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Abstract

The mangosteen pericarp (MP) has xanthone compounds, particularly alpha-mangostin (a-MG), which have been shown to exhibit
potent antioxidant and anti-inflammatory activities. Physical exercise (PE) has also been shown to have atheroprotective effects.
To date, their combined effect on atherosclerosis has not been studied histologically. This study aimed to investigate the effect of
MP extract combined with PE on atherosclerotic changes in rats fed an atherogenic diet. Twenty-five male Wistar rats (Rattus nor-
vegicus) aged 6-8 weeks were randomly divided into five groups of five rats each: C (control, normal diet), CH (atherogenic diet),
T1 (atherogenic diet plus MP extract 800 mg/kg/day in three divided doses with PE), T2 (atherogenic diet plus MP extract-loaded
nanoemulsion 50 mg/kg/day with PE), and T3 (atherogenic diet plus atorvastatin 1.44 mg/day with PE). The PE protocol involved
daily treadmill running for 60 min at 12 m/min, 5 days/week. All rats were treated for eight weeks. Following eight weeks of
treatment, the animals were sacrificed and the aortic tissues were taken for histological study. The histological features in groups
CH, T1, T2, and T3 were consistent with type Vc atherosclerotic lesion (fibrotic lesion) with intimal thicknesses of 11.99 + 0.88
wm, 3.61 £ 0.53 um, 3.48 + 0.47 um, and 2.96 + 0.20 wm, respectively. A comparative analysis revealed a significant reduction in
intimal thickness in groups T1, T2, and T3 compared to the CH group (p <0.001). Group T2 exhibited a non-significant decrease
compared to group T1 (p = 0.691). Moreover, neither the T1 nor T2 groups significantly differed from the T3 group (p = 0.052 and
0.128, respectively). In conclusion, the combination of MP extract (and its nanoemulsion) and PE decreases atherosclerotic lesions
and provides comparable results to the atorvastatin-treated group, indicating their potential as alternative options for preventing
atherosclerosis.
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Introduction

Despite accelerating advances in its medical and sur-
gical management, coronary artery disease (CAD)
remains a significant health and economic burden
worldwide. According to the Global Burden of Dis-
ease (GBD) 2016 study, CAD was responsible for an
estimated 2.2% of the overall global burden of disease
and 32.7% of cardiovascular diseases (CVD). In the
United States, CAD is estimated to cost the healthcare
system over 200 billion dollars annually [1,2]. Conse-
quently, the main focus of research on CAD has shift-
ed from curative to preventive efforts. CAD refers to a
condition that typically involves the formation of ath-
erosclerotic lesions in the coronary arteries, leading
to a reduction in blood flow and thus oxygen delivery
to the myocardium [3]. Atherosclerosis is a slowly
progressive disease characterized by chronic inflam-
mation, oxidative stress, and the buildup of lipids,
fibrous elements, and calcification within the intima
of large and medium-sized arteries. This pathology is
initiated by endothelial dysfunction in which dyslipid-
emia, diabetes, hypertension, cigarette smoking, and
obesity play a pivotal pathogenic role [4]. CAD can
be prevented by addressing atherosclerosis risk fac-
tors through lifestyle changes and medications such
as statins. However, the use of statins, although ther-
apeutically effective, is not without potential adverse
effects. Rhabdomyolysis, elevation of liver enzymes,
new-onset diabetes mellitus, and intracranial hemor-
rhage have been reported [5]. Moreover, statin thera-
py is only cost-effective for those at high risk of CAD,
but is not cost-effective for other population subsets
[6]. Therefore, the search for effective, safe, and inex-
pensive alternatives to statins is of great interest.
Mangosteen (Garcinia mangostana L.) is a tropical
evergreen tree belonging to the Guttiferae family that
grows indigenously in Southeast Asia and is cultivat-
ed mainly for its edible fruit. The pericarp of the fruit
has a long history of use as a traditional medicine to
treat a wide variety of ailments [7]. Phytochemical-
ly, the mangosteen pericarp (MP) contains bioactive
secondary metabolites like xanthones, mostly al-
pha-mangostin (a-MG), which have been reported to
possess antioxidant, anti-inflammatory, antidyslipid-
emic, antidiabetic, anti-obesity, and cardioprotective
properties [8-13]. Despite its immense therapeutic
potential, a-MG still has limited clinical application.
This is attributed to the low water solubility of a-MG,
which limits its bioavailability. To address the phar-
macological limitations of a-MG, the application of
nanoparticle-based drug formulation has emerged as
a promising solution [14]. In summary, MP shows
promise as an anti-atherosclerotic agent and warrants

