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Abstract 

Background Atherosclerosis (AS) is a major contributor to vascular disorders and represents a significant risk 
to human health. Currently, first-line pharmacotherapies are associated with substantial side effects, and the develop-
ment of atherosclerosis is closely linked to dietary factors. This study evaluated the effects of a dietary supplement, 
EsV3, on AS in apolipoprotein E (ApoE) −/− model mice.

Methods The study utilized a high-fat diet-induced  ApoE−/− hyperlipidemic mouse model. EsV3 was administered 
in prophylactic (P-EsV3) and therapeutic regimens for 16 and 12 weeks, respectively, with distinct high- and low-dose 
groups (0.36 and 1.8 g/kg/day). Serum lipid levels were measured and monitored for body weight and food consump-
tion alterations in murine models. Aortic oil red O staining was conducted to assess plaque formation and calculate 
the plaque-to-vessel area ratio. Liver tissue changes were examined via HE staining. Moreover, serum oxidative stress 
markers (MDA, GSH, SOD) were measured to evaluate oxidative damage and lipid metabolism.

Results Both atorvastatin and P-EsV3 treatments significantly lowered TC, TG, and LDL-C levels, with P-EsV3-H 
enhancing HDL-C levels (P < 0.05). Prophylactic EsV3 administration was more effective than therapeutic administra-
tion in regulating TG and LDL-C levels and had comparable effects to atorvastatin on TC and HDL-C. All treatment 
groups exhibited reduced body weight compared to the model group, with no significant differences in food intake. 
Additionally, EsV3 administration significantly reduced the aortic plaque area and liver lipid droplets compared 
to the model group, while mitigating oxidative stress, as evidenced by decreased MDA levels and increased SOD 
and GSH levels, with outcomes comparable to those observed with atorvastatin.

Conclusions In  ApoE−/− hyperlipidemic mice, EsV3 improved lipid profiles and reduced aortic plaque formation. 
EsV3’s effects, attributed partly to its antioxidant properties, were comparable to atorvastatin, suggesting its potential 
as a preventive and therapeutic agent for hyperlipidemia and atherosclerosis.
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Introduction
Atherosclerosis (AS) is the most common cause of 
vascular diseases and is a severe threat to human 
health [1]. AS often results in severe outcomes such 
as coronary heart disease, stroke, and peripheral 
artery disease, which in turn increase the occurrence 
of cardiovascular events. Cardiovascular disease is a 
prominent cause of mortality globally. In 2020, it was 
anticipated that 21.13% of individuals aged 30–79 have 
an increased carotid plaque [2]. AS is distinguished by 
lipid accumulation, chronic low-grade inflammation, 
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and endothelial dysfunction [3]. Moreover, the patho-
genesis of atherosclerosis encompasses oxidative modi-
fication of lipoproteins, immune cell activation, and 
alterations in the extracellular matrix [4]. Currently, the 
commonly used drugs are statins for anti-AS. Despite 
their widespread use, statins are associated with 
adverse effects such as abnormal liver function, mus-
cle toxicity, and cognitive dysfunction [5]. The primary 
focus has consistently been on developing strategies to 
mitigate the risk of atherosclerosis.

Increasing evidence showed that abnormal lipid 
metabolism is the most critical risk factor for athero-
sclerosis [6]. Hyperlipidemia is closely associated with 
dietary patterns, notably those high in fats and cho-
lesterol, and is directly correlated with elevated serum 
lipid levels [7]. Total cholesterol (TC), triglycerides 
(TG), or low-density lipoprotein (LDL) are elevated; 
high-density lipoprotein (HDL) is reduced and is con-
sidered a risk factor [8].

