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Resveratrol protects against diet‐induced atherosclerosis by
reducing low‐density lipoprotein cholesterol and inhibiting
inflammation in apolipoprotein E‐deficient mice
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ABSTRACT

Article type:

Objective(s): Resveratrol (RES) is a polyphenol compound that has been shown a promising
cardioprotective effect. However, some reports have yielded conflicting findings. Herein, we
investigated the anti‐atherosclerotic effects of RES in apolipoprotein E (apo E)‐deficient mice on a high
cholesterol diet.
Materials and Methods: Firstly, atherosclerosis was induced by feeding a high cholesterol diet to apo E‐
deficient mice. Then, we examined its effects on weight control, and serum interleukin‐6 (IL‐6) levels
and used histopathological methods to analyze morphology and inflammatory marker of
atherosclerotic lesions in mice orally supplemented with high (25 mg/kg/day) and low (5 mg/kg/day)
doses of RES for 8 weeks.
Results: Mice with high dose of RES had reduced epididymal fat pads, and lower serum IL‐6 levels
compared with those of control mice. Moreover, RES in high doses also decreased the low‐density
lipoprotein cholesterol (LDL‐C) levels and atherogenic index (LDL‐C/HDL‐C) in the mice. Dissection of
high‐dose RES‐treated mice revealed a marked reduction in fat deposition, percentage of mice with
atherosclerotic lesion, and intima/media ratio in the aortic areas. The expressions of macrophage‐
specific marker F4/80 and cardiovascular inflammatory marker NF‐κB in atherosclerotic vessels were
both diminished in the atherosclerotic vessels of high‐dose RES‐supplementated apo E‐deficient mice.
Conclusion: These results suggest that RES prevented the effects of a high cholesterol diet on the rate
of accretion in atherosclerosis progression by reducing the LDL‐C levels and suppressing
atherosclerotic inflammation. RES can therefore be valuable in the development of new anti‐
atherosclerotic agents.
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Introduction

Coronary artery disease (CAD) arising from
atherosclerosis is a leading cause of death and morbidity
worldwide (1). Atherosclerosis can be multifactorial and
is generally associated with predisposing conditions
including obesity, hyperlipidemia, diabetes, arterial
hypertension, smoking, and inadequate exercise (2).
The pathogenesis of atherosclerosis has been shown to
involve an imbalanced lipid metabolism and increase
in proinflammatory cytokines such as interleukin‐6
(IL‐6) (3), a maladaptive immune response entailing
a chronic inflammatory process of the arterial
wall with accumulation of cholesterol‐enriched
macrophages, smooth muscle cell proliferation, and
extracellular matrix in the intima (4). Cholesterol‐
lowering therapy such as statin treatment may
improve cardiovascular diseases, but it was not

an independent predictor of improved outcome
in patients with CAD (5). Furthermore, anti‐
inflammatory drugs have been demonstrated to
retard the development of atherosclerosis, but the
drugs examined in different animal experiments
have yielded contradictory results and have side
effects (6, 7). Therefore, additional treatments
for inhibition or improvement of atherosclerosis
with cholesterol‐lowering strategies are needed,
particularly naturally occurring compounds that act
as protective agents (8, 9).
Resveratrol (RES), trans‐3,4’,5‐trihydroxy‐stilbene,
naturally occurs as a polyphenol found in grapes,
peanuts, and red wine. It was implicated as the main
active principle agent in a study that investigated
its cardioprotective effects (10). In biological systems,
RES has been demonstrated to exert a variety of
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pharmacological properties including anti‐oxidant
(11), anti‐inflammatory, and anti‐cancer (12) effects.
Moreover, RES has also been shown to improve lipid
profile, lipoprotein metabolism (13), and prolong
survival (14). Conversely, RES significantly improves
glucose control and insulin sensitivity in patients
with diabetes (15) and is a leading candidate as an
adjunct to the pharmacological treatment of type 2
diabetes mellitus (16). A more recent breakthrough
was the discovery that RES exhibits beneficial effects
in patients with cardiovascular disease (CVD) (17).
These could be attributed to mechanisms involved in
alterations of lipid metabolism (18).
Moreover, studies showed that treatment
with RES reduced myocardial complications by
anti‐oxidant activity, influencing infarct size, apoptosis,
and angiogenesis (19, 20). These studies also proposed
that various anti‐atherogenic mechanisms may be
involved in the reduction of CVD risk by RES. However,
various reports failed to show changes in lipid profile
after treatment with RES (10, 21, 22), and others
revealed that RES promoted atherosclerotic
development, rather than protected against it (23, 24).
Thus, the administration of RES in anti‐atherogenic
therapy has yielded contradictory findings and the
mechanisms involved have not been fully explored. The
present study was aimed to clarify how RES
administration can affect the serum lipids profiles and
inflammation process in apolipoprotein E (apo E)‐
deficient mice with atherosclerotic lesions, as an
effective model for studies of human atherosclerosis.
We planned to achieve this purpose by determining the
effects of body weight control, lipid profile,
inflammation biomarker, and serum lipid profiles in
apo E‐/‐ mice fed with a high cholesterol diet and
treated orally with RES. We also evaluated the
atherosclerotic lesion development, adipocyte content
of aortic areas, macrophage‐specific, and cardiovascular
inflammatory
marker
using
histopathological
morphology and immunohistochemistry.

