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Abstract 

Syzygium brachythyrsum (SB) is an ethnic herb widely used by the Dai ethnic 

minority in Yunnan province of China. Our previous studies have shown that the 

polyphenol extract of SB (PSB) exhibits antioxidant and anti-inflammatory effects, 

and inhibits the formation of macrophage-derived foam cells by reducing lipid uptake 

and inflammation, suppressing reactive oxygen species (ROS), and downregulating 

the NF-κB and MAPK signaling pathways. This study aims to investigate the effects 

of PSB on suppressing atherosclerosis in vivo and to explore the underlying mecha-

nisms.A high-fat diet was used to induce the development of atherosclerosis in ApoE-

/- mice for 12 weeks. Mice were treated with three doses of PSB and atorvastatin. 

Morphological characteristics of aorta bulk, aortic root and liver were examined using 

Oil Red O and H&E staining. ELISA, immunofluorescence and fluorescence staining 

were used to assess lipid level, pro-inflammatory cytokines, oxidative indexes, ROS 

levels and CD36 protein expression in the aortic root. In vitro, an ox-LDL-induced 

THP-1 macrophage-derived foam cell model was established. ROS fluorescence and 

Western blot analyses were performed to investigate the involvement of the ROS/

Keap1/Nrf2 signaling pathway, with or without the Nrf2 inhibitor ML385. The Results 

suggested that PSB significantly reduced lipid plaques in the aorta, and hepatic lipid 

accumulation. PSB also improved serum and hepatic lipid profiles and inflammatory 

levels, alleviated oxidative stress and reduced CD36 expression in vivo. Furthermore 

PSB inhibited ox-LDL induced foam cell formation, alleviated the stimulation of oxida-

tive stress in THP-1 foam cells by activating the ROS/Keap1/Nrf2 signaling pathway. 

These effects were blocked by the Nrf2 inhibitor ML385.For the first time, our study 

revealed the anti-atherosclerotic effects of polyphenol extract of S. brachythyrsum. It 

offers insight into the potential mechanism by which PSB mitigates the early onset of 
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AS via ROS/Keap1/Nrf2 pathway. In summary, the current study suggests that PSB, 

as a complementary therapy, may have a beneficial effects on cardiovascular dis-

eases and deserves further investigation.

Introduction

Atherosclerosis (AS), a chronic -inflammatory condition of blood vessels, is a major 
contributor to severe cardiovascular conditions such as stroke, heart disease, and 
peripheral artery disease [1,2]. The pathogenesis of AS is complex and multifactorial, 
primarily involving lipid accumulation, inflammation, oxidative stress, and genetics 
[3]. The crosstalk between oxidative stress and inflammation plays a crucial role in 
the formation of AS, from the development of lipid plaque to plaque rupture, causing 
damage to blood vessel lining cells, stimulating smooth muscle cell proliferation, and 
attracting macrophage migration [4–6]. Excessive oxidative stress can be triggered 
by various internal or external stimuli, resulting in the overproduction of reactive oxy-
gen species (ROS) in body. During the process of atherosclerosis (AS), this surplus 
ROS levels damage endothelial cells, triggering the release of inflammatory media-
tors such as adhesion molecules and chemokines. This, in turn, attracts more inflam-
matory cells to adhere and infiltrate into the affected area, thereby further intensifying 
the inflammatory response and accelerating the progression of AS [7–9]. Additionally 
oxidative stress induces lipid peroxidation, a process in which low-density lipoprotein 
(LDL) is oxidized to form oxidized LDL (ox-LDL). Both macrophages and vascular 
endothelial cells possess specific recognition mechanisms for ox-LDL, which initiate 
the uptake of lipids and their subsequent transformation into foam cells [10].