Epidemiological research indicates that dietary hab-
its are a critical risk factor for developing pathological 
conditions such as atherosclerosis [9]. While pharma-
cological interventions have demonstrated efficacy in 
managing atherosclerosis, they are often associated 
with side effects and high costs, prompting interest in 
alternative or complementary strategies. Compelling 
data indicate that dietary components may directly 
impact the development of atherosclerosis, either by 
themselves or by affecting established risk factors, 
including plasma lipids, blood pressure, and plasma 
glucose levels [10]. Multiple studies have demonstrated 
that supplements such as omega-3 fatty acids, plant 
sterols, antioxidants (including vitamins C and E), 
and dietary fiber may effectively lower the risk of ath-
erosclerosis through various mechanisms [11]. Dietary 
supplements have gained increasing attention due to 
their potential anti-inflammatory, lipid-lowering, and 
antioxidative properties, which are critical in athero-
sclerosis management. However, research exploring 
the role of food-derived supplements in managing ath-
erosclerosis remains limited, with most existing studies 
concentrating on isolated nutrients or pharmacologi-
cal agents, thereby overlooking the potential syner-
gistic effects of multiple bioactive components. This 
underexplored area represents a critical research gap, 
particularly given the potential of dietary supplements 
to offer safer, more accessible, and cost-effective solu-
tions. Thus, consuming safe and efficacious functional 
foods represents a practical and accessible approach 
to prophylactic and treating vascular diseases. The 
health supplement EsV3 is mainly formulated with 
Eckol, kefir soy milk, VD3, and so on, which are benefi-
cial for improving AS. This project will investigate the 

prophylactic and therapeutic impacts of EsV3 on ath-
erosclerotic in  ApoE−/− mice.

Materials and methods
Materials
Experimental animals
Male C57BL/6 mice (20 ± 2  g) and  ApoE−/− mice 
(20 ± 2  g), both six weeks old, were purchased from the 
Beijing Vital River Laboratory Animal Technology Co., 
Ltd, license No. SCXK (Beijing) 2021–0006. All animals 
were of specific pathogen-free (SPF) grade. The feeding 
temperature was 20 ~ 25℃, relative humidity 50% ~ 60%, 
and free drinking and feeding. Experiments were started 
after one week of acclimatization feeding.

Drugs and reagents
HYDROX Co., Ltd. (Saitama, Japan) and Eiho Technology 
Co., Ltd. (Wuhan,  China) supplied EsV3. EsV3 is a mix-
ture of Soy milk kefir, eckol, fish oil, Vitamin D3, and tre-
halose in 81.33, 2.21, 6.2, 2.1, and 8.16%. A high-fat diet 
with 1.25% cholesterol, purchased from Rat-Lab (Wuhan) 
Biotechnology Co. Atorvastatin Tablets (Pfizer Pharma-
ceutical Co., Ltd.). TC, TG, LDL-C, and HDL-C assay kits 
(Nanjing Jiancheng Biologicals, item numbers: A111-1–1, 
A110-1–1, A113-1–1, A112-2–1, respectively).

Experimental instruments
Carbon dioxide incubator (Thermo, USA: 367743–
17216), SW-CJ-2FD ultra-clean bench (Shanghai Boxun 
Company), multi-functional enzyme marker (BIO-Tek 
Synergy H1, USA).

Experimental grouping
ApoE−/− mice on high-fat diet were randomly assigned 
to the model group, atorvastatin group, EsV3 high-dose 
prophylactic administration group (P-EsV3-H), EsV3 
low-dose prophylactic administration group (P-EsV3-L), 
EsV3 high-dose therapeutic administration group (EsV3-
H), EsV3 low-dose therapeutic administration group 
(EsV3-L), eight mice in each group. C57BL/6 mice were 
used as a control group. EsV3 administration groups are 
a general term for EsV3 prophylactic and therapeutic 
administration groups.

Model preparation
Atherosclerosis research frequently utilizes  ApoE−/− 
mice fed a high-fat diet [12].  ApoE−/− mice were given 
a high-fat diet daily for four weeks in order to establish 
hyperlipidemia (Mouse serum was assayed for TC, TG, 
HDL-C, and LDL-C, and a significant difference between 
the control group and the model group was recognized 
as a successful hyperlipidemia model), and P-EsV3-H and 
P-EsV3-L groups were administered continuously during 
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the modeling period. In the fourth week of the modeling 
period, blood was collected from the eye socket, and the 
serum was separated and prepared for use.

The EsV3 therapeutic administration group and the 
atorvastatin group were started as soon as it was clear 
that hyperlipidemia had occurred. EsV3 was adminis-
tered by mixing it into the feed, and atorvastatin was 
administered by intragastrical. The dose of EsV3 was 
0.36  g/kg for the low-dose prophylactic and therapeu-
tic groups and 1.8  g/kg for the high-dose prophylactic 
and therapeutic groups. 5  mg/kg was administered by 
intragastrical to the atorvastatin group. 16  weeks were 
administered to the prophylactic group and 12  weeks 
to the therapeutic and atorvastatin groups. The mice’s 
body weight and food intake were monitored weekly 
throughout the trial. All mice were anesthetized with 
0.3% sodium pentobarbital and then sacrificed by cervical 
dislocation.