Materials and Methods

Animals and treatment
Male apo E‐/‐ mice at 12 weeks of age were
housed individually in standard plastic rodent cages
in animal quarters maintained at 22±2 °C, 55 ± 5%
relative humidity, with a light/dark cycle of 12 hrs.
Food and water were given ad libitum. The animals
were randomly divided into three groups: (i) control
group: mice were fed with a high cholesterol diet
(diet #58R5, 20.7% protein, 20.3% fat, and 45.6%
carbohydrates and cholesterol at 5053 ppm of chow,
PMI Nutrition International Inc, MO, USA); (ii) low‐
dose RES group: mice were fed with a high
cholesterol diet and orally administered RES
(Resveratrol®, 98%, Organic Herb INC, Changsha,
Hunan Province, China) at 5 mg/kg body
weight/day; (iii) high‐dose RES group: mice were fed
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with a high cholesterol diet and oral doses of RES at 25
mg/kg body weight/day. The three groups were
monitored during the experimental period of 56 days.
The used protocol for the experimental mice was
reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of the National Chung
Hsing University (IACUC Approval No. 98‐85). In
addition, all procedures adhered to the Guidelines for
the Care and Use of Laboratory Animals recommended
by the Taiwanese government.
Biochemical determinations
At the end of the study period, animals were
anesthetized with urethane (1.2 g/kg body weight)
and sera were harvested for subsequent analysis.
Clinical laboratory assessments included triglyceride
(TG), total cholesterol (TC), low‐density lipoprotein
cholesterol (LDL‐C), and high‐density lipoprotein
cholesterol (HDL‐C). Measurements were taken
using an automated system (Hitachi 704 automatic
analyzer, Hitachi, Tokyo, Japan). Serum IL‐6
concentrations were measured using a mouse ELISA
kit (Invitrogen, Camarillo, CA, USA).
Histological analysis
After 8 weeks of the atherogenic or control diet,
mice were sacrificed and hearts containing the aortic
areas were separated and embedded in optimal
cutting temperature (OCT) medium, frozen in liquid
nitrogen, and stored at ‐80 °C for lesion analysis.
Cross‐sectional cryosections 5 µm thick were
sequentially obtained from the base toward the apex
of the heart to the appearance of the aortic roots
(25). Consecutive cross‐sections were stained
with Oil‐red‐O or haematoxylin and eosin (H&E) and
counterstained with haematoxylin for each tract
of the 8 aorta sections, which were then
morphologically analyzed for atherosclerotic lesions
(26, 27). To quantify the luminal cross‐sectional
areas of the atherosclerotic plaques in the ascending
aorta, digital images of the stained sections were
obtained at the aortic valve level by using an
Olympus BX51 digital microscope (Olympus Optical,
Tokyo, Japan). The atherosclerotic lesions were
manually traced using a computer. Images were
captured and analyzed by using ImageJ 1.33 software
(National Institutes of Health, USA). The size of
lesions was determined using the ImageJ software.
The surface area of the aortic segment was
determined using autotracing feature of ImageJ 1.33.
Morphometric analyses were considered to exclude
normal‐appearing media and to include only the
intimal or subintimal atherosclerotic lesions.
Data were expressed as a percentage of the total
luminal surface occupied by the lesion areas of the
cross‐sections. On the other hand, hematoxylin and
eosin‐stained sections were used for morphometric
analysis in the aortic intima‐to‐media ratio, as
the method reported by von der Thusen et al (28).
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Table 1. Effects of resveratrol (RES) supplementation on body weight and organ weight in apo E‐/‐ mice fed a high cholesterol diet
Initial body weight (g)
Final body weight (g)
Heart (g)
Liver (g)
Spleen (g)
Kidney (g)
EWAT (g)
IL‐6 (pg/ml)