Plant polyphenols represent a major class of natural antioxidants and anti- 
inflammatory ingredients [11]. Previously reported studies strongly support the role of 
polyphenols in preventing degenerative diseases, particularly cardiovascular dis-
eases. For instance, paeonol has been shown to inhibit endothelial cells apoptosis, 
inflammation, and oxidative stress induced by ox-LDL [12]. Chlorogenic acid reduces 
serum levels of total cholesterol, triglycerides, and LDL in the blood of ApoE-/- mice 
on a high-fat diet, while also reducing inflammation [13]. In the current study we focus 
on an ethnomedicinal plant Syzygium brachythyrsum Merr. & L.M.Perry (SB). The 
fruit and leaves, known as Dongqing fruit, have long been utilized as a medicinal and 
edible resource in the Dai ethnic group in Yunnan province of China to treat hypergly-
cemia, cardiodynia and tracheitis for many years [14,15]. Our previous phytochemical 
investigation revealed that S. brachythyrsum rich in polyphenols, with over 50 poly-
phenols identified. Additionally, several new polyphenols were purified and eluci-
dated by means of semi-preparative HPLC and NMR [16]. We have also developed 
a straightforward method for extracting total polyphenols from S. brachythyrsum. 
Chemical investigation revealed that the main components include bergenin, ellagic 
acid and flavonoid derivatives [17]. Pharmacological studies have demonstrated that 
the polyphenol extract from S. brachythyrsum exhibits promising antioxidant and 
anti-inflammatory effects in vitro. It inhibits the formation of macrophage-derived foam 
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cells induced by oxidized LDL (ox-LDL) through mechanisms that involve the reduction of lipid uptake and inflammation, 
suppression of reactive oxygen species (ROS), promotion of cholesterol excretion, and downregulation of the NF-κB and 
MAPK signaling pathways [18]. Moreover, our preliminary in vivo findings suggest that S. brachythyrsum may protect 
against atherosclerosis in a high-fat diet-induced ApoE-/- mouse model.

In the present study, we established an AS model of ApoE-/- mice induced by long term high-fat diet to investigate the 
anti-atherosclerotic effect of the polyphenol extract of S. brachythyrsum (PSB). Additionally, we explored its mechanism of 
action using a THP-1 macrophage cell model. This research provides a scientific foundation for the further development 
and utilization of S. brachythyrsum.

Result

Compositional analysis of PSB

The LC-MS of PSB (Fig 1) was analyzed using UHPLC-Q-Exactive Orbitrap MS in negative ion mode. Based on our pre-
vious study, a total of 40 major chromatographic peaks were elucidated [16] and all 40 peaks were identified as polyphe-
nols in the PSB. These comprise 13 bergenin derivatives, 9 norbergenin derivatives, 6 brachythol B derivatives, and 12 

Fig 1.  The Base Peak Chromatogram (BPC) of PSB in UHPLC-Q-Exactive Orbitrap MS. (Tested in negative ion mode).

https://doi.org/10.1371/journal.pone.0347758.g001
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flavonoids and phenolic acids. Detailed information on the PSB components, such as names, retention times, molecular 
formulas, precursor ions, mass deviations, and fragment ions, is listed in S1 Table in S1 File.

PSB had an ameliorative effect on AS symptoms in AS mice

Fig 2A presents a schematic representation of the animal modeling and dosing schedule, outlining the key steps and 
group arrangements utilized in the animal experiment. ApoE-/- mice were subjected to a high fat diet (HFD) for 14 weeks to 
induce modeling. Upon completion of the experiment, liver and aorta tissues from all mice were stained to assess struc-
tural changes. Blood serum was collected to measure the levels of inflammatory cytokines/molecules and lipids.

First, we analyzed the lipid content in the aorta using Oil Red O staining. As illustrated in Fig 2B, the aortic surfaces of 
mice in the control group displayed minimal lipid deposits, with most of the aorta appearing transparent. In contrast, mice 
in the AS group exhibited pronounced lipid deposition, predominantly localized in the thoracic aorta. These findings con-
firmed the successful establishment of the AS mouse model. Both atorvastatin and PSB treatments demonstrated protec-
tive effects against AS-related damage, leading to a reduction in aortic lipid plaques in mice.

