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ABSTRACT: Atherosclerosis (AS) is a worldwide disease caused by disorders of lipid metabolism, and lipid 

deposition in artery walls. The study aims to evaluate the effect of high-phytosterol rapeseed oil (HPRO) on the 

prevention of AS and elucidate the mechanism involved by exploring the composition of liver lipids, lipid synthesis, 

and metagenomes. The results show that HPRO reduces dyslipidemia and lipid accumulation in mice, and prevents 

AS lesions. By liver lipidomics analysis, we found that HPRO prevents AS by regulating the pathways of lipid and 

atherosclerosis, and glycerolipid metabolism. HPRO was shown to down-regulate the protein expression level of liver 

lipid synthesis markers sterol regulatory element-binding protein 1 and fatty acid synthase via AMP-activated protein 

kinase, and this is superior to that of β-sitosterol. Through metagenomic analysis, we found that HPRO increased the 

levels of beneficial bacteria Bacillota and Muribaculaceae while decreasing the levels of harmful bacteria 

Enterobacterales and Pseudomonadota. Interestingly, correlation analysis of liver lipids, intestinal flora, and AS 

indicators found significant correlations among them.   
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1. Introduction

Atherosclerosis (AS) is the most common type of cardiovascular disease, primarily characterized by the 

buildup of lipids and inflammatory responses within large arteries. This condition can ultimately result in 
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serious health issues, including myocardial infarction and stroke. The high occurrence of unhealthy dietary 

habits might play a part in this progression, with diet being crucial in the prevention of AS [1-3]. 

Phytosterols play a crucial role as micronutrients within the human diet, possessing the capability to 

lower serum cholesterol levels and diminish the risk of cardiovascular and cerebrovascular diseases. An 

abnormal cholesterol level or a dysfunction in lipid metabolism specifically acts as an autonomous risk 

determinant for AS [4]. The cholesterol levels and homeostasis in the body, are affected by how this is made in 

the liver and how it is absorbed in the intestine [5]. The small intestine is essential for both cholesterol synthesis 

and lipoprotein metabolism. Furthermore, it is responsible for absorbing cholesterol derived from the diet as 

well as from the body’s own biliary secretion [6]. Research has shown that phytosterols can hinder the uptake 

of cholesterol, from both food and endogenous (biliary) sources within intestinal cells. This blocking leads to 

a decrease in total serum cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels [7]. 

Additionally, phytosterol supplementation may modify the liver fatty acid content, significantly reducing 

saturated fatty acids and greatly increasing the levels of both monounsaturated and polyunsaturated fatty acids 

in the liver [8, 9].  

The intestine microbiota significantly influences the onset, prevention, and management of AS [10-12]. 

Serving as a crucial regulator of the host's metabolism, the intestine bacteria display a composition and 

function that are adaptable and affected by dietary influences, particularly the amount and variety of lipids 

consumed. Moreover, phytosterols can boost the prevalence of beneficial microbes and metabolites that 

mitigate against AS [13]. The intestinal bacteria's effect on the host's fat metabolism might be enhanced by 

metabolites generated by these microbes, such as short-chain fatty acids, secondary bile acids, and 

trimethylamine, along with bacterial-derived pro-inflammatory agents, including lipopolysaccharide (LPS) 
[14]. In individuals with AS, alterations in the intestine bacteria occur, which are intimately linked to 

biomarkers of the disease, particularly plasma cholesterol levels [15-17]. Cholesterol is synthesized, broken 

down, and transformed in the liver [18]. Phytosterols can affect cholesterol transport in the blood by influencing 

both the formation and clearance of low-density lipoprotein (LDL) [19]. LDL serves a crucial function in 

transporting cholesterol synthesized in the body, while phytosterols can modify serum LDL levels [20, 21]. 

Therefore, regulating the composition of intestinal flora, and optimizing liver lipid and cholesterol metabolism 

are new strategies to prevent AS.  

Nevertheless, currently, the consumption of phytosterols remains quite low in several countries. The 

primary sources of phytosterols are edible vegetable oils, with rapeseed oil  being the most significant 

contributor, representing 22.9% of the overall phytosterol consumption from all types of foods [22], and intake 

of phytosterols with oil are more beneficial to play a role in lowering serum cholesterol [23]. There is growing 

evidence to support the use of nutrient-rich whole rapeseed oil to prevent AS and as an important component 

of a healthy diet [24]. Consequently, high-phytosterol rapeseed oil (HPRO) has great potential in interventions 

to reduce AS. Therefore, the objective of this study was to examine the impact of  HPRO on intestinal 

microbiota structure and liver lipid metabolism in AS mice. The changes in serum TC, triglyceride (TG), 
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LDL-C, high-density lipoprotein cholesterol (HDL-C), and aortic plaque, reactive oxygen species (ROS), and 

CD45R AS parameters were studied. In addition, alterations in the lipid structure change by lipidomics 

analysis and intestine flora of mice were evaluated by metagenic sequencing analysis to elucidate the 

regulatory role of HPRO on the lipids and microbiota composition and function of atherosclerotic mice. 

Meanwhile, we also investigated the reducing effect of HPRO on lipid metabolism and the reducing effect of 

lipid synthesis markers SREBP-1 and fatty acid synthase (FASN) expression. This study should give a 

scientific foundation for the application of HPRO to the prevention of AS. 

2. Materials and methods 

2.1. Diets, animals, and experimental design 

All animal experiments adhered to ARRIVE guidelines. Under permission number HLK-20230605-003, 

the experimental protocols were authorized by the Animal Ethics Committee and Wuhan Halic Biotechnology 

Co., Ltd. Mice deficient in apolipoprotein E (ApoE−/− mice) are a commonly used model of atherosclerosis, 

and their lesions are similar to those of humans [25]. 6-week-old C57BL/6J and ApoE knockout male mice 

(C57/BL6 background) were acquired from GemPharmatech Co., Ltd. (Nanjing, Jiangsu, China). 

Experimental design and operation follow the principle of reducing animal suffering. All mice were given 

adequate food and drinking water in a 12 h dark/light cycling environment. Three groups of mice were created 

and given three different diets provided by Beijing HFK Biotechnology Co., Ltd. (Beijing, China) icluding the 

control group fed by a standard diet (6 male C57BL/6J mice), the western diet (WD, Supplementary file Table 

S1) group (6 male ApoE−/− mice), HPRO group (6 male ApoE−/− mice) fed by WD containing HPRO instead 

of the corn oil and anhydrous milk fat component[26]. The experimental protocol was carried out over a period 

of 21 weeks.  

2.2. Serum and tissue measurements and staining 

Upon conclusion of the experiment, the mice underwent fasting, and 6 mice in each group were 

euthanized and quickly obtained blood specimens, and the aorta, adipose, and liver tissues were stained and 

preserved. Liver levels of superoxide dismutase (SOD), malondialdehyde (MDA), tumor necrosis factor-α 

(TNF-α), interleukin-6 (IL-6), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) and 

blood lipid levels were quantified in accordance with the directives of commercial kits. 

2.3. Histological examination 

Mice tissues from the aorta and liver, which were stabilized with paraformaldehyde, were placed, and 

sections were prepared for both ORO and H&E staining. The ORO dye dissolves readily and can penetrate cell 

membranes to attach to lipid droplets found within cells. This dye's specific affinity for lipids allows the 

regions containing them to be distinctly revealed in red under a light microscope, whereas other areas remain 

colorless or show different hues. During Hematoxylin-Eosin (H&E) staining, chromatin, and cytoplasmic 

nucleic acids acquire a purple-blue tint, with the nucleus displaying a rich blue shade. The cytoplasmic 
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regions, along with the extracellular matrix, appear pink as a result of eosin staining, emphasizing the overall 

tissue architecture and the unique structural characteristics of the lesion. 