Control
23.99 ± 1.04
26.96 ± 1.59
0.25 ± 0.01a
1.59 ± 0.06
0.15 ± 0.02

Low‐dose RES
23.98 ± 1.04
26.83 ± 1.80
0.21 ± 0.01b
1.51 ± 0.10
0.12 ± 0.01

High‐dose RES
24.01 ± 1.04
26.15 ± 1.07
0.20 ± 0.01b
1.50 ± 0.07
0.13 ± 0.01

0.37 ± 0.02
0.48 ± 0.10a
208.93 ± 26.69a

0.35 ± 0.04
0.50 ± 0.08a
104.63 ± 18.28b

0.33 ± 0.02
0.37 ± 0.08b
79.25 ± 13.42c

Data are presented as means ± SEM of 6 animals in each group. Means in the same row that do not share a common superscript differ significantly
(P<0.05), as determined using a one‐way ANOVA test
2 Control: high cholesterol diet (#58R5) without RES treatment; Low‐dose RES: high cholesterol diet (#58R5) + low‐dose RES supplementation;
High‐dose RES: high cholesterol diet (#58R5) + high‐dose RES supplementation; EWAT, epididymal white adipose tissue
1

Cross‐sections of each aortic area were assessed at 3
levels: 0.5 mm proximal to the collar, in the midsection,
and 0.5 mm distal to the collar. The images were
captured using an Olympus BX51 digital microscope
and analyzed using ImageJ 1.33. The intimal surface
area was calculated by subtracting the patent lumen
area from the area circumscribed by the internal elastic
lamina. The medial surface area was defined as the area
between the internal and external elastic laminas. The
intima‐to‐media ratio was determined by dividing the
intimal area by the medial area. Data were expressed as
the total intima‐to‐media area ratio of the cross‐
sections.

(+++), moderate (++,), and low (+) immunoreactivity
for F4/80 and NF‐κB.

Immunohistochemistry
In each sample, 3% goat serum was added to
unstained and frozen sections for 30 min at room
temperature to block nonspecific activity, and then the
sections were washed in phosphate‐buffered salt
solution (PBS) for 5 min. After three washes in PBS,
sections were incubated with primary anti‐mouse
macrophage‐specific marker F4/80 (1:200, Abcam,
Cambridge, UK) and NF‐kappa B (NF‐κB, 1:200,
Bioworld, Minnesota, USA) overnight at 4 °C. The
monoclonal antibody F4/80 was used for the detection
of macrophage accumulation, and NF‐κB‐driven
inflammatory pathways in monocytes were identified,
which have been implicated in the pathogenesis of
atherosclerosis (29). Slides were incubated with
biotinylated secondary antibody for 30 min at room
temperature after washing with PBS, followed by
addition of horseradish peroxidase conjugated
streptavidin. Finally, sections were visualised using
chromogen 3,3'‐Diaminobenzidine (DAB) substrate
(Immunotech,
Marseille,
France),
and
then
counterstained with haematoxylin (Sigma‐Aldrich, MO,
USA) stain for 10 min. The immunohistochemistry
staining procedure was employed according to the
method developed by Chan et al (30). Image
acquisitions were performed with an Olympus BX51
digital microscope and examined using ImageJ 1.33
software. The specimens were considered to be
positive if staining was observed in more than 10% of
samples and were then classified as exhibiting high