The aortic root was further examined using Oil Red O staining. As illustrated in Fig 2C, the aortic roots of mice in the 
control group exhibited no significant lipid deposition, appearing smooth and without any noticeable narrowing of the aortic 
lumen. In contrast, the aortic lumens of mice in the AS group were narrowed, with considerable lipid accumulation on the 
aortic walls, resulting in irregularities. Treatment with PSB and atorvastatin alleviated lesions in the aortic roots of AS mice, 
leading to a reduction in the lipid deposition area.

A long-term high-fat diet can induce pathological changes in liver tissue, contributing to fatty liver, which is closely asso-
ciated with atherosclerosis. Liver tissue pathological changes were assessed using H&E staining. As shown in Fig 2D, the 
control group displayed normal lobule architecture and cellular shape and size. In contrast, the AS group exhibited dis-
ordered liver cell arrangement, with a marked increase in the number and size of fatty vacuoles. Notably, PSB treatment 
improved hepatic cell organization, reducing the number of fatty vacuoles and macrovesicular steatosis. Taken together, 
these results demonstrate that PSB significantly improves lipid deposition in both the aorta and liver of HFD-induced 
ApoE-/- AS mice.

PSB improved serum and hepatic lipid and inflammatory levels in AS mice

Lipid metabolism abnormalities are an important risk factor in the development of AS. As shown in Fig 3A, compared with 
the control group, mice in the AS group had increased serum and hepatic TG and TC contents as well as increased serum 
LDL-C, and a decreased serum HDL-C level. PSB treatment reduced serum TG, LDL-C levels, as well as liver TG, and 
TC levels, and increased the serum HDL-C level to varying degrees. However, there was no significant reduction in serum 
TC levels in mice.

The determination of inflammatory factors in mouse serum is shown in Fig 3B. Compared with the control group, mice 
in the AS group had increased serum levels of TNF-α, IL-6, IL-1β. After PSB treatment, serum levels of TNF-α, IL-6, 
IL-1β decreased in mice. Among them, IL-1β showed dose dependence. These results demonstrated that PSB treatment 
improved serum and liver lipid profiles and reduced systemic inflammation.

PSB alleviated oxidative stress and reduced CD36 expression in AS mice

Oxidative stress plays a significant role throughout the entire AS progression from foam cell formation to plaque rupture. 
In the context of oxidative stress, excessive ROS causes oxidative modification of lipids. Modified lipoproteins such as 
Ox-LDL stimulate the expression of CD36, promoting lipid endocytosis, leading to foam cell formation. Herein, immuno-
fluorescence and fluorescence staining of ROS and CD36 in the aortic root of AS mice(Fig 4B and 4C) demonstrated 
increased expression of ROS and CD36 compared with the control group (P < 0.05), confirming severe oxidative stress 
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Fig 2.  PSB improved HFD-induced AS in mice. (A) Experimental design, HFD: high-fat diet. (B) Oil red O staining of aortic bulk. (C) Oil red O staining 
of the aortic root. (D) H&E staining of the liver. Each group n = 4. Data are expressed as mean ± SD. #P < 0.05 or ##P < 0.01 vs. control group, *P < 0.05 or 
**P < 0.01 vs. AS group.

https://doi.org/10.1371/journal.pone.0347758.g002
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in AS mice. After PSB treatment, there was a dose-dependent decrease in CD36 and ROS expression in the aortic root 
of mice (P < 0.05). Oxidative stress indicators such as SOD, GSH-Px and MDA were further tested by ELISA method. As 
shown in Fig 4C, AS group showed significantly reduced antioxidant enzyme activities of SOD and GSH-Px, while MDA 
levels were elevated. In contrast, PSB reduced the production of MDA, one of the major final products of lipid peroxida-
tion, and also increased the expression of the two antioxidant enzymes SOD and GSH-Px.