2.4. CD45R levels in peripheral blood and aorta ROS level 

The samples were subjected to centrifugation at 2, 000 r/min for a duration of 5 min and later mixed again 

in 1 ml of PBS. After washing, they were centrifuged once more, with the supernatant discarded. Two distinct 

groups were created: the unfilled standard group and the flow single standard group. In the case of the blank 

standard tube, 100 μL of PBS was incorporated, omitting any antibodies. Following this, an additional 2 mL of 

PBS was used for rinsing, which was thereafter subjected to additional centrifugation at 2, 000 r/min for 5 min 

at 4 ℃ to effectively eliminate the extra fluid. The cells were then reintroduced to suspension into 100 μL of 

PBS which was maintained in the dark at 4 ℃ until analysis. The analysis of the experimental results was 

carried out utilizing NovoExpress software. 

The ROS level was detected by flow cytometry: DCFH-DA was diluted at a ratio of 1:1000, and cells 

were collected. After incubation, cells were washed with serum-free cell medium, and then cells were 

collected and re-suspended with PBS for on-machine detection. The analysis was performed using NovoCyte 

analysis software. 

2.5. Transmission electron microscope 

A petri dish equipped with an electron microscope fixation solution was prepared in advance before 

sampling, and the small tissue blocks were put into the petri dish immediately for fixation after being removed 

in vitro. This was followed by post-fixation and room-temperature dehydration. The permeable package was 

kept in the oven overnight. After 48 h of polymerization, it was positioned under a light microscope. After the 

copper mesh was dyed, the slices were put into a box kept dry at room temperature, and observed and analyzed 

after 12 h. 

2.6. Liver lipidomics analysis 

In this study, the preparation standard of mouse liver samples was 100 mg/sample, and the samples were 

stored at -80 ℃ after being quick-frozen in liquid nitrogen and transported in dry ice. Targeted detection of 

lipid molecules, Q-TRAP instrument, and MRM gold quantitative mode, Rt+Q1/Q3 multiple ions accurate 

qualitative substances, analysis in the database. The identified metabolites were annotated in the KEGG 

database and fed back to the KEGG Pathway database. 

2.7. Small intestinal contents metagenomic sequencing 

Samples were removed from the small intestine of the mice with a sample size of about 1 g. The entire 

small intestine was excised with a clean blade, the materials were cut on the sterile operating table, and the 

contents were excavated with a clean knife and then immediately placed on ice for subpacking and marking. 

The samples were subpacked to avoid repeated freezing and thawing. The steps used were: sample DNA 

extraction and detection, library construction detection, sequencing quality control, and analysis. When 

sample contamination is suspected, it is essential to compare with the host database to eliminate reads that 
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might be derived from the host. Where this is the case the parameters have to be changed. Following this, 

metagenome assembly, gene prediction, abundance assessments, and species annotation were performed. 

2.8. In vitro simulated digestion 

The digestion of HPRO was conducted in vitro in accordance with the standardized INFOGEST protocol 
[27]. Simulated saliva, gastric, and intestinal fluids were prepared. Once the intestinal stage is over, digestion 

stops. The specimen was rapidly frozen using liquid nitrogen maintained at -80 ℃ for subsequent analytical 

purposes. 

2.9. Caco-2/HepG2 cultures and identification of intracellular lipid reduction in a Caco-2/HepG2 coculture 

model 

Caco-2 cells were inoculated into 12-well plates and incubated at 37 ℃ and 5% CO₂ for 24 h. The culture 

medium needs to be renewed every other day to ensure the cells mature for at least 21 days. The medium was 

replaced in a timely manner to ensure cell maturation for at least 21 days, and a membrane with a 

transepithelial resistance (TEER) value greater than 400 Ω cm² was considered a successful model [28]. 

D-HPRO was introduced at a dilution of 1:8 to the apical (AP) side [29], and the β-sitosterol levels in the 

D-HPRO group were kept at the same as those in the 100 μmol/L β-sitosterol intervention group. On the 19th 

day of culture, HepG2 cells were inoculated on the basolateral (BL) side to establish a co-culture model. After 

an incubation period of 24 h, the high-fat treatment was introduced along with sodium oleate (NAOL) 

solution. Finally, samples were extracted and tested from the well. The lipid-lowering effect of the extract was 

tested using a test kit, and the concentration of each well was quantified, in line with the manufacturer's 

guidelines. The lipid-lowering properties of D-HPRO and β-sitosterol were evaluated in an experimental 

setting. 

2.10. Western blot analysis 

The separated samples were placed onto PVDF membranes (Millipore Corp., Massachusetts, United 

States). Blocking of the PVDF membrane was carried out for 1 h at ambient temperature utilizing a blocking 

solution. Following this, immunoblots were conducted utilizing primary antibodies specific to the target 

protein along with an internal control protein. To facilitate detection, a secondary antibody conjugated to 

horseradish peroxidase was introduced to the blot. Ultimately, the gray values associated with the target 

protein blots, adjusted for β-actin, were evaluated using the Tanon Gis software (Tanon, Shanghai China). 

2.11. Molecular docking 

The structures of the compounds were sourced from the PubChem database, while the protein's 

three-dimensional configurations were retrieved from the PDB database. Docking site pocket detection and 

blind docking were carried out successively, and the ligand molecules were hydrogenated and partially 

charged to generate the initial 3D conformation, the addition of side chain atoms and hydrogen atoms missing 

from the receptor protein, and the removal of crystal water. The methods utilized were referenced from earlier 

studies [30, 31]. 
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2.12. Statistical Analysis 

Results are presented as mean ± standard error of the mean (SEM). The experiments were assessed 

through ANOVA for a comparative analysis of multiple groups and Student's t-test for a comparative analysis 

of two groups, with a significance level established at P < 0.05. All analyses were performed using GraphPad 

Prism version 9 software (GraphPad Software, San Diego, USA) and the Graphical abstract was created with 

BioRender.com. 

3. Results 

3.1. Body weight and adipose tissue morphology in mice 

The buildup of both visceral and subcutaneous fat increases the risk of AS [32]. Fat dysfunction caused by 

obesity is the main factor associated with AS [33]. In Table 1, no substantial variation in food consumption was 

seen across the three groups. When ApoE−/− mice were provided with a WD, their body mass increased by 

(10.33 ± 0.53) g, which was significantly elevated compared to the Control group. Fig. 1A shows that, 

compared with WD mice, the HPRO intervention significantly reduced body weight. Research indicates that 

an elevation in fatty acid release from white adipose tissue (WAT), along with a reduction in lipid oxidation 

from brown adipose tissue (BAT), results in hyperlipidemia, ultimately contributing to the onset of AS [34]. In 

addition to its effect on body weight, HPRO also has an apparent antiobesity impact on adipose tissue. Fig. 1B, 

C, D and E show that WAT, including inguinal white adipose tissue (iWAT), retroperitoneal white adipose 

tissue (rWAT), and epididymal white adipose tissue (eWAT), appeared more prominent in WD mice than in 

the control group, whereas HPRO feeding substantially diminished fat accumulation. There were no 

discernible differences in interscapular brown adipose tissue (iBAT) among the three groups. As shown in Fig. 