Body weight, organ weight and serum IL‐6
To test the effects of RES on physical parameters
and atherosclerosis in diet‐induced atherosclerotic
mice, mice were preliminarily fed either a high
cholesterol diet or normal diet for 8 weeks, and the
prevalence of atheroselerotic lesions was then
evaluated in both groups. After the induction of
atheroselerotic lesions for 8 weeks, there was a higher
percentage of mice in the control group fed a high
cholesterol diet with aortic fatty plaques compared
with that in the control mice that were fed a normal
diet (23.46±0.71 in high cholesterol diet group
versus 9.31±2.20 in standard diet group, P<0.01)
(Supplementary Figure 1). Thus, experimental
atherosclerosis was induced in mice fed a high
cholesterol diet.
The initial body weight of mice showed no
significant differences among the control, low‐dose
RES and high‐dose RES groups. No significant
difference in body weight existed between the
groups (Table 1). On the other hand, the weights of
liver, spleen, and kidney were also not markedly
different among the three groups. However, the
weight of heart and epididymal white adipose tissue
(EWAT) decreased by 20% and 23% in the high‐dose
RES mice compared with that in the control mice
(P<0.05). The weight of heart in the low‐dose RES
mice was also decreased by 16% compared to that
of the control group. After 8 weeks of the high
cholesterol diet, treatment with RES supplement
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Statistical analysis
Results are shown as mean ± SEM. Significant
differences among the groups were evaluated using one‐
way ANOVA, and the differences between the means
were assessed using Duncan’s multiple‐range test. A
Mann‐Whitney nonparametric test was used for
comparing the scores in the histopathological analysis
between the control and RES supplementation groups. A
P‐value of less than 0.05 was considered significant.

Results
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Figure 1. Effects of oral resveratrol supplementation on aorta morphology in apo E‐/‐ mice fed a high cholesterol diet (A) Oil‐Red O staining,
(B) haematoxylin and eosin staining, illustrating greater differences for the high‐dose RES treatment group than for the controls group. All
photomicrographs were subjected to magnification for histological analysis (X 100). Control: high cholesterol diet (#58R5) without
resveratrol (RES) treatment; Low‐dose RES: high cholesterol diet (#58R5) + low‐dose RES supplementation; High‐dose RES: high
cholesterol diet (#58R5) + high‐dose RES supplementation

Supplementary Figure 1. Atherosclerotic lesions in apo E‐/‐ mice fed a standard diet or a high cholesterol diet showing (A) aortic fatty
plaque and (B) percentage cross‐sectional area of atherosclerotic lesion. The photographs reflect greater differences in aortic fatty plaque
and percentage cross‐sectional area of atherosclerotic lesion in the high cholesterol diet group compared with the standard diet group. All
photomicrographs were stained with Oil‐Red O and subjected to magnification for histological analysis (X 100). **, P<0.01, determined
using the Mann‐Whitney nonparametric test, high cholesterol diet group vs. standard diet group
From 12 weeks of age, male apo E‐/‐ mice were fed with a standard diet or high cholesterol diet for 8 weeks. Results are presented as
means±SEM, n = 6 for all groups
2 Standard diet (SD, diet 5008, PMI Nutrition International Inc, MO, USA): 16% of calories provided by fat and metabolizable energy, 3.3
kcal/gm
1