PSB inhibited lipid and reduced NO release in vitro

Our above study demonstrated that the anti- atherosclerotic effect of the polyphenolic extract may be attributed to 
the strong antioxidant property in vivo. To further explore its potential antioxidation mechanism, we employed a foam 

Fig 3.  PSB improved lipid levels and reduced inflammatory factor levels in the serum of AS mice. (A) Lipid levels in serum and liver. (B) Inflam-
matory factor levels. Each group n = 6. Data are expressed as mean ± SD. #P < 0.05 or ##P < 0.01 vs. control group, *P < 0.05 or **P < 0.01 vs. AS group.

https://doi.org/10.1371/journal.pone.0347758.g003
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Fig 4.  Effects of PSB to relieved oxidative stress. (A) Fluorescence staining of ROS by DHE in the aortic root (n = 4); (B) immunofluorescence of 
CD36 in the aortic root (n = 4); (C) Liver oxidative stress markers: GSH-Px, MDA and SOD levels (n = 6). Data are expressed as mean ± SD. #P < 0.05 or 
##P < 0.01 vs. control group, *P < 0.05 or **P < 0.01 vs. AS group.

https://doi.org/10.1371/journal.pone.0347758.g004
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cell model using PMA-induced THP-1 macrophages. This foam cell model was successfully established through 
ox-LDL treatment. Initially, MTT assay was conducted to determine the cytotoxic concentration of PSB. Cell viability 
began to decline at PSB concentrations over 40 μg/mL, with approximately 80% viability observed at 160 μg/mL. No 
significant differences in cell viability were noted at concentrations below 10 μg/mL compared with the control group. 
Consequently, we selected low dose (2.5 μg/mL), medium dose (5 μg/mL), and high dose (10 μg/mL) for the subse-
quent experiments (Fig 5A).

NO measurement experiment showed an increase in intracellular NO content after 24 hours of ox-LDL induction, 
whereas it decreased after PSB administration (Fig 5B) in a dose dependent manner. Oil Red O staining of the cells 
confirmed successful modeling of the foam cells, and after PSB treatment, a reduction in lipid content stained by Oil Red 
O was observed (Fig 5C). These results indicate that PSB can reduce lipid accumulation and NO production, and thus, 
inhibiting foam cell formation triggered by Ox-LDL.

The nitric oxide (NO) measurement experiments indicated an increase in intracellular NO levels following 24 hours of 
ox-LDL induction, which was reduced after PSB administration (Fig 5B) in a dose-dependent manner. Oil Red O staining 
confirmed the successful modeling of the foam cells, and after PSB treatment, a decrease in lipid content was observed, 
as indicated by the Oil Red O staining (Fig 5C). These findings suggest that PSB effectively reduces both lipid accumula-
tion and NO production, thereby inhibiting the formation of foam cells induced by ox-LDL.

Fig 5.  PSB inhibited lipid and reduced NO release in ox-LDL-induced THP-1 macrophages. (A) Determination of THP-1 cell viability by MTT assay. 
(B) THP-1 foamy cell NO release. (C) Oil red O staining of THP-1 foam cells. Each group n = 3. Data are expressed as mean ± SD. #P < 0.05 or ##P < 0.01 
vs. control group, *P < 0.05 or **P < 0.01 vs. ox-LDL group.

https://doi.org/10.1371/journal.pone.0347758.g005
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PSB alleviated the stimulation of oxidative stress in THP-1 foam cells by activating the Keap1/Nrf2 signaling 
pathway