1F and 1G, the dimensions of lipid droplets and the area of adipocytes in the epididymal tissue of the WD 

group were substantially greater than those in the control group. Feeding HPRO prevented fat building up in 

fatty tissue. The white adipose tissue cells in the WD group were considerably larger than those in the control 

group, and cell membrane rupture could be seen. After HPRO treatment, the surface area of white adipocytes 

was smaller, and the cell membrane was evident. 
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Fig. 1. Effect of HPRO on body weight and fat appearances in mice. (A) representative photographs of each group of mice at 

the end of 21 weeks. (B) epididymal white adipose tissue, eWAT. (C) Inguinal White Adipose Tissue, iWAT. (D) 
retroperitoneal white adipose tissue, rWAT. (E) Interscapular activated brown adipose tissue, iBAT. Effect of HPRO 

structured lipids on adipose tissue morphology in WD mice. (F) White adipose tissue, WAT. (G) Brown adipose tissue, BAT. 
(H) Representative in situ images of atherosclerotic plaque in the aortic arch of mice. (I) ORO staining of the aorta in mice. 
Lipid deposition was quantified using ImageJ. (J) Quantitative analyses of aortic lesion (%). The data are presented as the 

mean ± SEM, n = 6. *** P < 0.001. 

Table 1. Effect of HPRO on fundamental metrics.  

Items Control WD HPRO 
Initial body weight (g) 22.10 ± 0.28 22.20± 0.22 22.20 ± 0.26 
Final body weight (g) 29.18 ± 0.34*** 32.53 ± 0.41 30.75 ± 0.19** 
Body weight gain (g) 7.08 ± 0.36*** 10.33 ± 0.53 8.55 ± 0.20** 
Food intake (g/day) 3.53 ± 0.09 3.61 ± 0.08 3.53 ± 0.06 
Liver index 4.81 ± 0.11*** 5.77 ± 0.17 4.95 ± 0.11** 
Liver SOD (U/mg prot) 140.61 ± 3.81*** 95.20 ± 3.54 149.85 ± 6.00*** 
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Liver MDA (nmol/mg prot) 1.00 ± 0.04*** 2.13 ± 0.10 1.30 ± 0.03*** 
Liver TNF-α (pg/mg prot) 115.12 ± 6.77*** 182.14 ± 9.66 129.34 ± 5.48*** 
Liver IL-6 (pg/mg prot) 21.00 ± 1.55*** 51.03 ± 2.62 31.48 ± 2.59*** 
Liver ALT (U/g prot) 43.84 ± 2.14*** 106.37 ± 4.40 53.94 ± 3.19*** 
Liver AST (U/g prot) 12.04 ± 0.91*** 22.17 ± 1.09 14.07 ± 0.83*** 
TC (mmol/L) 15.37 ± 0.72*** 27.08 ± 1.85 16.70 ± 1.72*** 
LDL-C (mmol/L) 2.45 ± 0.27*** 10.53 ± 1.61 3.74 ± 1.38** 
HDL-C (mmol/L） 2.54 ± 0.07** 1.91 ± 0.12 2.53 ± 0.17** 
TG (mmol/L) 1.93 ± 0.13** 2.50 ± 0.15 1.41 ± 0.04*** 

Values are expressed as mean ± SEM, n = 6, independent experiments. ** P < 0.01, *** P < 0.001 compared with the WD 
group. 

3.2. Effect of HPRO on AS physiological parameters in mice 

3.2.1. Lipid profile  

Dyslipidemia, characterized by LDL-C levels, can lead to atherosclerotic cardiovascular disease and 

serves as a significant marker for detection [35-37]. In Table 1, ApoE−/− mice showed elevated TC, TG, and 

LDL-C levels due to disordered cholesterol and lipid metabolism. HPRO treatment reduced serum TG, TC, 

and LDL-C levels, and HDL-C levels significantly increased.  

3.2.2. Atherosclerotic lesions  

Aortic plaque is an important indicator for the evaluation of AS. The in situ photography and 

ORO-stained whole aorta lesions showed that the aortic plaque was increased in the mice fed the WD and 

those given HPRO treatment showed lower levels (Fig. 1H and I). ORO fat staining makes the fat in the tissue 

red and is used to detect fat in the tissues. In Fig. 1I the intimal atherosclerotic lesions of the aorta were 

longitudinally sliced and subjected to staining with ORO. The findings indicate that the WD group exhibited 

significant lipid accumulation, which was extensively spread from the aortic arch to the bifurcation of the 

femoral artery. Conversely, the HPRO group exhibited significantly lower lipid plaque areas, showing only 

limited lipid accumulation in the aortic arch relative to the WD group. The control group exhibited virtually no 

lipid accumulation. The proportion of the lesion area to the aggregate area of the aorta was 1.40% for the 

control group and 6.12% for the HPRO group. This ratio in the HPRO group was considerably below that 

observed in the WD group, which was 27.90% (Fig. 1J).  

   H&E staining can stain all the components of the tissue making it suitable for comprehensive 

observation of the tissue structure. In Fig. 2A, In the control group, vascular tissue staining is uniform, each 

layer structure is clear, the inner membrane vascular endothelium (black arrow) structure is complete, the 

medium membrane smooth muscle cells (yellow arrow) shape and structure is normal, clear demarcation, the 

outer membrane (red arrow) collagen fiber content is rich, regular arrangement, no obvious inflammatory cell 

infiltration. In the WD group, vascular plaque formation, intima thickening, connective tissue hyperplasia 

(black arrow), accompanied by a small amount of foam cell infiltration (yellow arrow) can be seen in the 

vascular tissue. A small amount of vascular smooth muscle cell degeneration (red arrow), cell swelling, loose 

cytoplasm, and a small amount of lymphocyte infiltration (blue arrow) can be seen in the media and outer 

membranes.  In the HPRO group, A small amount of endothelial cells can be seen shedding in blood vessels 

(brown arrow), and local red blood cells can be seen sticking to the wall (green arrow). The smooth muscle 
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cells in the medium membrane had normal morphology and structure, clear boundary, abundant collagen 

fibers in the outer membrane, regular arrangement, and no obvious inflammatory cell infiltration. H&E 

staining showed that the area of atherosclerotic lesions in the WD model group was more significant than in 

the control group. The HPRO substantially diminished the area of atherosclerotic plaques in mice aortae. 

 

Fig. 2. Effect of HPRO on the formation of atherosclerotic lesions. (A) H&E staining of the aorta; magnification 400×. (B) 
β-Gal staining in the aorta. (C) ROS levels in the aorta by flow cytometry. (D) CD45R levels in the aorta by flow cytometry. 

(E, F) Quantitative analyses of ROS, CD45R. (G, H) Transmission Electron Microscope images of tunica intima. (I, J) 
Transmission Electron Microscope images of tunica media. (K, L, M) Control, WD, and HPRO, representative photographs 
of mice liver, ORO staining, and H&E staining. The data are presented as the mean ± SEM, n = 6. ** P < 0.01; *** P < 0.001. 

Aging is one of the most significant risk factors for AS [38]. The process of aging may directly influence 

the vasculature in a proatherogenic manner [39, 40]. β-Gal serves as a biological indicator that signifies cellular 

senescence [41]. In Fig. 2B, in comparison to the control group, the positive area of β-Gal in the WD group 

increased significantly. At the same time, it decreased substantially in the HPRO group β-Gal positive region, 

slowing down the aging caused by WD. 

3.2.3. Aorta oxidative eustress  
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Overproduction of reactive oxygen species (ROS) results in oxidative stress which makes a substantial 

contribution to the onset and advancement of AS [42]. Fig. 2C and E show that the WD group increased ROS to 

4.63×106 compared with 3.21×106 in the control group. After HPRO treatment, the FITC fluorescence 

decreased to 3.60×106. CD45R is a cell surface protein, research has demonstrated that the expression level of 

CD45R is intimately connected to the occurrence and development of AS. Alterations in the expression levels 

and composition of the CD45R molecule may contribute to the development of AS and various other medical 

conditions [43-45]. The levels of CD45R in the WD group were markedly elevated in comparison to the control 

group, while those in the HPRO group were substantially lower than those in the WD group (Fig. 2D and F). 