resulted in a significant reduction of serum IL‐6 levels
by 50% in the low‐dose RES group (P<0.05) and by
62% in the high‐dose RES group (P<0.05), respectively,
compared to that of the control group. Moreover, serum
IL‐6 levels were decreased in the high‐dose RES‐
supplemented mice compared to the low‐dose RES‐
supplemented mice. In contrast, EWAT was not affected
in the mice treated with low‐dose RES compared to
those of the control or high‐dose RES groups.
Serum lipid profiles
The plasma lipid concentrations are shown in
Table 2. There were no significant differences among
the groups in TG, TC, HDL‐C, and TC:HDL‐C ratio.
However, the high‐dose RES group had significantly
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lower LDL‐C concentrations (565.27±16.98 in high‐
dose RES group versus 615.43±10.28 in control
group, P<0.05) and LDL‐C:HDL‐C ratio (11.52±1.49
in high‐dose RES group versus 14.08±2.06 in control
group, P<0.05), compared to the control group with a
high cholesterol diet. Accordingly, LDL‐C levels and
ratio of LDL‐C to HDL‐C, which are sensitive biomarkers
of coronary heart disease risk, were significantly
reduced in mice with a high cholesterol diet that
received a high‐dose of oral RES supplement. In
contrast, mice treated with low‐dose RES supplement
in the low‐dose RES group had unchanged serum LDL‐C
levels and LDL‐C:HDL‐C ratio compared to those of the
control and high‐dose RES group.
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Table 2. Effect of oral resveratrol (RES) supplementation on triglycerides, total cholesterol, LDL‐C, HDL‐C levels, LDL/HDL‐C ratio, and
TC/HDL‐C ratio in high cholesterol diet‐fed apo E‐/‐ mice
TG (mg/dl)
TC (mg/dl)
LDL‐C (mg/dl)
HDL‐C (mg/dl)
LDL/HDL‐C ratio
TC/HDL‐C ratio

Control

Low‐dose RES

70.67 ± 3.29
1252.67 ± 59.93
615.43 ± 10.28a
47.52 ± 7.84
14.08 ± 2.06a
28.78 ± 4.62

78.50 ± 8.91
1326.40 ± 59.92
608.81 ± 35.86a
56.61 ± 12.69
12.91 ± 2.34a
27.42 ± 4.38

High‐dose RES
76.50 ± 6.29
1320.51 ± 62.37
565.27 ± 16.99b
54.85 ± 9.34
11.52 ± 1.49b
26.66 ± 4.87

Data are presented as means±SEM of 6 animals in each group. Means in the same row that do not share a common superscript differ
significantly (P<0.05), as determined using a one‐way ANOVA test
2 Control: high cholesterol diet (#58R5) without RES treatment; Low‐dose RES: high cholesterol diet (#58R5) + low‐dose RES
supplementation; High‐dose RES: high cholesterol diet (#58R5) + high‐dose RES supplementation; Triglyceride, TG; total cholesterol, TC;
low‐density lipoprotein cholesterol, LDL‐C; high‐density lipoprotein cholesterol, HDL‐C; low‐density lipoprotein cholesterol/ high‐density
lipoprotein cholesterol ratio, LDL/HDL‐C ratio and total cholesterol/ high‐density lipoprotein cholesterol, TC/HDL‐C ratio
1

Histopathological morphology of atherosclerotic
lesions
Morphometric analysis of arterial lesions and
lipid depositions were also carried out in this study.
Dissection of the aortic arch revealed that
histopathological changes were prominent in the
ascending aorta, as seen after staining with Oil‐Red
O, and H&E (Figure 1). Known as macrophage lipids,
these lesions were shown to be atherosclerotic lesions
and were stained by Oil‐Red O, which allows
for visualization of lipid accumulation in lesions. A fatty
plaque could be visualized at the edge of the dissection
that extended over the inside of the aortic area in
the control group. Interestingly, the presence of
atherosclerotic lesions in these sections showed a 25%
reduction in mice treated with high‐dose RES
compared with that observed in the control mice fed a
high cholesterol diet (19.67±2.01% for high‐dose
RES group versus 25.99±1.45% for control group,
P<0.05, Figure 2A). However, in low‐dose RES‐
supplemented and control mice there were no
differences in the prevalence rates of atherosclerotic
lesions. Relative to the control group, the ratio of aortic
intima/ media diameter was significantly (P<0.05)
lower, by 32%, in the high‐dose RES treatment group
(29.63±0.30% for high‐dose RES group versus
43.31±0.60% for control group, Figure 2B). However,
no difference was found in intima thickness between
the low‐dose RES and control groups.