The anti-oxidant mechanism was further investigated using the THP-1 foam cell model. Fluorescence staining of cellular 
reactive oxygen species (ROS) showed that ox-LDL triggered an increase in ROS fluorescence intensity, which could 
be reversed by PSB administration (Fig 6A). Additionally, PSB treatment led to a reduction in the expression of Keap1 
protein and an increase in the expression of Nrf2 and NQO1 proteins (Fig 6B). To determine whether PSB mitigates 
oxidative stress and inhibits foam cell formation through modulation of the Keap1/Nrf2 pathway, we introduced the Nrf2 
inhibitor ML385 to the cell model. The presence of ML385 significantly reduced the efficacy of PSB, resulting in elevated 
ROS fluorescence intensity (Fig 6C). Furthermore, no significant differences in Keap1 and Nrf2 protein expression were 
observed compared to the ox-LDL group, indicating a diminished effectiveness of PSB in this context (Fig 6D). These 
results suggest that PSB can effectively reduce oxidative stress by modulating the Keap1/Nrf2 pathway, thereby inhibiting 
the formation of foam cells.

Discussion

Statins are widely used for the prevention of AS due to their ability to inhibit cholesterol synthesis in the liver, promote 
myocardial remodeling, inhibit thrombus formation, and stabilize atherosclerotic plaques [19]. However, long-term use 
of statins can lead to adverse effects, including elevated liver enzymes and muscle pain. In recent years, traditional 
herb medicine has gained attention for its potential applications in the prevention and treatment of AS [20,21]. Syzygium 
brachythyrsum (SB), called Dongqing fruit, is used as folk medicinal-edible resource by Dai ethnic group in Yunnan prov-
ince. In the present study, we enriched the total polyphenols extract (PSB) using a straightforward method. Our previous 
research indicated that PSB had lipid-lowering and anti-inflammatory effects, achieved through pathways such as reduc-
ing NO release, decreasing macrophage uptake of ox-LDL, promoting cholesterol excretion, and inhibiting inflammation 
[18]. Herein, we proved that PSB could alleviate the pathological features of aorta atherosis in HDF-induced AS ApoE-/- 
mice. Combining the above studies, it’s suggested that PSB has great potential for preventing and treating AS.

Our chemical works clearly showed that PSB contains large contents of tannic acid-type polyphenolics such as ber-
genin, ellagic acid and Brachythol B derivatives [17]. Several studies have demonstrated that bergenin [22] and ellagic 
acid [23] exert anti-AS potency by inhibiting oxidative stress via Nrf2 activation and other mechanism. Brachythol B is a 
new compound isolated from PSB in our lab. Structurally, it is composed of ellagic acid and bergenin modules linked via 
two ester bonds (Fig 7). Our previous study demonstrated brachythol B possess significant antioxidant and anti- 
inflammatory activities in vitro. Further investigation of the anti-AS effect of these individual compounds should be con-
ducted, which may lead to new chemical and biological discoveries.

After engulfing large amounts of lipids, macrophages form foam-like cells rich in fats, a process known as macrophage 
foam cell formation. Driven by excessive ROS, LDL undergoes lipid peroxidation, producing Ox-LDL, which plays a key 
role during this process [24]. In response to ROS-induced damage, the body produces protective proteins to mitigate this 
damage through the activation of Keap1-Nrf2/ARE pathway, inducing expression of antioxidant enzymes such as NQO1, 
HO-1, SOD, GPX, etc., thereby scavenging ROS and counteracting excessive oxidative stress [25–27]. Previous reports 
have demonstrated that the main components in PSB such as quercetin, bergenin and ellagic acid ameliorates oxidative 
damage through upregulating NRF2 [28–30]. This suggests that activating the classical Keap1-Nrf2 signaling pathway 
may contribute to PSB’s beneficial effects against AS. To support this hypothesis, we added the Nrf2 inhibitor ML385 and 
test phosphorylation levels of Nrf2, Keap1, and intracellular fluorescence ROS in THP-1 macrophages. Our study results 
show that ML385 could block the effects of PSB on the ROS/Keap1/Nrf2 pathway (Fig 6).