The above results show that HPRO has a mitigating effect. 

3.2.4. Aortic micromorphology  

AS in humans is strongly linked to the intimal and medial aortic layers, with lesions categorized and 

detailed as follows: early lesions, fatty spots and streaks, intermediate lesions, fibrous fatty plaques, and 

complex lesions [46, 47]. TEM can visualize the internal morphology and ultrastructure of the aorta, so this was 

used to analyze the lesions of the intima and media.  

In the tunica intima results of TEM, some differences in the intima were shown between the three groups 

(Fig. 2G and H). The images of the WD group showed that the vascular intima was severely damaged, and 

most of the endothelial cells had fallen off and disintegrated; the atherosclerotic plaques were large, and a 

substantial number of foam cells had gathered. The images of the HPRO group showed moderate intimal 

injury, edema and rounding of endothelial cells, uneven structure of the internal elastic membrane, and local 

breakage. In the control group, the overall structure of the vascular intima was relatively normal, the 

endothelial cells were flat and long fusiform, and the internal elastic membrane structure was acceptable. 

Results of TEM of the tunica media showed some differences between the three groups (Fig. 2I and J). 

Among them, the images of the WD group showed that the tunica media was seriously damaged, a large area 

of atherosclerotic plaques could be seen, and many lipid droplets and cholesterol crystals were distributed 

inside and outside the cells. The number of smooth muscle cells was significantly reduced, with large areas of 

pyknosis and apoptosis. The images of the HPRO group showed mild damage to the vascular structures of the 

tunica media, little edema of smooth muscle cells with an irregular shape, significantly enlarged intercellular 

space, increased interstitial tissue, and swollen organelles. The images of the control group exhibited that the 

structure of the tunica media was typical, the smooth muscle cells were evenly distributed between the basal 

lamina in a contracting state, the structure was fair, the thickness of the basal lamina was uniform, and the fiber 

structure was dense. From the above results, it can be seen that HPRO reduced the lesion damage in the intima 

and media. 

3.3. Liver lesion and lipid composition 

3.3.1. Tissue and cytokines status  

The histopathological alterations in the liver across different groups were evaluated using a variety of 

methods (Fig. 2K, L, and M). The macroscopic examination indicated that the livers of rats fed a WD 



Y.X. Xu et al. / Food Science and Human Wellness 16 (2027) 

 

exhibited a lighter coloration compared to those in the control group due to fat accumulation. Additionally, 

ORO staining demonstrated significant lipid accumulation in the livers of the WD group. H&E staining 

illustrated necrosis of liver cells and the presence of inflammatory cell infiltration in the WD group. In 

contrast, the administration of HPRO lessened these detrimental effects. 

AS is associated with oxidative stress, inflammation, lipid peroxidation, and increased activity of liver 

enzymes, and this is observed during all stages of AS progression [48-50]. In comparison to the WD group 

(Table 1), the HPRO group demonstrated significant improvement in liver index and liver SOD, MDA, 

TNF-α, IL-6, ALT, and AST, the WD group had significantly higher liver weights than the other groups, 

which can be attributed to their long time consumption of WD, resulting increased liver fat accumulation. The 

liver index decreased from 5.77 in the model group to 4.95 in the HPRO group, congruent with previous 

research [51]. These data indicated that HPRO administration improved the serum lipid profiles, inhibited 

Oxidative Stress, and reduced proinflammatory factors, and liver index in the liver. To conclude, our results 

demonstrated that HPRO treatment significantly optimized blood fat and AS-related physiological parameters 

in ApoE−/− mice fed with WD. 

3.3.2. The count of lipid types within lipid categories 

This study classifies results according to lipid differences these are shown in Fig. 3A. The mice liver 

lipidomics analysis showed 1454 lipids that were divided into 45 groups, which were classified as follows: 

bile acid (BA), cholesterol ester (CE), ceramide (Cer-AP), cholesterol (Cho), coenzyme Q (CoQ), diglyceride 

(DG), Diglycerol (ether bond) (DG-O), oxidized Lipid (Eicosanoid), free fatty acid (FFA), triglyceride (TG), 

Triglycerides (ether bond) (TG-O) et al. In the present study, TG had the highest difference, followed by PE. 
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Fig. 3. Lipidomics analysis of mice liver samples. (A) The lipid subclasses constitute a ring diagram. Each color represents a 
lipid subclass, and the color block area indicates the proportion of that category. (B) OPLS-DA score plot of liver lipid profiles 
of all samples. (C) Volcano plots of control vs. WD. (D) Volcano plots of WD vs. HPRO.  (E) Violin plot of corresponding 
group differential lipids in the liver. (F) Different lipids in control vs. WD. (G) Different lipids in WD vs. HPRO. * P < 0.05; 

** P < 0.01; *** P < 0.001; **** P < 0.0001. 

3.3.3. Difference analysis of liver lipids  

As demonstrated in Fig. 3B, the samples obtained from both the control and WD groups were clearly 

differentiated and situated at a significant distance from one another, indicating a low degree of similarity. 

This finding further suggests that the WD resulted in significant changes to the liver lipid profile in the mice. 

Correspondingly, the specimens from the WD and HPRO groups were also noticeably disjoined and located at 

a distance, reflecting minimal similarity between these two sets and underscoring the considerable alterations 

in the AS condition of the mice after HPRO treatment. 

A volcano plot was utilized to represent the comprehensive distribution of differentially expressed lipids. 

Lipid categories were established based on Log2 (|Fold Change|, |FC|) values greater than 1 (adjusted p values 

less than 0.05). An increase in Log2 (Fold Change, FC) indicates the up-regulation of certain lipids, while a 

decrease reflects their down-regulation. As shown in Fig. 3C and D, the WD group displayed 831 unique 

lipids in comparison to the control group. Conversely, the HPRO group revealed 801 distinct lipids when 

compared with the WD group. We then performed an analysis of the differential lipids among the groups. 
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In Fig. 3E, in contrast to the WD group, PE (17:0_22:5), PG (18:1_16:1), PC (12:0_18:1), PC 

(14:1_16:1), CE (16:0), CE (17:1), CE (20:2), CE (20:3), Cer (d16:1/23:0), DG (14:0_18:1), DG (15:0_18:1), 

DG (17:1_18:1), SM (d18:0/14:0), SM (d18:1/12:0), TG (15:0 _16:0 _18:0) et al were markedly elevated 

compared to the control group (P < 0.01), while HPRO intervention could significantly reduce the above lipid 

concentrations. In comparison to the control group, the contents of PE (22:2_18:0) and PA (20:2_22:5) in the 

WD group were significantly decreased (P < 0.01), and those in the HPRO group were significantly increased 

(P < 0.01). Therefore, HPRO regulates liver fatty acid composition, these lipids could serve as potential 

indicators for HPRO regulation of lipid metabolism in atherosclerotic mice.  

3.3.4. Important lipid species in the liver 

The heat map shown in Fig. 3F reveals that the control group displayed 400 different lipids when 

compared with the WD group. The lipids that were downregulated were primarily found in TGs, SMs, and 

CEs, whereas the upregulated lipids were mostly situated in PCs, PEs, and Carnitines. For the HPRO group, an 

aggregate of 581 different kinds of lipids was seen in comparison to the WD group (Fig. 3G), with the majority 

of upregulated lipids located in TGs and PEs. In contrast, the downregulated lipids were predominantly found 

in TGs, DGrs, and PEs. These results showed that the HPRO intervention substantially diminished 

disturbances in liver lipid metabolism by adjusting the levels of TGs and PEs. Additionally, we investigated 

the key and significant differential lipid species to identify specific lipid biomarkers associated with WD and 

HPRO. 