further evaluation.

Physical exercise (PE) has been shown to have ben-
eficial anti-atherogenic effects, including decreased
oxidative stress and inflammation [15]. The combined
treatment of PE with dietary antioxidants, such as vi-
tamins C and E, significantly decreased the progres-
sion of atherosclerotic lesions and prolonged survival
in hypercholesterolemic mice [16,17]. However, little
is known regarding the effect on atherosclerosis of
combining PE and MP extract. Thus, the present study
aimed to investigate the effect of MP extract (and its
nanoemulsion) and PE on atherosclerotic changes in
rats fed an atherogenic high-cholesterol diet.

Methods

This experimental laboratory study was conducted in
the Biomolecular Laboratory of the Universitas Islam
Sultan Agung (Semarang City, Central Java, Indone-
sia). The experimental protocols were approved by the
Health Research Ethics Committee of Universitas Di-
ponegoro, Faculty of Medicine (approval number: 51/
EC/H/FK-UNDIP/VI1/2022) and followed the national
guidelines for the care and use of laboratory animals.

Animals and experimental design

Twenty-five male Wistar rats (Rattus norvegicus) aged
6-8 weeks with an average body weight of 309+41 g
were obtained from the Experimental Animal Re-
search Laboratory, Universitas Negeri Semarang. The
animals were caged individually at room temperature
and humidity with a 12 h light/dark cycle and were
provided with a standard pellet diet and water ad /ibi-
tum for one week before starting the experiment. After
one week of acclimatization, the rats were randomly
divided into five groups of five: C (control, normal
diet), CH (atherogenic diet), T1 (atherogenic diet plus
MP extract 800 mg/kg/day in three divided doses with
PE), T2 (atherogenic diet plus MP extract-loaded na-
noemulsion 50 mg/kg/day with PE), and T3 (athero-
genic diet plus atorvastatin 1.44 mg/day with PE). The
dosage of MP extract was selected according to an
earlier report, which identified 800 mg/kg/day as the
most efficacious dose [18]. The preparation and dos-
age of nanoemulsion were adapted based on a previous
study that demonstrated improved oral bioavailability
of a-MG with a dosage of 50 mg/kg/day [19]. To con-
form to the human daily dose of atorvastatin (80 mg/
day), the rat dose was adjusted based on the ratio of
human to rat body surface area [20]. The PE protocol
consisted of daily exercise of 60 min of running at 12
m/min, 5 days/week on a customized rodent treadmill
set at 0° incline. A modified version of a previously
evaluated PE protocol was used [21]. The experiment
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was continued for eight weeks, after which the ani-
mals were sacrificed by chloroform inhalation and the
aortic tissues were collected for histological analysis.

Atherogenic diet

Rats in groups CH and T1-3 were fed with an athero-
genic diet containing high levels of fat (20-23% by
weight; 40-45% kcal from fat), saturated fatty acids
(>60% of total fatty acids), butterfat, sucrose (34% by
weight), and cholesterol (0.2% total) for eight weeks
to induce hypercholesterolemia and atherosclerosis.