To summarize, our study suggests that PSB plays a role in combating early-stage atherosclerosis by improving 
lipid metabolism, mitigate oxidative stress, suppress inflammation, and demonstrated its potential as an anti-AS 
drug. However, there are limitations in the current research, that require further experimental investigation. This 
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Fig 6.  PSB attenuated the effects of stimulation by oxidative stress in THP-1 foam cells by activating the Keap1/Nrf2 signaling pathway. (A) 
ROS fluorogram of THP-1 foam cells. (B) Western blot images and quantitative analysis plots of Keap1, Nrf2 and NQO1. (C) ROS fluorogram of THP-1 
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study found that PSB can reduce CD36 expression and the levels of lipid peroxidation end product malondialde-
hyde. A targeted lipidomics analysis should be done to profile those oxidated lipids that may be involved in the 
underlying mechanism of foam cell formation. Further exploration of the crosstalk between oxidative stress and 
inflammation on the AS development, specifically, the ROS/NF-κB signaling pathway is planned to examine whether 
excessive ROS activates NF-κB, thereby promoting the expression of macrophage pro-inflammatory factors such 
as TNF-α and IL-6.

Materials and methods

Chemicals and reagents

Atorvastatin calcium tablets were provided by Pfizer Inc. (USA). A 4% paraformaldehyde solution (KJ30089) was 
obtained from Crystalgen Biotech (Guangzhou, China). DHE stain (37291) and PMA (Phorbol 12-myristate 13-acetate, 
524400) were purchased from Sigma-Aldrich (USA). DAPI (C1005), anti-fade mounting medium (P0126), BCA protein 
concentration assay kit (P0011), and reactive oxygen species assay kit (S0033S) were provided by Beyotime Biotech-
nology (Shanghai, China). Saturated Oil Red O staining solution (P0047), FITC-conjugated goat anti-rabbit secondary 
antibody (PN0045), CY3-conjugated goat anti-rabbit secondary antibody (PN0051), primary antibody dilution buffer, 
and citrate repair solution were supplied by PinoPharm (Wuhan, China). Triton X-100 (T8200) was provided by Solar-
bio (Beijing, China). CD36 (P16671) was supplied by Wuhan Sanying Biotechnology (Wuhan, China). HE staining was 
provided by Raygene Biotech (Beijing, China). Triglyceride assay kit (A110-1–1), total cholesterol assay kit (A111-1–
1), high-density lipoprotein cholesterol assay kit (A112-1–1), low-density lipoprotein cholesterol assay kit (A113-1–1), 
glutathione peroxidase assay kit (A005-1–2), total superoxide dismutase assay kit (A001-3–2), and malondialdehyde 
assay kit (A003-1–2) were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Mouse interleu-
kin 6 ELISA assay kit (JLW20268-96T), mouse tumor necrosis factor α ELISA assay kit (JLW10484-96T), and mouse 
interleukin 1 β ELISA assay kit (JLW18442-96T) were provided by Jianglai Bio (Shanghai, China). Oxidized low- 
density lipoprotein (L34357) was provided by Guangzhou Yiyuan Biotech Co., Ltd. (Guangzhou, China). South 
American fetal bovine serum (C04001) was provided by Vivacell (Shanghai, China). Secondary antibodies (31460) 
were provided by Gibco (USA). Immobilon Western HRP Substrate was provided by Millipore (USA). Nrf2 Antibody 
(AF0639), Keap1 Antibody (AF5266), NQO1 Antibody (DF6437), and beta Actin Antibody (AF7018) were purchased 
from Affinity Biosciences (Jiangsu, China).

Fig 7.  The structures of bergenin, ellagic acid and brachythol B.

https://doi.org/10.1371/journal.pone.0347758.g007

foam cells under ML385 inhibitor. (D) Western blot images and quantitative analysis plots of Keap1 and Nrf2 under ML385 inhibitor. Each group n = 3. 
Data are expressed as mean ± SD. #P < 0.05 or ##P < 0.01 vs. control group, *P < 0.05 or **P < 0.01 vs. ox-LDL group.