Indicator testing
General observation
Body weight and food intake were measured weekly for 
each group of mice, followed by statistical analysis to 
evaluate the effects of treatment on these parameters.

Concentration of serum lipid parameters
Serum TC, TG, LDL-C, and HDL-C levels were deter-
mined using assay kits from Nanjing Jiancheng Bioengi-
neering Institute, Jiangsu, China.

Histological analysis
Liver tissues were fixed, sectioned, and subjected to 
hematoxylin and eosin (H&E) staining. The morphologi-
cal characteristics of the liver were subsequently exam-
ined under a light microscope. To evaluate hepatic lipid 
accumulation, lipid droplets in liver sections were quanti-
fied following staining with H&E staining. Lipid droplets, 
appearing as clear vacuoles within hepatocytes due to 
the extraction of lipids during the staining process, were 
identified and outlined manually or using automated 
segmentation tools in Image-Pro Plus software. Images 
were imported into the software, and a threshold was set 
to differentiate lipid droplet vacuoles from surrounding 
stained cellular structures. The total area of lipid droplets 
was quantified using the "area measurement" tool, and 
the percentage of droplet area relative to the total tissue 
area in each field was calculated.

Atherosclerotic lesion analysis
The entire brachiocephalic artery was excised from its 
origin at the aortic arch to its bifurcation into the right 
common carotid artery. The tissue was fixed in 10% 
formalin for 10  min, followed by Oil Red O staining to 

quantify lipid accumulation [13]. The aortic plaque area 
was quantified using Image Pro Plus software, which 
calculated the ratio of plaque area to total vessel area by 
measuring both parameters. The "area measurement" 
tool was used to trace and quantify the cross-sectional 
area of the atherosclerotic plaque within the vessel 
lumen. The outer boundary of the vessel was outlined to 
determine the total vessel cross-sectional area. Finally, 
the plaque-to-vessel area ratio was calculated as the 
plaque area divided by the total vessel area.

Detection of MDA, SOD and GSH
Serum MDA (A003-1–2, Nanjing Jiancheng Biologicals), 
SOD (A001-1–2, Nanjing Jiancheng Biologicals) and 
GSH (A005-1–2, Nanjing Jiancheng Biologicals) assay 
kits were used to detect oxidative indicators following the 
provided instructions.

Statistical processing
GraphPad Prism 8 statistical software was used. The data 
for measures conforming to normal distribution were 
expressed as x ± s. Statistical comparisons between two 
groups were performed using the student’s t-test, while 
one-way analysis of variance (ANOVA) was employed for 
comparisons involving multiple groups. For comparisons 
involving multiple groups, a one-way ANOVA was per-
formed. In instances where only two groups were com-
pared, such as between the prevention and treatment 
groups within the EsV3 treatment, a two-tailed unpaired 
T-test was employed. Specifically, the P-EsV3-L group 
was compared with the EsV3-L group, and the p-EsV3-H 
group was compared with the EsV3-H group. A p-value 
of less than 0.05 was considered statistically significant.

Results
Effects of EsV3 on blood lipids of  ApoE−/− mice
Four weeks after modeling, the lipid levels of mice in 
each group were compared. The TC levels in the mice 
serum in the model group were considerably higher 
(P < 0. 001) compared to the control group. There was a 
trend toward lower TC in the P-EsV3 groups compared 
to the model group, but it was insignificant. At the end of 
the 16th week of modeling, TC levels were significantly 
higher (P < 0. 001) in the model group compared with the 
control group. TC levels were significantly lower in both 
atorvastatin and EsV3 administration groups compared 
to the model group. There was no difference in the EsV3 
administration group compared to atorvastatin, suggest-
ing that EsV3 acts similarly to atorvastatin in TC level 
regulation (Table S1,2,3, Fig. 1A-B).