3.3.5. Pathways in liver lipidomics 

To examine the effect of HPRO on the metabolic pathways associated with differential lipids in the liver 

during the course of mitigating AS in mice, an enrichment analysis was conducted utilizing the metabolic 

routes of distinct lipid species from the KEGG database and these were categorized based on the types of 

KEGG pathways. Fig. 4A displays the comparative results for the control group, WD group, and HPRO 

group. HPRO influences lipid metabolism and AS, as well as glycerolipid metabolism. The KEGG 

classification of the differential metabolites is presented in Fig. 4B. Substantial alterations were observed in 

the degrees of organismal systems, metabolism, and human diseases. It has been hypothesized that HPRO may 

reduce AS by modulating metabolic pathways that alter lipid composition in the liver. 
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Fig. 4. (A) KEGG Enrichment. Lipid metabolism pathway analysis based on KEGG enrichment map for significantly 
different lipid species in control vs. WD vs. HPRO. In the metabolic pathway, the p-value was the significance of the 

metabolic pathway, and the significance-enriched path was selected for bubble mapping. The ordinate was the name of the 
metabolic pathway, and the abscissa was the Rich factor. The more significant the Rich Factor was, the greater the enrichment 

would be. The color from green to red indicated that the p-value decreased, and the lower p-value represents the more 
significant degree of enrichment. A larger dot suggests more metabolites were enriched on this pathway. (B) KEGG 

classification of differential lipids. Effect of HPRO on liver tissue pathology. (C, D, E, F, G) Protein expression of AMPK, 
p-AMPK, SREBP-1, and FASN in mice, n=3. (H-I) Protein expression of AMPK, p-AMPK, SREBP-1, and FASN in HepG2 
cells, n=3. Diverse letters denoted a statistically significant difference (P < 0.05) among groups. * P < 0.05, *** P < 0.001. 

3.3.6. Lipid synthesis at cellular and mice levels 
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FASN, crucial for the synthesis of fatty acids, represents a significant target of SREBP-1. As illustrated 

in Fig. 4C, D, E, F, and G, the findings indicated that the WD group had a notably lower expression level of 

p-AMPK compared to the control group. Conversely, the HPRO group exhibited a significantly elevated 

expression level of these proteins. Additionally, SREBP-1 and FASN showed a marked increase in their 

expression levels within the WD group relative to the control group, while these proteins' levels were 

considerably reduced in the HPRO group. HPRO was found to enhance the protein expression of p-AMPK 

and decrease lipid accumulation.  

In Fig. 4H and 4I, to further investigate the underlying mechanism through which HPRO mitigates 

NAOL-induced steatosis in HepG2 cells, p-AMPK levels were assessed using western blot assay. Consistent 

with the findings observed in the AS mice model, D-HPRO significantly restored AMPK activity, with an 

increase in AMPK phosphorylation; at the same time, to confirm whether D-HPRO acts through AMPK, 

groups of AMPK activator (AIACR) and AMPK inhibitor (CC) were set. This effect was amplified by AIACR 

but diminished when CC was applied. Consequently, D-HPRO effectively reduced NAOL-induced liver lipid 

metabolism disorder in the mice liver by promoting AMPK phosphorylation and elevating the expression 

levels of SREBP-1 and FASN. Meanwhile, previous research has shown that phytosterol ester of α-linolenic 

acid and phytosterol can reduce lipid accumulation and SREBP-1 and FASN protein expression in HepG2 

cells induced by NAOL. Among them, the phytosterol ester of α-linolenic acid is achieved by activating 

AMPK [52]. This provides support for the above mechanism of HPRO. 

As shown in Fig. 5A, increasing β-sitosterol concentration above 100 μmol/L reduced the activity of 

HepG2 cells to less than 90% of the control group, and the selected D-HPRO and below 100 μmol/L 

β-sitosterol concentration was non-toxic to Caco-2 cells. The results in Fig. 5B showed that β-sitosterol could 

inhibit the lipase activity of HepG2 cells in a dose-dependent way. When the concentration of β-sitosterol was 

100 μmol/L, the stipulation that the content of β-sitosterol was identical in the D-HPRO group, the inhibition 

rates of D-HPRO and β-sitosterol on lipase were close to 34.84%, and 25.74% respectively, indicating that 

D-HPRO had a better effect on reducing lipase activity than β-sitosterol. 
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Fig. 5. Effect of polyphenol extract from D-HPRO and β-sitosterol on the (A) viability (B) inhibition of lipase of HepG2 cell 
lines. Lipid-lowering effects (C) TG, LDL-C, TC; (D) AST, ALT of D-HPRO and β-sitosterol on Caco-2/ HepG2 coculture 

models, n=6. Molecular docking results of β-sitosterol with four key targets. (E) β-sitosterol with SREBP-1, and (F) 
β-sitosterol with FASN. (G) The analysis curves represent the levels of HepG2 SREBP-1 protein in the control group and the 
β-sitosterol treatment group, (H) The analysis curves represent the levels of HepG2 FASN protein in the control group and the 

β-sitosterol treatment group, n=1. Diverse letters denoted a statistically significant difference (P < 0.05) among groups.  

As shown in Fig. 5C and D, in order to understand the mechanism of lipid-lowering effects of the 

D-HPRO and β-sitosterol, the stipulation was made that the content of β-sitosterol was identical across the 

D-HPRO and 100 μmol/L β-sitosterol groups, and we measured the expression of relevant indicators of lipid 

metabolism at the level of HepG2 cells. The levels of TG, TC, LDL-C, AST, and ALT in HepG2 cells in the 

D-HPRO group and 100 μmol/L β-sitosterol group were significantly lower than those in the NAOL group, 
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and the results of D-HPRO were lower than those of 100 μmol/L β-sitosterol. Literature indicates that 

rapeseed oil possesses a substantial concentration of beneficial active compounds, including linoleic acid, 

α-linolenic acid, vitamin E, and carotene, which may account for the aforementioned outcomes [53]. Taken 

together, these results suggest that the HPRO group’s lipid metabolism in HepG2 cells is reduced by the 

regulation of TG, TC, LDL-C, AST, and ALT levels, phytosterols in HPRO play a role in reducing lipid 

production, and the reduction impact of D-HPRO was superior to that of β-sitosterol. 

3.3.7. Molecular docking analysis 

Molecular docking is a theoretical simulation approach utilized to forecast the interactions between drugs 

and receptors, emphasizing their binding modes and affinities. In this investigation, the liver lipogenic 

proteins SREBP-1 (5gpd) and FASN (7mhd) were selected for molecular docking evaluation with the 

principal compound β-sitosterol. According to the findings presented in Table 2, the results obtained from the 

molecular docking revealed that the proteins exhibited substantial binding energies, accompanied by 

molecular docking visualizations in Fig. 5E and F. A lower binding energy indicates a higher binding affinity, 

facilitating the ligand's attachment to the receptor. It has been reported that molecular docking analysis of 

Quercetin and farnesol with SREBP-1 and FASN proved to be helpful in explaining the protective mechanism 

of Quercetin and farnesol in dyslipidemia [54, 55], which is consistent with our findings. This data highlighted 

the influence of the binding site of β-sitosterol on the target protein, reinforcing the results from the western 

blot analyses performed in this study. 

Table 2. Molecular docking results of 2 critical proteins with β-sitosterol. 