Immunohistochemistry
There was a significant decrease in staining for the
macrophage marker, F4/80, reflecting a decrease in
macrophage infiltration in the aorta of the high‐dose
RES‐treated animals as compared with that in
the control mice (Figure 3A‐C). Furthermore, results
indicated that the expression of F4/80 in the high‐dose
RES group was consistently lower than that
of the control mice, with an average of 40% in the
immunohistochemical
immunoreactivity
scoring
(1.50±0.61 for high‐dose RES group versus 2.50± 1.02
for control group, P<0.05, Figure 3D). Next, to evaluate
the effect of RES on atherosclerotic inflammation, we
studied NF‐κB immunolocalization in the aortic
microsections of cholesterol‐ fed apo E‐/‐ mice. We
found that 8 weeks of high‐dose RES supplementation
decreased NF‐κB immunopositivity compared to the
control group (Figure 4A‐C). Compared to control mice,
high‐dose treatment with oral RES was able to
significantly quench NF‐κB activity, by 29%, as
measured by immunohistochemical immunoreactivity
scoring (1.67±0.68 for high‐dose RES group versus 2.33
±0.95 for control group, P<0.05, Figure 4D). However,
compared with the low‐dose group the expressions of
F4/80 and NF‐κB, which indicated the level of
immunohistochemical immunoreactivity, were not
found to be different compared to those of the control
group or high‐dose RES group.

Figure 2. Effects of resveratrol supplementation on (A) atherosclerotic lesion area and (B) aortic intima/media area ratio in high
cholesterol diet‐fed apo E‐/‐ mice. Results are expressed as mean±SEM of 6 animals in each group. *, P<0.05, determined using the Mann‐
Whitney nonparametric test, high‐dose RES‐treated animals vs. control groups. Control: high cholesterol diet (#58R5) without resveratrol
(RES) treatment; Low‐dose RES: high cholesterol diet (#58R5)+low‐dose RES supplementation; High‐dose RES: high cholesterol diet
(#58R5) + high‐dose RES supplementation
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Figure 3. Effects of oral resveratrol (RES) supplementation on
F4/80 expression in aortic arch in high cholesterol diet‐fed apo
E‐/‐ mice as determined by (A), (B) and (C) immunohistochemical
staining and (D) immunohistochemistry immunoreactivity
scoring. All photomicrographs were subjected to magnification for
histological analysis (X 100). Arrows indicate positive F4/80
immunoreactivity. Results are expressed as mean±SEM of 6
animals in each group. *, P<0.05, determined using the Mann‐
Whitney nonparametric test, high‐dose RES‐treated animals vs.
controls group. Control: high cholesterol diet (#58R5) without
RES treatment; Low‐dose RES: high cholesterol diet (#58R5) +
low‐dose RES supplementation; High‐dose RES: high cholesterol
diet (#58R5) + high‐dose RES supplementation

Discussion

The results of the present study support the notion
that RES may induce beneficial anti‐atherogenic effects.
The effect by RES in our mouse model was highly
significant and persisted over time. Typically, changes
in atheroclerosis are associated with elevated plasma
cholesterol levels and inflammatory factors. Despite
having similar HDL‐C values, by the end of the 8‐weeks
experimental period in which mice were fed a high
cholesterol diet, mice that received high‐dose oral RES
supplementation exhibited significantly reduced LDL‐C
levels and LDL/HDL cholesterol ratio as atherogenic
indicators, compared to those of the control group. This
was especially surprising because the high‐dose RES‐
treated mice showed a greater anti‐inflammatory effect,
compared with the control mice that were fed high
cholesterol, by reducing macrophage infiltration and
further inflammation development.
These broad spectrums of effects are supported by
new data demonstrating the great potency of RES
supplementation in relation to body fat reducing effect
(31). Here, our results also demonstrated that RES may
reduce diet‐induced white adipose tissue gain in mice.
Fat pad mass decreases as a result of reduced formation
of new adipocytes from precursor cells (adipocyte
hyperplasia) or by decreased adipocyte size due to
fat storage (adipocyte hypertrophy) (32, 33). The lower
gain of fat pad we observed in RES‐supplemented mice
may have been due to an inhibition in adipogenesis
(34). Moreover, it is reported that RES reduced
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Figure 4. Effects of oral resveratrol (RES) supplementation on NF‐