The TG levels in the mice serum in the model group 
were significantly higher (P < 0. 001) compared to the 
control group in the fourth week of modeling. Both 
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Fig. 1 Comparison of lipid (serum TC, TG, LDL-C, HDL-C) levels among groups at week 4 and week 16 (n = 8). A, E. TC; B, F. TG; C, G. HDL-C; D, H. 
LDL-C. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. model group. & p < 0.05, && p < 0.01, &&& p < 0.001 vs. 
atorvastatin. ^ p < 0.05 vs. P-EsV3 groups. For comparisons involving multiple groups, a one-way ANOVA was performed. A two-tailed unpaired t-test 
was performed to compare the P-EsV3-L group with the EsV3-L group
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the P-EsV3-H and P-EsV3-L administration signifi-
cantly inhibited the increase in TG levels compared to 
the model group (p < 0. 001). This finding indicated that 
EsV3 prophylactic administration groups could improve 
hypertriglyceridemia in  ApoE−/− mice. At the end of the 
16th week of modeling, compared with the control group, 
TG levels were significantly higher (P < 0. 001) in the 
model group (P < 0. 001) [12]. TG levels were significantly 
reduced in all EsV3 administration groups compared to 
the model group and had similar effects as atorvasta-
tin. In addition, the regulation of TG by P-EsV3-H was 
superior to that of EsV3-H when compared between the 
therapeutic and prophylactic groups of EsV3 (P < 0. 001), 
suggesting that the EsV3 prophylactic group was more 
effective in regulating TG (Table S1,2, Fig. 1C-D).

HDL-C levels were significantly lower at both the 
fourth week and 16th week of modeling compared to 
the control group (P < 0. 001). At week 16 of modeling, 
HDL-C levels were significantly upregulated in the 
P-EsV3-H group and the atorvastatin group compared 
with the model group, suggesting that the EsV3 high-
dose prophylactic dosing group had a similar effect as 
atorvastatin on HDL-C regulation (TableS1,2, Fig. 1E-F).

The LDL-C levels in the mice serum in the model 
group were significantly higher (P < 0. 001) compared 
to the control group in the fourth week of modeling. 
There was a significant decrease in LDL-C content in the 
P-EsV3 groups compared to the model group, suggest-
ing that the EsV3 prophylactic dosing groups could reg-
ulate LDL-C content during hyperlipidemia. At the end 
of the 16th week of modeling, compared with the con-
trol group, LDL-C levels were significantly higher (P < 0. 
001) in the model group (P < 0. 001). Compared with 
the model group, serum LDL-C levels were significantly 
lower (P < 0. 001) in the P-EsV3 and atorvastatin groups. 
The EsV3 prophylactic administration group had a simi-
lar effect on LDL-C regulation as the atorvastatin group. 
In addition, the regulation of LDL-C by P-EsV3-L was 
superior to that of EsV3-L when compared between the 
therapeutic and prophylactic groups of EsV3 (P < 0. 001), 
suggesting that the EsV3 prophylactic group was more 
effective in regulating LDL-C (Table S1,2, Fig. 1G-H).

In summary, EsV3, as a preventive and therapeu-
tic agent, significantly improved TC, TG, LDL-C, and 
HDL-C levels in atherosclerotic mice, with effects com-
parable to atorvastatin. EsV3 prophylactic administration 
groups were superior to the therapeutic groups in regu-
lating TG and LDL-C.

Effects of EsV3 on body weight of  ApoE−/− mice
The initial body weight of each group was not signifi-
cantly different from that of the control group. After 
16  weeks of modeling, the body weight of the model 

group increased significantly compared with the control 
group (P < 0. 001). Compared with the model group, body 
weight decreased in all dosing groups, with the atorv-
astatin group significantly down-regulating the body 
weight of mice (P < 0. 05). There was no significant dif-
ference between the EsV3 prophylactic and therapeutic 
groups (Fig. 2A-B). These results show that weight loss in 
the EsV3-treated groups suggests that EsV3 may have a 
potential weight loss effect.

Effects of EsV3 on food intake in  ApoE−/− mice
The results showed that the food intake of all groups of 
mice tended to increase and then decrease. Meanwhile, 
there was no significant variation in mouse food con-
sumption between groups (Fig.  2C). This indicates that 
the EsV3 groups had no significant effect on intake, indi-
cating its safety.