Compounds  Vina Score 

   SREBP-1 (5gpd) FASN (7mhd) 

β-sitosterol  -9.8 -9.5 

Cellular thermal shift assay (CETSA) is used to investigate the thermal stability of proteins during ligand 

binding. The binding of ligands to proteins enhances thermal stability, thus enabling the identification of 

drug-target interactions[56]. Compared with the control group, we detected higher levels of SREBP-1 and 

FASN proteins in the β-sitosterol treatment group. As illustrated in Fig. 5G and H, both of thermal solubility 

curves of FASN and SREBP-1 proteins shifed signifcantly to the right after adding β-sitosterol, indicating that 

β-sitosterol enhanced the thermal stability of FASN and SREBP-1 proteins. The above results confirmed the 

specific binding between β-sitosterol and SREBP-1, FASN in molecular docking analysis . 

3.4. Metagenomic in small intestine in mice 

3.4.1. Differences in microflora between groups  

The species richness in each sample was assessed at the levels of phylum, order, and species, and a 

distribution map illustrating species abundance at these corresponding taxonomic ranks was created. 

As illustrated in Fig. 6A, 7A, and 8A, the similarity of bacterial community structures at the phylum, 

order, and species levels among samples from the control, WD, and HPRO groups was assessed using 

Principal Component Analysis (PCA). Significant alterations were detected in both the WD and HPRO 
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treatment groups. At all 3 taxonomy levels, substantial differences were found between samples from the 

control group and those from the WD group, indicating a marked divergence in bacterial community structure. 

Likewise, the bacterial communities present in samples from the WD and HPRO groups exhibited distinct 

characteristics. The findings indicated that WD significantly modified the framework of bacterial 

communities in mice, a change that was partially mitigated by the HPRO intervention. 

 
Fig. 6. Microbiota compositions at the phylum level. (A) PCA results from the similarities in bacterial community structures 
at the phylum level. (B) Analysis of Anosim based on phylum level. (C, D) Histogram of relative abundance at the phylum 
level. (E–J) Relative content of Verrucomicrobiota, Spirochaetota, Thermodesulfobacteriota, Pseudomonadota, Bacillota, 

and Artverviricota at the phylum level. * P < 0.05; ** P < 0.01. 
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Fig. 7. Microbiota compositions at the order level. (A) PCA results from the similarities in bacterial community structures at 
the order level. (B) Analysis of Anosim based on order level. (C, D) Histogram of relative abundance at the order level. (E–J) 
Relative content of Bacteroidales, Chlamydiales, Bacillales, Ortervirales, and Enterobacterales at the order level. * P < 0.05; 

** P < 0.01. 
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Fig. 8. Microbiota compositions at the species level. (A) PCA results from the similarities in bacterial community structures at 
the genus level. (B) Analysis of Anosim based on genus level. (C, D) Histogram of relative abundance at the genus level. (E–I) 

Relative content of Chlamydia_trachomatis, Muribaculaceae_bacterium_Isolate_104_HZl, Muribaculaceae_bacterium, 
Erysipelotrichaceae_bacterium, and Bacteroidales_bacterium at the species level. * P < 0.05; ** P < 0.01. 
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According to Fig. 6B, 7B, and 8B, Anosim analysis was employed to determine if the disparities within 

bacterial colonies across groups were significantly exceeding the differences observed within groups, 

specifically at the phylum, order, and species levels. An r value exceeding 0 suggests that the distinction 

between groups is more pronounced than that within groups. Conversely, when R is less than 0, it indicates 

that the within-group difference is more prominent than the between-group difference. 

A p-value of less than 0.05 was deemed statistically significant. Significant differences in bacterial 

communities between the groups were observed at the phylum, order, and species levels, with correlation 

coefficients of R=0.435 (p=0.0011), R=0.4531 (p =0.0011), and R=0.4206 (p =0.0011). 

The histograms display the abundance of the top 10 species classified by phylum, order, and genus levels. 

At the phylum level, as shown in Fig. 6C and D, Chlamydia had the largest abundance fraction, followed by 

Bacteroidota, Bacillota, et al. In Fig. 6E, F, G, H, I, and J, in comparison to the control group, the abundance 

of Verrucomicrobiota, Thermodesulfobacteriota, and Bacillota was significantly reduced, the abundance of 

Spirochaetota, Pseudomonadota, Artverviricota was significantly increased, in the WD group. Compared 

with the WD group, the HPRO group reversed this trend. Above all, the results suggest that Pseudomonadota 

might be the key phylum in the mitigation effect of HPRO. 

At the order level of Fig. 7C and D, Chlamydiales had the highest abundance fraction, followed by 

Bacteroidales and Erysipelotrichales. Fig. 7E and 7I, compared with the control group, the abundance of 

Bacteroidales, decreased significantly, and Chlamydiales, Enterobacterales, Ortervirales, and Bacillales 

increased, in the WD group. Compared with the WD group, the HPRO group reversed this trend. Above all, 

the results suggest that Enterobacterales might be the key order in the mitigation effect of HPRO. 

At the species level of Fig.8C and D, Chlamydia_abortus had the highest abundance fraction, followed 

by Faecalibaculum_rodentium and Chlamydia_trachomatis. In Fig. 8E and I, compared with the control 

group, WD treatment significantly decreased Muribaculaceae_bacterium_lsolate_104_HZI, 

Muribaculaceae_bacterium, Erysipelotrichaceae_bacterium, Bacteroidales_bacterium abundance, the 

abundance of Chlamydia_trachomatis was significantly increased. Compared with the WD group, the HPRO 

group reversed this trend. 

In Fig.S1A (supplement file), linear discriminant analysis (LDA) coupled with the effect size measure 

(LEfSe) was utilized to discern variations in bacterial community composition serving as biomarkers 

distinguishing the control group from the WD group and the WD group from the HPRO group. The different 

colors-red, blue, and green-correspond to the control, WD, and HPRO groups, respectively. A statistically 

significant difference was observed for LDA > 2 between the groups. An elevated LDA value signifies a more 

substantial impact on the disparity between groups, suggesting that this flora serves as a more essential 

biomarker. c_Bacteroidia, o_Bacteroidales, and p_Bacteroidota were the species with relatively high 

abundance in the control group. p_Chlamydiota, c_Chlamydiia, and g_Chlamydia were relatively highly 

abundant in the WD group. p_Bacillota, o_Erysipelotrichales, and c_Erysipelotrichia were relatively 

abundant in the HPRO group. LEfSe was utilized to examine the biomarker microbiota exhibiting significant 
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differences between various groups. Fig. S1B (supplement file) illustrates 6 taxonomic levels ranging from 

phylum to species, k_Bacteria; p_Bacillota; c_Erysipelotrichia; o_Erysipelotrichales; f_Erysipelotrichaceae, 

there were significant differences in HPRO (P < 0.01). Species exhibiting significant alterations in HPRO are 

categorized within the Bacillota phylum. Therefore, these results suggest that HPRO improves AS in mice 

mainly by altering Bacillota in the small intestine. 

3.4.2. Functional level of metagenomic sequences 

In Fig. S1 C, D, E, F, and G (supplement file), 5 systems for functional annotation are employed: 

eggNOG, KEGG, CAZy, CARD, and GO. The results of functional annotation from eggNOG indicated that 

certain genes participated in the transport and metabolism of lipids, as well as in the production and 

conversion of energy. 