Preparation of MP Extract and Nanoemul-
sion

The MP extract employed in this study was the stan-
dardized herbal product Mastin® (Borobudur Natural
Herbal Industry, Semarang, Indonesia). It was pre-
pared from dried fruit pericarp using a 10:1 ratio of
raw material to final product, employing a percolator
system extraction method with 70% ethanol as the sol-
vent. Thin-layer chromatography was used to confirm
that the final extract contained a minimum of 25%
0-MG. The extract was then dried using a vacuum belt
dryer. The required MP extract was weighed and dis-
solved in distilled water prior to feeding. The bioavail-
ability of bioactive compounds in the MP extract can
be improved using nanoemulsion formulation. Brief-
ly, high-energy ultrasonication technique was utilized
to prepare the MP extract-loaded nanoemulsion sys-
tem [19]. The oil phase was prepared by mixing oleic
acid and isopropyl myristate using a magnetic stirrer
at 2000 rpm and 40 °C for 30 min. Cremophor® EL
(polyoxyl 35 castor oil) was added and the mixture
was stirred at 2000 rpm and 40 °C for 30 min. Then,
ethanol and MP extract were added to the oil mixture
and stirring was continued at 2000 rpm and 40 °C for
120 min. The aqueous phase (distilled water) was then
gradually poured over 60 min into the lipid phase at a
stirring speed of 2000 rpm at room temperature. Final-
ly, the generated nanoemulsion was ultrasonicated at a
power of 1 kW for 10 min.

Histological analysis

After sacrificing the rats, the aorta was removed and
fixed in 10% neutral buffered formalin. Transverse
sections from aortic specimens were obtained from
the aortic arch and aortic sinus. These samples were
embedded in paraffin blocks, sectioned, and stained
with hematoxylin-eosin (HE) for microscopic evalua-
tion by two anatomical pathologists who were blinded
to group assignment. The histopathologic atheroscle-
rotic lesions of the aorta were classified according to
the American Heart Association (AHA) classification
[22]. Several histological features were evaluated, in-

cluding intimal thickness and the presence of foam
cells, lipid-laden smooth muscle cells, extracellular
lipid pools and cores, calcium deposits, fibrous tissue,
fissures, hematoma, and thrombus. For each section,
the evaluation was performed on four microscopic
fields (12, 3, 6, and 9 o'clock positions) at 400x mag-
nification. Photomicrographs were obtained using a
Nikon Eclipse E200 microscope equipped with a Sony
IMX265 CMOS camera and were analyzed using In-
domicroView software.

Statistical analysis

Statistical analysis was performed using SPSS Sta-
tistics software (version 26.0, SPSS Inc., Chicago,
IL, USA). Data were presented as mean + standard
deviation (SD) or median as appropriate. The Shap-
iro-Wilk test and Levene’s test were used to determine
data normality and homogeneity of variances, respec-
tively. One-way analysis of variance (ANOVA) fol-
lowed by LSD post-hoc test for multiple comparisons
among the groups was performed. The chi-square and
Kruskal-Wallis tests were used to compare categori-
cal variables. Statistical significance was defined at
p <0.05.

Results

The atherosclerotic morphology changes in the aortic
wall of the five groups are shown in figure 1. The con-
trol group showed healthy aorta without any lesions in
the intima or media, with intimal thickness of 2.92 +
0.28 wum. In contrast, histopathological findings from
the CH group revealed the presence of thickened tu-
nica intima (11.99 = 0.88 um), layers of foam cells
and lipid-laden smooth muscle cells, extracellular lip-
id pools, and fibrous connective tissue. Samples from
groups T1, T2, and T3 displayed similar but less pro-
nounced features (Table 1), with intimal thicknesses
0of3.61 £0.53 um, 3.48 £ 0.47 um, and 2.96 £ 0.20 um,
respectively. These features are consistent with type
Vc atherosclerotic lesion (fibrotic lesion) as classified
by the AHA.