EsV3 reduced aortic plaque formation in  ApoE−/− mice
Compared with the control group, mice in the model 
group showed a large distribution of aortic oil-red lipid 
droplets and a significantly higher percentage of aortic 
plaque area (P < 0. 001). The EsV3 administration groups 
(P-EsV3-L, P-EsV3-H, EsV3-L, and EsV3-H) significantly 
reduce the aortic plaque area (P < 0. 05, P < 0. 01 or P < 0. 
001) (Fig.  3A-B). The atorvastatin group significantly 
reduced the aortic plaque area compared with the model 
group (P < 0. 001). Compared with the atorvastatin group, 
there was no significant difference in the effect of both 
the prophylactic and therapeutic groups, indicating that 
the inhibitory effect of the administered group on ath-
erosclerotic plaque formation was comparable to that 
of atorvastatin. No significant difference between EsV3 
prophylactic and therapeutic groups on the aortic plaque 
area. The above results suggest that EsV3 has a significant 
inhibitory effect on the formation of atherosclerotic aor-
tic plaque lesions.

Effect of EsV3 on the histopathological morphology 
of the liver in hyperlipidemic mice
HE staining of liver tissue showed that the hepatocytes 
in the control group were round and full in shape, with 
intact nuclei in a central position, clear cell borders, no 
apparent lipid droplets in the cytoplasm, and a striated 
arrangement with no narrowing of the hepatic sinusoids. 
Compared with the control group, the hepatocytes in the 
model group were more prominent, with many fat vacu-
oles of different sizes in the cytoplasm, and the hepatic 
sinusoids were narrowed or disappeared. Lipid droplets 
were significantly reduced in the EsV3 administration 
groups and the atorvastatin group, and their pathologi-
cal changes were significantly reduced compared with 
the model group, with a reduced degree of hepatocyte 
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steatosis, significantly fewer fat vacuoles, and reduced 
hepatic sinusoidal stenosis. Normal hepatocytes could 
be seen, and the degree of hepatic sinusoidal stenosis was 
restored. The P-EsV3-H and EsV3-H showed improve-
ments closer to those of the atorvastatin group, indicat-
ing comparable inhibition of hepatic lipid droplets to that 
of the atorvastatin group in Fig. 4.

EsV3 regulated the levels of oxidant‑related markers 
in serum samples
The oxidative markers evaluated in this study included 
malondialdehyde (MDA), superoxide dismutase (SOD), 
and total glutathione (T-GSH) [14]. MDA, a byproduct 
of lipid peroxidation, is a critical indicator of oxidative 
damage and disrupted lipid metabolism in atherosclero-
sis. Accordingly, we quantified the levels of these oxida-
tive markers in serum samples from atherosclerotic mice. 
Compared with the control group, serum MDA levels 
were significantly higher (P < 0. 001), and SOD and GSH 
levels were significantly lower (P < 0. 01, P < 0. 001) in the 
model group, suggesting that oxidative stress occurred. 
Serum MDA levels were significantly lower (P < 0. 001), 
and SOD and GSH levels were significantly higher (P < 0. 
01) in the atorvastatin group compared with the model 
group. Compared with the model group, the MDA level 
of EsV3 was significantly reduced in EsV3 administration 
groups (P < 0. 001), which was similar to the effect of the 

atorvastatin group (Fig. 5A). Serum SOD levels exhibited 
an upward trend in EsV3 administration groups relative 
to the model group (Fig.  5B). Similarly, both P-ESV3-
H and EsV3 treatment groups exhibited significantly 
higher GSH levels relative to the model group (P < 0.001) 
(Fig.  5C). These findings indicate that EsV3 partly sup-
pressed the development of atherosclerosis by exerting 
its antioxidant properties.

Discussion
This study highlights the beneficial effects of EsV3 in an 
 ApoE−/− mouse model of atherosclerosis. The primary 
findings demonstrate that oral administration of EsV3, 
either as a preventive measure or a therapeutic inter-
vention, reduced serum levels of TG, TC, and LDL-C 
while increasing serum levels of HDL-C. Additionally, 
EsV3 administration groups resulted in diminished aor-
tic plaque formation and decreased hepatic lipid droplet 
accumulation. These results underscore the potential of 
EsV3 as a promising dietary supplement for the manage-
ment of atherosclerosis.