κB expression in aortic arch in high cholesterol diet‐fed apo E‐/‐

mice as determined by (A), (B) and (C) immunohistochemical
staining and (D) immunohistochemistry immunoreactivity
scoring. All photomicrographs were subjected to magnification for
histological analysis (X 100). Arrows indicate positive NF‐κB
immunoreactivity. Results are expressed as mean±SEM of 6
animals in each group. *, P<0.05, determined using the Mann‐
Whitney nonparametric test, high‐dose RES‐treated animals vs.
controls group. Control: high cholesterol diet (#58R5) without
RES treatment; Low‐dose RES: high cholesterol diet (#58R5) +
low‐dose RES supplementation; High‐dose RES: high cholesterol
diet (#58R5) + high‐dose RES supplementation

expression of most adipogenic marker genes, including
peroxisome proliferators‐activated receptors gamma
(PPAR‐γ, leptin, and fatty acid synthase, which affect
lipogenesis and adipogenesis (35). On the other hand,
histopathological examination revealed reduced
hypertrophy of adipocytes in rat by RES treatment (36).
Thus, we suggested that RES reduced fat mass via
inhibition of adipocyte hyperplasia and hypertrophy in
fat cells. This may have implications for a potential
application of RES to reduce fat content in anti‐obesity
by mimicking calorie restriction.
We evaluated the concentration of serum IL‐6, a
pro‐ and inflammatory cytokine, which is synthesized
primarily in monocyte and monocyte‐derived
macrophages, and found it to enhance fatty lesion
development in atherosclerosis‐prone mice (37).
Increased IL‐6 expression provides a chemotactic
stimulus to the adherent leukocytes, directing their
migration into the intima (38). We suggest that
blockage of calcium ion influx into cells due to RES
supplementation contributed to inhibition of IL‐6
biosynthesis and inhibited IL‐6 release from
macrophage (39), resulting in the reduced levels of IL‐6
observed in the low‐ and high‐dose RES‐treated mice in
our study. It is noteworthy that, in the present study,
the inhibition of IL‐6 release from macrophage by RES
was also evidenced by a decrease in F4/80
immunopositivity expression. Moreover, in RES‐treated
mice, lower IL‐6 levels were involved in reduced
macrophage migration, suggesting that RES decreased
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the development of atherosclerosis that leads to
formation of fatty lesions.
Hypercholesterolemia is a well‐known major
risk factor for atherosclerosis, and increased
concentrations of LDL‐C have been shown to play a
key role in the pathogenesis of atherosclerosis (40).
Moreover, it is reported that treatment with RES
significantly reduced TC and LDL‐C levels in patients
with nonalcoholic fatty liver disease (NAFLD) (41).
These results contradicted those of Sahebkar (42),
who found that RES supplementation did not
significantly improve circulating lipid levels,
including TC, LDL‐C, HDL‐C, and TG. The contrasting
findings of these studies may be due to their unequal
sample sizes, intervention durations, and participant
baseline characteristics. Here, a decrease of LDL‐C
levels improves LDL function, which in turn either
prevents aortic lesion formation or avoids the
exacerbation of existing aortic lesion (43). However,
treatment with RES, even with a high dose did not
result in decreased TG or TC levels, or did not induce
increased HDL‐C levels compared to those of the
control mice. This result is not consistent with the
findings reported by Zern et al (44) and Do et al (45).
We suggest that the discrepancy may be due to
differences in the length or dose of RES treatment in
these studies. The ratio of LDL‐C to HDL‐C, an
atherogenic index which has been demonstrated to
be a sensitive indicator of clinically detectable
human atherosclerosis (46), showed a 12‐fold
decrease in the group with high‐dose RES
supplementation due to the decrease in LDL‐C
concentrations, compared to that of the control
group. RES supplement increased CYP7A1
expression, which was 50% capable of degrading
cholesterol to bile acids by more than 50% via classic
(or neutral) and alternative (or acidic) bile acid
biosynthetic pathways, resulting in decreased blood
cholesterol and LDL‐C concentrations (47).
Consistent with former findings, our data strongly
suggest that RES may have promise as a new