https://doi.org/10.1371/journal.pone.0347758.g006



PLOS One | https://doi.org/10.1371/journal.pone.0347758  May 5, 2026 12 / 17

Preparation of PSB

The leaves of S. brachythyrsum were collected in Xishuangbanna Dai Nationality Autonomous Prefecture, Yunnan Prov-
ince, China. Permissions for field access were granted verbally by the private landowners, and no formal permits were 
required from governmental or institutional authorities as the collection activities did not involve protected areas or regu-
lated species. The plant was authenticated by Prof. Hua-gu Ye, a senior botanist at the South Botanic Garden of Chinese 
Academy of Science. A voucher specimen (specimen number: GD220502) was deposited in the State Key Laboratory of 
Traditional Chinese Medicine Syndrome, Guangzhou University of Chinese Medicine.

The sample preparation was carried out according to previous research work [17] with slight modification. Briefly, the 
dried leaves of SB were roughly powdered and extracted by maceration with ten times anhydrous ethanol four times, each 
for 48 hours. The extract was filtered, combined and concentrated under vacuum. A total of 900 g of the crude extract was 
suspended in distilled water (1.5 L) and further partitioned orderly with petroleum ether, dichloromethane, and ethyl ace-
tate three times each. The ethyl acetate fraction was vacuum concentrated to obtain the polyphenol extract of Syzygium 
brachythyrsum (PSB, 78.95g). PSB was suspended in distilled water by ultrasonic treatment (5 min at room temperature) 
prior to administration.

Composition analysis of PSB

The LC-MS analysis was performed using a Thermo Fisher ultra-high performance liquid chromatography-mass spec-
trometry (UHPLC-MS) system, consisting of an UltiMate 3000 UHPLC coupled with a Q-Exactive Orbitrap Plus mass 
spectrometer. Chromatographic separation was carried out on a Waters ACQUITY UPLCHSS T3 (1.8 μm, 2.1 × 100 mm), 
at a flow rate of 0.2 mL/min. Gradient elution was conducted using a solvent system of 0.1% formic acid in water (A) and 
acetonitrile (B). The gradient program was as follows: 5%−13% B over 0−8 minutes; 13%−17% B over 8−12 minutes; 
17%−45% B over 12−25 minutes; 45%−70% B over 25−30 minutes; 70%−90% B over 30−35 minutes; 90%−99% B over 
35−40 minutes; and 99%−5% B from 40-40.5 minutes. The injection volume was 2 μL.

For mass spectrometry (MS) analysis, the spray voltage was set at 3.7 kV and the full scan range was m/z 120–1450. 
The sheath gas pressure was maintained at 35 psi, auxiliary gas at 5 psi, capillary temperature at 350 °C, and probe 
heater temperature at 320 °C. Chromatographic data were recorded and integrated using Xcalibur software (Thermo 
Fisher Scientific). Full scan mass spectrometry and tandem mass spectrometry (MS/MS) data were utilized for compound 
identification.

Animal

Male SPF-grade ApoE-/- mice were purchased from Guangdong Yaokang Biotechnology Co., Ltd. (License No.: SCXK 
(Guangdong) 2020−0054), weighing 22−26 g, aged 7−8 weeks, and maintained under controlled conditions at a tem-
perature of 22 ± 2 °C and humidity 55 ± 10%, with a 12-hour light/dark cycle. Throughout the experiment, the animals were 
provided with free access to food and water and were housed in the SPF animal facility of Guangdong Provincial Hospital 
of Traditional Chinese Medicine (Animal Experiment Facility License No.: SYXK (Guangdong) 2018−0094). The animal 
study was approved by the Institutional Animal Care and Use Committee of Guangdong Provincial Hospital of Traditional 
Chinese Medicine (No.2022021). All efforts were made to minimize the number of animals used and their suffering. For 
blood collection, animals were anesthetized with an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/
kg). At the end of the experiments, animals were euthanized by cervical dislocation under deep anesthesia.