Atherosclerosis is characterized by the development of 
fibrofatty lesions within the arterial walls. These lesions 
are marked by abnormal lipid accumulation, enhanced 
inflammatory cell infiltration, matrix deposition, and 
proliferation of smooth muscle cells [15, 16]. TC plays 
a central role in the pathogenesis of atherosclerosis, a 

Fig. 2 Effect of EsV3 treatment on body weight and feeding. A. Body weight of EsV3 in hyperlipidemic mice (n = 8). B. Body weight of EsV3 
in hyperlipidemic mice at 16 weeks (n = 8). C. Effect of EsV3 on feeding in hyperlipidemic mice (n = 8). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control 
group. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. model group. & p < 0.05, && p < 0.01, &&& p < 0.001 vs. atorvastatin. For comparisons involving multiple 
groups, a one-way ANOVA was performed
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condition characterized by lipid accumulation within the 
arterial walls, leading to plaque formation and vascular 
obstruction. Elevated TC levels contribute to atherogene-
sis by promoting the deposition of cholesterol in the arte-
rial intima [17]. TG plays a crucial role in the formation 
and advancement of atherosclerosis, primarily via being 
linked to triglyceride-rich lipoproteins (TRLs), such as 
very-low-density lipoprotein (VLDL) and chylomicrons 
[18]. HDL-C has a preventive function in the develop-
ment of atherosclerosis by participating in reverse cho-
lesterol transport (RCT). Dysfunctional HDL-C may 
lose its ability to provide protection, leading to oxidative 

stress and inflammation. As a result, its effectiveness in 
preventing the advancement of atherosclerosis is reduced 
[19]. High levels of LDL-C and triglycerides play a vital 
role in the formation of atherosclerosis [20]. Excess LDL 
in the blood is taken up and modified by endothelial 
cells to form oxidized LDL (ox-LDL). Ox-LDL activates 
endothelial cells and macrophages, induces an inflam-
matory response, and prompts the transformation of 
macrophages into foam cells, further accelerating lipid 
deposition in the arterial wall [21]. In addition, hyperlipi-
demia can further exacerbate the progression of throm-
bosis [22]. In conclusion, there is a close and complex 

Fig. 3 EsV3 inhibited plaque formation in the aorta of  ApoE−/− mice. A-B. Atherosclerotic plaque lesion formation of EsV3 in hyperlipidemic mice 
(n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. model group. For comparisons involving multiple 
groups, a one-way ANOVA was performed
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interaction between hyperlipidemia and atherosclerosis, 
and effective control of blood lipid levels is essential for 
preventing and treating atherosclerosis.

Atorvastatin is a selective methylglutaryl coenzyme A 
reductase inhibitor. It has been widely used in the clinic 
for its apparent effects in lowering blood lipids, inhibit-
ing atherosclerosis, and improving vascular endothelial 
function [23]. In addition, atorvastatin has pleiotropic 
benefits. These effects include anti-inflammatory and 

antioxidant activities, which help improve the function of 
the endothelium and reduce inflammation in blood ves-
sels. Together, these processes reduce the advancement 
of atherosclerosis and decrease the occurrence of car-
diovascular events [24]. However, some patients experi-
ence muscle-related adverse effects, including myalgia, 
muscle weakness, or rhabdomyolysis, as well as statin 
intolerance, manifesting as abnormal liver function and 
gastrointestinal discomfort [25]. Although there have 

Fig. 4 Effect of EsV3 on liver histopathology in hyperlipidemic mice (HE, 100x). A. Control; B. Model; C. Atorvastatin; D. P-EsV3-L; E. P-EsV3-H; F. 
EsV3-L; G. EsV3-H. H. Lipid droplet area ratio in hepatocytes. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. 
model group. & p < 0.05, && p < 0.01, &&& p < 0.001 vs. atorvastatin. For comparisons involving multiple groups, a one-way ANOVA was performed

Fig. 5 Effect of EsV3 on antioxidant markers in  ApoE−/− mice. A. MDA concentration in serum. Activities of SOD (B) and T-GSH (C) in serum. 
Results were presented as means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. model group. 
For comparisons involving multiple groups, a one-way ANOVA was performed
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been substantial attempts to decrease the impact of ath-
erosclerotic cardiovascular disease with atorvastatin 
and other medications, a considerable amount of risk 
remains.