Based on KEGG functional annotation (Fig. S1D, supplement file), some genes in Organismal Systems, 

Metabolism, Human Diseases, Genetic Information Processing, Environmental Information Processing, 

Cellular Processes, and other aspects were enriched. Fig. S1G (supplement file) shows: CAZy database 

annotations, according to the results of Glycoside Hydrolases, Glycosyl Transferases, and 

Carbohydrate-Binding Modules, these are the first 3 kinds of Carbohydrate enzymes. Fig. S1F (supplement 

file) shows the comment CARD database, according to the results of Mosaic tetracycline hold gene and 

ribosomal protection, protein, and beta-lactamase corresponding resistance gene of relative content is higher; 

this was followed by the membrane fusion protein of the multidrug efflux complex AdeFGH. 

In Fig. S1E (supplement file), the Gene Ontology (GO) classifies terms into 3 main categories: biological 

processes, cellular components, and molecular functions. To assess if there were significant differences in 

functionality across the various groups, we employed the Kruskal-Wallis test to evaluate the hypothesis 

regarding the functional abundance data among the groups. We calculated p-values, defining P < 0.05 as 

indicative of significance. The functions exhibiting significant differences were then filtered based on these 

p-values. The boxplot displaying the significant functions from eggNOG can be found in Fig. S1C 

(supplement file). In KEGG, the boxplots of significant difference functions are shown in Fig. S1H, I, J, K, L, 

and M (supplement file). The results show that the function significant differences mainly Human_Diseases, 

Metabolism, Organismal_Systems, Cellular_Processes, Genetic_Information_Processing, and environmental 

L_Information_Processing, etc. As shown in Fig. S1N, O, P, Q, R, and S (supplement file), these results 

indicate that the functions with significant differences were Lipid_transport_and_metabolism, 

Amino_acid_transport_and_metabolism, Carbohydrate_transport_and_metabolism, 

Secondary_metabolites_biosynthesis_transport_and_catabolism, Energy_production_and_conversion and 

Signal_transduction_mechanisms, etc. 

3.5. Correlation analysis of intestinal microbiota, liver lipids, and AS parameters in mice 

Based on the results of taking the top 20 for lipids fixation and the top 50 for microorganisms by default, 

an association heat map was drawn. 
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Previous studies have reported correlations between liver lipids and microbiota [57]. Lipidomics findings 

indicated that, when contrasted with the control group, the levels of PE (22:2_18:0) and PA (20:2_22:5) in the 

WD group exhibited a significant decrease (P < 0.01). Conversely, the HPRO group demonstrated a 

significant increase in these contents (P < 0.01). As illustrated in Fig. 9A, the joint analysis at the phylum level 

revealed that the levels of k_Bacteria, f_Muribaculaceae, c_Bacteroidia, o_Bacteroidales and 

p_Bacteroidota showed a positive correlation with the levels of PE (22:2_18:0) and PA (20:2_22:5) (P < 

0.01), and negatively correlated with the concentrations of various other lipids. The levels of g_Chlamydia, 

f_Chlamydiaceae, o_Chlamydiales, p_Chlamydiota, c_Chlamydiia, s_Chlamydia_abortus were significantly 

negatively correlated with the concentrations of PE (22:2_18:0) and PA (20:2_22:5) (P < 0.05), and positively 

correlated with the concentrations of other lipids. 

 
Fig. 9. Metagenomics, lipidomics, and parameters of AS heat map. (A) Correlation analysis between the intestine microbiome 

at the phylum level and identified lipids. (B) Pearson correlation between identified lipids and parameters of AS. (C) 
Spearman correlation analysis between the intestine microbiome at species levels and parameters of AS. Red shows a positive 
correlation, while green shows a negative correlation. The darker the color, the stronger the correlation. The closer the color is 

to white, the closer the correlation is to zero. * P < 0.05; ** P < 0.01; *** P < 0.001. 

HPRO significantly changed the composition and abundance of intestinal microbiota and liver lipids in 

WD-induced ApoE−/− mice and reduced aortic atherosclerotic area, lipid levels, liver index, oxidative stress, 

inflammation, and injury indexes. To ascertain whether these remits were associated with intestine microbiota 

and liver lipids, Spearman and Pearson correlation analyses were performed, respectively. In order to 

elucidate the correlation between intestinal microbiota, Liver lipids, and AS parameters (Aortic Lesion Area, 

TC, LDL-C, HDL-C, TG, Liver index, Liver SOD, Liver MDA, liver TNF-α, Liver IL-6, Liver ALT, and 

Liver AST). As shown in Fig. 9B, additional correlational analyses were conducted to examine the potential 

association between the lipids with the most significant difference and AS-related symptoms. PC (16:0_14:0), 
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TG (12:0_16:0 _18:1), PE (0-17:1 _20:4), PE (0-17:1 _22:5), DG (14:0 _16:0) were positively correlated with 

Liver index, Liver MDA, Liver TNF-α, Liver IL-6, Liver ALT, Liver AST, TC, Aortic Lesion Area, LDL-C 

and TG, and inversely associated with Liver SOD. In comparison to the control group, the WD group 

increased the expression of these lipids, and the HPRO group reversed this trend. HPRO may contribute to 

reducing AS through these lipids. In Fig. 9C, Microbiota at Phylum level, Chlamydia_trachomatis was 

positively correlated with Liver MDA, TC, Liver AST, Aortic Lesion Area, LDL-C, Liver IL-6, Liver TNF-α, 

and Liver ALT. It was negatively correlated with HDL-C and Liver SOD. Erysipelotrichaceae_bacterium, 

Muribaculaceae_bacterium, Muribaculaceae_bacterium_Isolate_104_HZI, and Bacteroidales_bacterium, 

these parameters were negatively correlated with HDL-C and positively correlated with Liver SOD. The 

results suggest that Muribaculaceae might be the key species in the mitigation effect of HPRO. In summary, 

our results suggest that intestine microbiota and liver lipids are intricately associated with AS parameters, and 

their composition and availability may significantly influence the occurrence and advancement of AS, which 

is consistent with the results of previous studies [58-62]. 

4. Discussion 

AS-related cardiovascular diseases have garnered international attention due to their high incidence of 

disease prevalence and death rate. In recent decades, a substantial number of epidemiological, clinical, and 

experimental research efforts have demonstrated that dietary factors are crucial in preventing the onset of AS 
[3]. Recognized as a vital natural active compound, β-sitosterol has received considerable interest owing to its 

role in the prophylaxis and management of AS. One of the primary ways that phytosterols contribute to 

cholesterol reduction is through their ability to impede the absorption of cholesterol within the intestinal tract. 

Consequently, when phytosterols are ingested in conjunction with meals, they effectively block the uptake of 

dietary cholesterol from the intestine right at the outset, thereby significantly enhancing their efficacy in 

lowering TC and LDL-C levels [23]. The WD ApoE−/− mice model is commonly utilized in studies of AS, 

exhibiting elevated serum levels of TG, TC, and LDL-C. These component-TG, TC, and LDL-C are linked to 

an increased risk of developing AS [63, 64]. As a result, controlling lipid levels offers a promising strategy for 

tackling AS. In this investigation, mice deficient in ApoE−/− mice that were given a WD exhibited heightened 

levels of serum TG, TC, and LDL-C, while simultaneously showing reduced levels of HDL. Nonetheless, the 

feeding of HPRO led to a decline in serum TG, TC, and LDL-C in ApoE−/− mice. Prior research has indicated 

that β-sitosterol has an anti-atherosclerotic effect, which is achieved by lowering TC and TG levels in these 

ApoE−/− mice [65]. In dyslipidemia, the lipid level is increased and the antioxidant capacity is decreased, which 

is manifested as severe lipid peroxidation and a high risk of AS. MDA is the end product of lipid peroxidation 

and an important index reflecting the level of lipid peroxidation in the body [66, 67]. Studies have shown that 

MDA is involved in the pathogenesis of AS and promotes plaque formation [68]. For example, baicalin lowers 

the concentrations of IL-6, TNF-α, and MDA through the NF-κB signaling pathway, aiding in the alleviation 

of AS [69]. This study suggests that HPRO lowers blood lipid levels and reduces MDA production, implying 
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that the positive effect of HPRO on AS may be closely linked to lower lipid levels and a reduction in lipid 

peroxidation. 