Table 2 provides a comparative analysis of intimal
thickness across the different treatment groups. The
intimal thickness was significantly increased in the
CH group compared to the control group (p <0.001).
Statistical analysis showed a significant reduction (p
<0.001) in the thickness of the tunica intima of T1,
T2, and T3 groups compared to the CH group. While
there was a reduction in intimal thickness in the T2
group compared to the T1 group, this difference was
not statistically significant (p = 0.691). Additionally,
both the T1 and T2 groups did not show statistically
significant differences compared to the positive con-
trol (T3) group (p = 0.052 and 0.128, respectively).
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Figure 1. Representative photomicrographs of rat aorta samples from the five groups. C = control, normal diet; CH = athero-
genic diet; T1 = atherogenic diet plus MP extract with PE; T2 = atherogenic diet plus MP extract-loaded nanoemulsion with
PE; T3 = atherogenic diet plus atorvastatin with PE (HE stain, original magnification 400x).

Discussion

Hypercholesterolemia is a major risk factor for CAD,
and the Framingham study has demonstrated a direct
relationship between serum cholesterol levels and the
incidence of CAD [23]. The present study showed that
a high-cholesterol dietary treatment for eight weeks
led to the development of atherosclerotic lesions in
the aortic wall of rats. This finding is in accordance
with earlier studies, which have reported that feed-
ing rodents a high-cholesterol diet for 6-10 weeks
resulted in hypercholesterolemia and, subsequently,
atherosclerosis [24,25]. Atorvastatin, a potent choles-
terol-lowering agent, was used as a positive control
due to its ability to inhibit HMG-CoA reductase, a key

enzyme in the cholesterol biosynthesis pathway [5].

Oxidative stress, characterized by the overproduction
of reactive oxygen species, represents one of the main
pathogenetic mechanisms underlying atherosclerosis
and is closely related to endothelial dysfunction, ox-
idative modification of low-density lipoprotein, and
inflammatory response within the injured vascular
wall. The close interplay between oxidative stress and
inflammation creates a vicious cycle that promotes
the initiation and progression of atherosclerosis [4].
Therefore, targeting both mechanisms could provide
a promising strategy to prevent atherosclerosis. Previ-
ous studies have shown clear beneficial effects of an-
tioxidant supplementation (vitamins C and E) and PE
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Table 1. Quantitative assessment of histological fea tures

Histological Feature Group
CH (n=Y5) Tl (n=Y5) T2 (n=Y5) T3 (n=Y5)

Layers of foam cells and lipid-laden smooth muscle cells’
1 layer 2 2
>1 layer 4 3 3 1
Presence of extracellular lipid pools®
Absent 0 0 0 0
Present 5 5 5 5
Extent of fibrous connective tissue’
0-5% 0 2 3 3
5-25% 5 3 2 2

CH = atherogenic diet; T1 = atherogenic diet plus MP extract with PE; T2 = atherogenic diet plus MP extract-loaded nanoemulsion
with PE; T3 = atherogenic diet plus atorvastatin with PE. "No significant overall difference among the groups

Table 2. Comparison of aortic intimal thickness in the five groups.

Group Mean + SD (um) Median (min—max)
C(n=5) 2.92+0.28 2.86 (2.56-3.31)
CH(@n=Y5) 11.99 +0.88® 12.04 (11.01-13.29)
Tl (n=Y5) 3.61 £0.53° 3.71 (2.62-4.11)
T2 (n=5) 3.48+£0.47° 3.70 (2.74-3.87)
T3 (n=Y5) 2.96 +0.20° 2.90 (2.73-3.21)

Overall Sig <0.001

C = control, normal diet; CH = atherogenic diet; T1 = atherogenic diet plus MP extract with PE; T2 = atherogenic diet plus

MP extract-loaded nanoemulsion with PE; T3 = atherogenic diet plus atorvastatin with PE; *p <0.001 by LSD post-hoc test

compared to C group; *p <0.001 by LSD post-hoc test compared to CH group; SD = standard deviation; Overall Sig = overall

significance.

on atherosclerotic lesion formation [16,17]. Hence, it
is plausible that combined treatment with MP extract
(as a source of natural antioxidants) and PE can also
produce similar effects.