Dietary patterns play a critical role in the develop-
ment and progression of hyperlipidemia, with diets high 
in saturated fats and cholesterol strongly linked to ele-
vated blood lipid levels [26]. Additionally, a high intake 
of refined carbohydrates and added sugars is associated 
with increased triglyceride levels, further amplifying the 
risk of hyperlipidemia [27].  ApoE−/− mice are often used 
as animal models to investigate hyperlipidemia and ath-
erosclerosis since they possess a hereditary inclination 
towards lipid dysregulation. Without functioning ApoE, 
these animals have a reduced ability to remove chylomi-
cron and VLDL remnants, leading to increased choles-
terol levels in the blood and the spontaneous formation 
of atherosclerotic plaques. The atherogenic process is 
expedited when a high-fat diet is paired with it, leading 
to a further elevation in plasma levels of total cholesterol, 
triglycerides, and LDL-C [28].

Therefore, the role of diet in hyperlipidemia and ath-
erosclerosis should be considered. Dietary supplements 
have shown potential in preventing and treating hyper-
lipidemia, thereby improving AS. The health supple-
ments have great potential for preventing and treating 
atherosclerosis with few side effects and significant effi-
cacy [29]. For example, apigenin reduced miR33 and 
TLR-4/NF-κB p65 pathway levels, increased ABCA1, 
decreased lipid accumulation, and lessened muscle cells 
and macrophages in the atherosclerotic regions of LPS-
challenged  ApoE−/− mice [30]. The health supplement 
EsV3 contains Eckol, kefir soy milk, VD3, and fish oil. 
Eckol, extracted from native wakame using ethanol and 
purified by fractionation, was added to EsV3—the frac-
tionated product contained phlorotannins identified as 
Eckol. Eckol prevents thrombus formation by inhibiting 
thrombin activity. In addition, it inhibits smooth muscle 
cell proliferation and plaque formation [31]. Kefir soy 
milk contains β-poly globulin from soy protein, which 
acts on the liver and induces the production of FGF21 
[32, 33]. FGF21 maintains the homeostasis of blood cho-
lesterol to prevent the development of AS. The soy milk-
kefir diet significantly enhanced the excretion of neutral 
sterols and bile acids via feces. This dietary intervention 
markedly decreased male hamsters’ serum non-HDL 
cholesterol to HDL cholesterol ratio [34]. Fish oil is rich 
in Omega-3 unsaturated fatty acids, which are benefi-
cial for stabilizing the lipid profile. Research has shown 
that dietary supplementation with fish oil significantly 
improves the endothelial-dependent dilation of coronary 
blood vessels in heart transplant recipients. However, this 
intervention does not influence endothelial-independent 

vasodilation [35]. EsV3 may exert its anti-atherosclerotic 
effects mainly through eckol, kefir soy milk, and fish oil.

In this study, EsV3 was classified into prophylactic and 
therapeutic administration, and their modulatory effects 
on atherosclerosis were systematically evaluated. Dietary 
modifications that are more conducive to the prevention 
of atherosclerosis [10]. The effects observed in the pro-
phylactic and therapeutic administration were compara-
ble concerning food intake and changes in body weight. 
EsV3 administration groups had comparable effects to 
the atorvastatin group. These findings suggest that EsV3 
exerts no significant impact on appetite and can be safely 
administered. Weight loss is known to positively influ-
ence lipid metabolism and overall health, particularly in 
the context of atherosclerosis. Studies have demonstrated 
that weight reduction can lead to decreased LDL-C lev-
els and improved lipid profiles, thereby mitigating car-
diovascular risk factors [36]. In our study, EsV3-treated 
groups experienced weight loss without significant 
changes in appetite, indicating that EsV3 may facilitate 
weight reduction through mechanisms independent of 
caloric intake. Furthermore, weight loss has been associ-
ated with reduced systemic inflammation, a critical factor 
in the pathogenesis of atherosclerosis [37]. By promoting 
weight loss, EsV3 may not only improve lipid metabolism 
but also attenuate inflammatory processes, potentially 
enhancing the prognosis of atherosclerotic conditions. 
In conclusion, the observed weight reduction in EsV3-
treated groups suggests that EsV3 may have therapeutic 
significance by positively affecting lipid metabolism and 
reducing systemic inflammation, thereby contribut-
ing to improved overall health status in the context of 
atherosclerosis.