AS is recognized as a persistent inflammatory disorder marked by the thickening of the intimal layer and 

the development of plaques [70]. During the progression of AS, there is a significant release of inflammatory 

cytokines that accelerate both the initiation and progression of atherosclerotic lesions [71]. TNF-α is 

acknowledged as a proinflammatory cytokine that plays a role in inflammatory disturbances observed at 

several stages of AS [72]. Similarly, IL-6 is identified as a significant risk factor facilitating the emergence of 

chronic inflammation and the development of atherosclerotic plaques [73]. Meanwhile, inflammatory markers 

have been utilized as critical indicators of AS. As a result, we explored the effects of HPRO on the 

manufacture of proinflammatory cytokines within the ApoE−/− mice model. Our findings revealed the 

concentrations of TNF-α and IL-6 in the liver tissues of mice on a WD were heightened in comparison to the 

control group. Furthermore, we demonstrated that treatment with HPRO reduced atherosclerotic inflammation 

by lowering the levels of inflammatory markers. 

Obesity constitutes a significant risk factor for AS and serves a significant function [74, 75]. Rapeseed oil 

consumption leads to a substantial decrease in body weight in comparison to SFAs [76]. In this research, we 

found that WD resulted in increased body weight, liver index, and WAT in ApoE−/− mice relative to those 

C57BL/6J mice that were kept on a normal diet. Furthermore, our results showed that HPRO contributed to a 

decrease in body weight, liver index, and WAT, alongside a reduction in adipocyte area in ApoE−/− mice. 

These results suggest that HPRO might have properties that combat obesity. It serves as the primary place for 

lipid storage in the organism and may serve as an indicator of antiobesity effects [77]. Obesity caused by a diet 

rich in fats can increase the accumulation of lipids in the eWAT. Investigations centering on WAT have 

become an important field in the research of antiobesity strategies [78]. The oil derived from kiwifruit seeds 

may help fight fat by affecting heat production and the intestine microbiome in C57BL/6 mice that have 

become obese as a result of a high-fat diet [79]. Nonetheless, the influence of HPRO on lipid metabolism 

mechanisms within the WAT of ApoE−/− mice remains inadequately explored. The aforementioned findings 

suggest that HPRO can considerably decrease both the WAT and lipid buildup in WAT. Problems with the 

breakdown of fats are crucial contributors to the onset of AS. The liver, as the body's biggest organ for 

metabolism, is pivotal in lipid metabolism as it regulates fat synthesis, lipolysis, as well as the absorption and 

release of serum lipoproteins. A lot of therapeutic and experimental research has indicated that disruptions in 

liver lipid metabolism are intimately linked with AS development, and abnormalities in this metabolic 

function may increase the risk of AS emerging [80]. AMPK is essential for the regulation of the metabolic 

conversion of energy and can influence the expression of critical elements that are engaged in the creation of 

mitochondria and the use of energy [81]. Studies have shown that activating AMPK could decrease lipid 

buildup by regulating key lipogenic genes [82, 83]. What we found suggests that D-HPRO significantly 

improves the p-AMPK/AMPK ratio. Notably, the AMPK downstream targets-SREBP-1, ACC, and FASN-are 

all implicated in lipid metabolism and contribute to the buildup of lipids in WAT [82]. The current research 
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indicates that HPRO may decrease both lipid synthesis and accumulation in WAT by stimulating AMPK in 

the liver, which subsequently leads to the down-regulation of its downstream transcription factors, SREBP-1 

and FASN, thereby mitigating AS.  

The two-way interaction relationship between the intestine and the liver, often referred to as the 

"intestine-liver axis," has been identified as a mechanism influencing the onset and progression of AS [84]. An 

expanding corpus of research has demonstrated that intestinal bacteria serve a significant function in 

governing metabolic function and energy balance, and they are thought to be involved in the progression of 

AS through the intestine-liver axis [85-87]. In this study, we found that HPRO can play a role in preventing AS 

by regulating the Pseudomonadota at the phylum level, the Enterobacterales at the order level, and the 

Muribaculaceae at the species level, which have also been reported to be closely associated with the 

development of AS. At the phylum level, according to reports, AS regulation by Pseudomonadota occurs 

through the degradation of purine [88]. At the order level, Enterobacterales bacteria have been involved in the 

development of AS [89]. At the species level, Literature has shown that Muribaculaceae is a kind of 

anti-inflammatory beneficial bacteria. Highland barley supplementation may reduce the building up of arterial 

plaque by increasing the abundance of Muribaculaceae and other bacteria and synthesizing anti-inflammatory 

metabolites from intestinal microbiota [90]. Mulberry anthocyanins alleviate dextran sulfate sodium 

(DSS)-induced colitis by augmenting the abundance of Muribaculaceae [91]. Clostridioides difficile 

aggravates DSS-induced colitis by reducing the proportions of Muribaculaceae, shaping the intestinal flora, 

and promoting phagocyte aggregation [92]. Phlorizin Mitigates Colitis in mice by increasing the concentrations 

of advantageous microorganisms Muribaculaceae, modulating intestinal microbiota, and inhibiting 

ferroptosis [93]. All of these studies support our findings, that HPRO is achieved by increasing the prevalence 

of beneficial bacteria Bacillota and Muribaculaceae while decreasing the prevalence of the harmful bacteria 

Enterobacterales and Pseudomonadota to prevent AS. 

Regrettably, our research has specific limitations, including the fact that experiments were conducted 

solely at the cellular and murine levels without any trials involving humans. While we examined the 

connection between the positive impact of HPRO on the intestine bacteria and the decrease in AS 

deterioration, additional validation studies are necessary to illustrate the direct correlation between HPRO, 

intestinal flora, and AS. In our upcoming investigations, we will take these elements into account and enhance 

our approach. 

5. Conclusions 

In conclusion, HPRO reduced serum TC, TG, and LDL-C content, increased HDL-C content, reduced 

lipid deposition in arterial walls, and reduced plaque area. Meanwhile, by reducing ROS levels, oxidative 

stress was reduced, and aortic AS status was relieved. Liver lipidomics analysis and subsequent experiments 

with ApoE−/− mice and HepG2 cells suggested that HPRO may affect the expression of SREBP-1 and FASN, 

which are related to lipogenesis, through AMPK regulation, and improve lipid-lowering and protect the liver 

in HepG2 cells. Moreover, HPRO showed better lipid-lowering and protective effects than β-sitosterol in 
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HepG2 cells. In small intestinal metagenic analysis, HPRO regulated the abundance of microbiota including 

Bacillota, Pseudomonadota, Enterobacterales, and Muribaculaceae, reducing problems with the structure of 

microbiota abundance in mice. The correlation analysis among liver lipids, intestinal flora, and AS indexes 

found a significant relationship among the three. As can be seen, in a mouse model of AS, HPRO intake can 

significantly reduce aortic plaque and lipid concentrations, reduce oxidative stress and inflammation, and 

support the balance of liver lipid composition and intestinal flora, thereby preventing AS injury. In addition, 

significant reductions in aortic microstructure and aging also point to the location of HPRO's effects. 

Therefore, subsequent studies need to verify the role of HPRO in preventing AS in humans and explore the 

synergistic effects and influence mechanisms of various beneficial components of HPRO in vivo. This study 

provides the theoretical basis and technical guidance for employing HPRO AS an edible oil to prevent AS. 
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