92+0.03) compared to the HCHFD+DW-fed rats
(0.26+0.06).
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Figure 9:

Aortic eNOS mRNA expression in HCHFD and ursolic acid-
treated male Wistar rats. (n = 5 rats per group). UA dose = 250
mg/kg body weight.

ND+DW: normal diet + distilled water group; HCHFD+DW: high-
carbohydrate high-fat diet + distilled water group; HCHFD+UA:
high-carbohydrate high-fat diet + ursolic acid group.

a = significant vs ND+DW; b = significant vs HCHFD+DW, at
P<0.05
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Figure 10:

Adipose tissue eNOS mRNA expression in HCHFD and ursolic
acid-treated male Wistar rats. (n = 5 rats per group). UA dose =
250 mg/kg body.

ND+DW: normal diet + distilled water group; HCHFD+DW: high-
carbohydrate high-fat diet + distilled water group; HCHFD+UA:
high-carbohydrate high-fat diet + ursolic acid group.

a = significant vs ND+DW; b = significant vs HCHFD+DW, at
P<0.05

Effect of ursolic acid on adipose tissue eNOS mRNA
expression in male Wistar rats fed a high-carbohydrate
high-fat diet: Figure 10 shows that adipose tissue eNOS
mRNA level was significantly (P<0.05) downregulated in
the HCHFD+DW-fed rats (0.31+0.04) compared to normal
control (1.00£0.05). Treatment with UA significantly
(P<0.05) upregulated adipose tissue eNOS mMRNA level in
the HCHFD+UA- fed rats (0.91+0.06) compared to
HCHFD+DW-fed rats (0.31+0.04).

DISCUSSION

The results of this study did not only demonstrate metabolic
syndrome-related HCHFD-induced vascular oxidative
stress, but also showed that ursolic acid has the potential to
ameliorate this effect.

The results of this study showed that HCHFD increased
body mass index (BMI). BMI is a marker of obesity (Novelli
et al., 2007). According to Lobato et al. (2012), the severity
of vascular endothelial dysfunction strongly correlates with
the degree of visceral adiposity, probably due to adipocyte
hypertrophy. Also, 20 weeks of feeding on HCHFD
increased serum insulin and HOMA-IR. The increased
HOMA-IR, which is as a result of increased fasting blood
glucose and serum insulin, suggests insulin resistance. High
fat feeding in mice has been shown to induce insulin
resistance. (Zabolotny et al., 2008; Agouni et al., 2011).
Insulin resistance has been linked to vascular dysfunction
(Eringa et al., 2007).

The findings from this study showed that HCHFD
significantly decreased aorta antioxidant enzymes (SOD,
CAT and GSH). This finding suggests increased vascular
oxidative stress (Panchal et al., 2011). This study also
showed that HCHFD significantly increased levels of aorta
reactive oxygen species (ROS). Fructose feeding is
associated with the induction of oxidative stress (Stanhope
& Havel, 2008). An imbalance between the production of
ROS and the ability of the antioxidant systems to readily
detoxify these reactive intermediates results in oxidative

stress (Stanhope & Havel, 2008). Significant increase in
aortic free radicals combined with decreased aortic
antioxidant defense systems is an indication of vascular
oxidative stress. Free radicals generated in excessive and
uncontrollable amounts under oxidative stress conditions
cause damage to DNA, proteins, and lipids, which can
severely compromise cell health and contribute to disease
development (Birben et al., 2012).
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oxide, AT - adipose tissue, eNOS — endothelial nitric oxide
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Figure 11:
Proposed mechanism by which ursolic acid ameliorate metabolic
syndrome-related HCHFD-induced vascular dysfunction

Results from this study also showed that HCHFD
significantly decreased serum nitric oxide (NO) levels, as
well as aortic and adipose tissue eNOS mRNA levels. This
corroborate the findings of previous studies where they
reported that serum NO was reduced (Panchal et al., 2011)
and eNOS was downregulated (Sansbury and Hill, 2015) in
obese rats. Reduced bioavailability of NO is commonly
attributed to downregulation of eNOS (Sansbury and Hill,
2015). Inflammatory state occurring in metabolic syndrome
has been linked to vascular dysfunction. The cytokine, TNF-
o, which is implicated in the initiation of insulin resistance,
downregulates eNOS abundance by decreasing the stability
of eNOS mRNA (Sansbury and Hill, 2015). Vascular
endothelial dysfunction is not only a consequence of insulin

Ursolic acid improves vascular oxidative stress high-carbohydrate high-fat diet fed rat



274 Niger. J. Physiol. Sci. 39 (2024): Omodara et al.

resistance, but also impairs insulin signaling to further
reduce insulin sensitivity, thereby resulting in a destructive
cycle in metabolic syndrome and diabetes. In obese rats,
altered insulin signaling disrupts insulin-mediated NO
production via downregulation of eNOS expression to
impair vasodilatation in resistance arteries. The involvement
of ROS and subsequent degradation of BH4 (a cofactor
essential for NO synthesis from eNOS) in insulin resistance
is thought to play a role in the impairment of NO-dependent
vasodilatation (Eringa et al., 2007; Trans et al., 2020).

As shown in figure 11, in this present study, obesity, fasting
hyperinsulinemia, insulin resistance and vascular oxidative
stress, all induced by a 20-weeks feeding on HCHFD were
significantly alleviated by UA. Zhang et al. (2016) and
Ramirez-Rodriquez et al. (2017) have reported that the anti-
obesity effect of UA occurs possibly via increased Akt
phosphorylation and improved skeletal muscle glucose
uptake. In this study, the decreased serum insulin and
amelioration of insulin resistance by UA suggests that UA
may have an insulin sensitizing effect.

The findings of this study also showed that UA
significantly increased vascular antioxidant enzymes. This
corroborate the findings of Mason et al. (2020) and may
suggest an enhancement of the antioxidant defense system.
In this present study, UA significantly decreased aortic ROS
level. This is consistent with the findings of Saad et al.
(2015) and Pordanjani et al. (2022).

Findings from this study showed that UA mitigates
vascular oxidative stress through its antioxidative actions
demonstrated by decreased aortic free radicals which were
probably scavenged by the enhanced antioxidant defense
systems.

Also, UA may have the potential to enhance
endothelium-derived vasorelaxation (EDVR) due to its
ability to significantly increase serum NO levels, as well as
aortic and AT eNOS mRNA. The restoration of insulin
sensitizing effect by UA as earlier observed, may have
synergistic effect with NO to increase the vascular
antioxidant defense systems and consequently improve
EDVR.

In conclusion, findings from this study demonstrated that
20 weeks of feeding on HCHFD successfully induced
metabolic syndrome with features such as obesity, insulin
resistance, oxidative stress and impaired vasorelaxation in
aortic vasculature of male Wistar rats. However, 8 weeks
supplementation with UA ameliorated metabolic syndrome-
related insulin insensitivity and oxidative stress in aortic
vasculature of HCHFD-fed male Wistar rats and upregulates
both aortic and adipose tissue eNOS mRNA. Therefore, it
was concluded that UA ameliorates vascular oxidative stress
and upregulates eNOS gene in male Wistar rats with
HCHFD-induced metabolic syndrome.

Further studies, including vascular reactivity and protein
expression studies in aortic vasculature, are recommended.
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