EsV3 administration groups demonstrated significantly 
greater efficacy in lipid regulation compared to the model 
group. Moreover, EsV3 administration groups have a sim-
ilar effect to atorvastatin. Specifically, EsV3 prophylactic 
administration was more effective than EsV3 therapeutic 
administration regarding TG and LDL-C levels. Com-
pared with the model group, the EsV3 administration 
groups inhibited atherosclerotic plaque formation with 
an effect comparable to that of atorvastatin. The find-
ings from the EsV3 prophylactic administration regard-
ing blood lipid levels indicate that regular consumption 
of EsV3 may reduce the risk of atherosclerosis. Therapeu-
tic administration demonstrated that EsV3 consumption 
following arterial plaque formation ameliorated plaque 
accumulation.

Lipid oxidative damage is crucial to hyperlipidemia and 
atherosclerosis. ROS-induced oxidative stress increases 
lipid peroxidation, accelerating plaque development and 
destabilization [38]. The modulation of MDA, SOD, and 
GSH by EsV3 suggests that EsV3 may have potential 
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in the prophylactic and therapeutic of atherosclerosis 
through the regulation of lipid oxidative damage. Stud-
ies have demonstrated that eckol, a polyphenolic com-
pound found in Ecklonia stolonifera, exerts significant 
anti-hyperlipidemic effects by inhibiting HMG-CoA 
reductase activity, thereby reducing cholesterol biosyn-
thesis. Additionally, eckol’s potent antioxidant prop-
erties help mitigate oxidative stress, which is closely 
linked to inflammation and dyslipidemia [39]. These 
findings offer a mechanistic basis for the lipid-lowering 
and anti-inflammatory effects observed in our study. 
Moreover, Wang et al. highlighted the role of soy isofla-
vones and their metabolites, which are abundant in kefir 
soy milk, in regulating lipid metabolism and inflamma-
tion. Their study emphasized that soy isoflavones acti-
vate key molecular pathways, including AMP-activated 
protein kinase (AMPK) signaling, which enhances lipid 
catabolism and reduces lipogenesis. Additionally, the 
anti-inflammatory effects of soy isoflavones involve the 
suppression of nuclear factor kappa B (NF-κB) signaling, 
leading to decreased production of pro-inflammatory 
cytokines such as TNF-α and IL-6 [40]. By integrating 
these findings, we propose that the synergistic actions 
of eckol and kefir soy milk in EsV3 contribute to its 
observed effects on lipid metabolism and inflammation. 
The above results suggest that EsV3 prophylactic admin-
istration may help improve abnormalities in lipid mark-
ers and reduce plaque formation in the aorta. Overall, 
EsV3 had significant effects in inhibiting atherosclerosis.

We acknowledge the lack of a long-term efficacy assess-
ment as a key limitation. While our study provides valu-
able insights into the short-term effects of EsV3. Future 
studies are necessary to evaluate the sustained efficacy 
and safety of EsV3 over extended periods. Additionally, 
we note other potential limitations, such as the relatively 
small sample size and the limited depth of mechanistic 
studies, highlighting the need for more comprehensive 
research to elucidate the mechanisms linking EsV3’s bio-
active components to the observed outcomes. These limi-
tations underline the need for further research, including 
large-scale, long-term studies and mechanistic investiga-
tions, to confirm and extend our findings.

Conclusion
In this study, based on the successful construction of 
 ApoE−/− hyperlipidemia model mice and atherosclerosis 
model mice, EsV3 preventive administration and therapeu-
tic administration were carried out, blood lipid detection, 
body weight determination, aortic oil red staining and liver 
HE staining were performed. The study found that EsV3 
administration groups were found to slow the development 
of hyperlipidemia, with significant effects on all indica-
tors of lipid levels and an effect comparable to that of the 

positive drug atorvastatin. EsV3 administration groups also 
reduced aortic plaque formation, decreased hepatic lipid 
droplet production, and delayed weight gain. EsV3 has 
good preventive and therapeutic effects on hyperlipidemia 
and atherosclerotic-like lesions.
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