hypolipidemic compound.
Accumulation of vascular lipids in RES‐
supplemented mice was significantly reduced
compared with that of control mice during the 8‐
weeks high cholesterol diet feeding period (areas of
Oil‐Red O stained lipid accumulations). The previous
data suggest that increased cytosolic calcium of RES
modulates the PPAR‐γ pathway, subsequently
leading to change in expression of cholesterol
transporters (48, 49). Thus, the underlying
mechanism by which RES causes a decrease in
atherosclerotic lesions of the aortic area in ApoE‐/‐
mice fed a high cholesterol diet appears to be
mediated directly via the reduction of lipid storage.
In a previous study, lipoprotein lipase has been
proposed as a key protein involved in the retention
of LDL and VLDL in the arterial intima by enhancing
their adherence to the extracellular matrix (50). In
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addition, induction the expression of CDK inhibitors
p27/KIP1 via RES treatment contributed to
inhibition of intimal cell proliferation and thickening
after vascular injury (51). Indeed, our results showed
a decreased ratio of intima to media area in the high‐
dose RES group with lower LDL‐C levels compared
with that of the control animals. Furthermore, the
highly significant decrease in the ratio of
intima/media area may parallel the mitigation of the
atherosclerotic process in the RES‐treated mice, and
therefore a lower ratio may be valuable as an
indicator of reduced risk in the advanced stages of
atherosclerosis.
Also, localized chronic inflammation has been
shown to influence the development and progression
of atherosclerosis (2). Our data showed significant
differences in F4/80 and NF‐κB content within the
atherosclerotic lesions between the high‐dose RES
group and control mice, suggesting that RES
supplementation exerted an anti‐inflammation
effect, thereby suppressing the development of
atherosclerosis. It is noteworthy that, in the present
study, the inhibition of cytokine release by RES
contributed to a decrease in macrophage infiltration,
as evidenced by the IL‐6 values. Furthermore, it has
been shown that inhibition of cytokine release may
be due to suppression of NF‐kB activation, with a
consequent reduction in inflammatory cytokine
expression (52). Taken together, the aforementioned
findings demonstrate that RES supplementation
suppresses atherogenic lesion inflammation, and
further suggest that RES may have therapeutic value
as an anti‐atherosclerosis agent in humans.
We found that high‐dose RES treatment had a
markedly reduced prevalence of atherosclerotic lesion
in mice compared with that in mice with low‐dose RES
treatment at the end of the study. In humans, RES
supplementation was shown to have a cardioprotective
effect by lowering plasma LDL‐C levels (53), whereas in
the serum lipid profile of rats, TG was not reduced (54).
RES also promoted the development of atherosclerosis
in a hypercholesterolemic rabbit model (23). This
apparent discrepancy may be due to the different
health statuses of the studied animals; the rats received
a normal diet to estimate a condition of dyslipidemia
from normal plasma lipid levels, and rabbits had higher
cholesterol levels, whereas the human populations
were myocardial infarction patients with coronary
artery disease. It is also possible that differences among
species receiving RES treatment may result in differing
effects. The anti‐atherosclerotic effects of RES may be
affected by elevating the dose, duration, or frequency of
RES.

Conclusion

Our study demonstrates that treatment with RES
significantly reduced adiposity mass in experimental
mice. Dietary supplementation with RES was also
shown to significantly improve lipid metabolism,
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inflammatory risk factors and antigen‐positive
macrophages of atherosclerosis in humanized
models of disease. Thus, RES appeared to suppress
the formation of atherosclerotic lesion by exerting
an anti‐inflammatory effect. Further studies are
needed to understand the complexities involved
and to determine whether RES supplementation
in hypercholesterolemic patients could lead to
deleterious effects.
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