Current evidence shows that most of the biological
effects of mangosteen are significantly correlated
with the concentration of a-MG [26]. a-MG, a ma-
jor xanthone derivative found abundantly in MP, has
been shown to exhibit potent antioxidant and anti-in-
flammatory activities [8,9]. A study by Wihastuti et
al. found that administering MP extract to hypercho-
lesterolemic rats significantly suppressed oxidative
stress and inflammatory markers and reduced aortic
intima-media thickness. These findings provide ev-
idence that targeting these specific mechanisms can
attenuate atherosclerosis progression [18]. PE is well
known for its cost-effective benefits in preventing
and managing CVD, especially CAD [15]. Rentz et
al. reported that the anti-atherogenic role of PE is
associated with the attenuation of oxidative damage
and inflammatory state of atherosclerotic lesions via
inhibition of macrophage infiltration and activation.
Moreover, PE increased the levels of high-density li-

poprotein cholesterol, which has been shown to exert
atheroprotective effects, mainly by promoting mac-
rophage cholesterol efflux [27]. The results of this
study extend previous findings, which found that MP
extract and PE each confer atheroprotective effects
[18,27]. Our findings emphasize that their combined
action also provides protective effects against athero-
sclerosis by reducing intimal thickness and improving
several histological features. These outcomes may be
attributed to their synergistic antioxidant and anti-in-
flammatory activities. Moreover, to the best of our
knowledge, this is the first in vivo study on MP extract
that utilizes the histopathological parameters recom-
mended by the AHA for atherosclerosis research.

As a drug delivery system, nanoemulsions are prom-
ising as carriers for enhancing the aqueous solubility
of poorly water-soluble drugs. Increased solubility, fa-
cilitated by a larger surface area and faster dissolution
rate, improves drug bioavailability and therapeutic
efficacy [14]. It is noteworthy that the observed ef-
fects were not limited solely to the MP extract-treat-
ed group (T1), but also extended to its nanoemulsion
form (T2). Albeit not statistically significant, group
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T2 specimens showed less extensive lesions than those
of group T1. This finding is in good agreement with
a previous study reporting that a nano-sized delivery
system efficiently improved the pharmacokinetic per-
formance of a-MG and modified its tissue distribution
features, thereby enhancing its clinical efficacy [19].
In addition, neither group T1 nor T2 showed a signif-
icant difference in aortic intimal thickness compared
to the atorvastatin-treated group (T3), suggesting that
the MP extract and nanoemulsion groups offer a com-
parable protective effect against atherosclerosis.

One limitation of this study was the use of rats as an
experimental model. Larger animal models like rabbits
are preferred for atherosclerosis research since their
lipoprotein profile and metabolism are more similar to
those of humans. In order to gain a deeper understand-
ing of the impact of each intervention on the progres-
sion of atherosclerotic lesions, it is recommended that
future studies compare the atheroprotective effects be-
tween MP extract, PE, and their combination.

Conclusion

In conclusion, histological analysis demonstrated that
the combination of mangosteen pericarp (MP) extract
and physical exercise (PE) (T1) significantly reduced
atherosclerotic lesion formation in the aorta of athero-
genic diet-fed rats. Furthermore, treatment with MP
extract-loaded nanoemulsion and PE (T2) resulted in a
greater reduction in aortic intimal thickness compared
to group T1, suggesting an enhancement in the solu-
bility and bioavailability of a-MG. Additionally, either
the T1 or T2 group was equally effective in decreasing
aortic intimal thickness when each was compared to
the atorvastatin-treated group. These results indicate
that MP extract, particularly its nanoemulsion, com-
bined with PE may serve as a potential alternative for
preventing atherosclerosis. This study provides a basis
for further research into the clinical application of MP
combined with PE in the prevention of CAD.
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