Animal groups and model construction

ApoE-/- male mice were randomly divided into six groups, each consisting of 10 mice: a control group (Blank group), 
a model group (AS group), an positive control group (atorvastatin, statin group), and low-dose PSB (PSB-L group), 



PLOS One | https://doi.org/10.1371/journal.pone.0347758  May 5, 2026 13 / 17

medium-dose PSB (PSB-M group), and high-dose PSB (PSB-H group) groups. During the experiment, the positive control 
(statin group) received 5 mg/kg/day of atorvastatin. The PSB-L, PSB-M, and PSB-H groups received doses of 150, 300, 
and 600 mg/kg/day respectively. After one week of acclimatization with a normal diet, all groups except the control group 
were fed a high-fat diet to induce atherosclerosis. The treatment groups (including the atorvastatin, PSB-L, PSB-M, and 
PSB-H groups) received oral gavage administration, while mice in the control and AS groups received an equivalent 
volume of 0.9% saline by oral gavage. PSB was administered by oral gavage according to a two-phase dosing schedule: 
twice weekly during the first week to allow gradual adaptation to the experimental procedures and minimize stress-related 
confounding effects, followed by once daily from week 2 until the end of the experiment (week 14) to maintain sustained 
therapeutic exposure.

Sample collection

After anesthetizing the mice, the blood was collected by retro-orbital sampling method and transferred into centrifuge 
tubes, which were left at room temperature for 30 minutes. The tubes were then centrifuged at 3000 rpm for 10 minutes 
to separate the serum. The supernatant serum was carefully transferred into new centrifuge tubes and stored at −80 °C. 
Immediately after blood collection, the liver and aorta tissues were dissected and stored either at −80 °C or fixed in a 
fixative solution for subsequent experiment. For histological evaluation, tissue samples from 4 mice in each group were 
randomly selected for analysis.

Biochemical parameters determination

Serum levels of total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein 
cholesterol (LDL-C), as well as hepatic levels of TC, TG, superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and 
malondialdehyde (MDA) were determined using commercial assay kits purchased from Nanjing Jiancheng Bioengineering Institute.

Additionally, enzyme-linked immunosorbent assay (ELISA) kits were used to detect the levels of tumor necro-
sis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 beta (IL-1β) in mouse serum, purchased from Jianglai 
Biosciences.

Liver Hematoxylin and Eosin (HE) Staining

Liver samples were removed from the fixative solution, placed in embedding cassettes, and dehydrated using an auto-
matic dehydrator. After dehydration, the samples were embedded in paraffin and then sectioned. The sections were depa-
raffinized with xylene and rehydrated through a graded series of ethanol solutions.. They were then stained with HE stain. 
Finally, the stained sections were observed and photographed under a light microscope.

Oil red O staining of aorta and aortic Root

The aorta was removed from the fixative, washed with PBS, and then stained with Oil Red O reagent. The vessel wall and 
plaques were eventually stained white and red, respectively. The heart and upper part of the aortic root were embedded in opti-
mal cutting temperature compound and frozen at −80 °C Frozen sections of 10 μm were cut from the tip of the aortic valve and 
stained with Oil Red O to assess lesions. The Image-Pro Plus software was used to assess the areas of atherosclerotic lesions 
in the aorta. The percentage of plaque area was calculated as (Oil Red O-positive plaque area/ total aortic area) × 100%.

Immunofluorescence and fluorescence staining

ROS: The frozen sections of aortic roots were thawed to room temperature, and the tissue areas were circled with a 
hydrophobic pen. The sections were then incubated with freshly prepared DHE working solution (diluted in PBS) at 
37°C in the dark for 30 minutes. After incubation, the slides were immersed in PBS and washed on a shaker in the dark. 
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The sections were briefly drained, and DAPI working solution was applied to stain the nuclei for 10 minutes at room 
temperature in the dark. Subsequently, the slides were washed again in PBS on a shaker in the dark, drained briefly, 
and mounted with anti-fade mounting medium before covering with coverslips. Images were captured under an inverted 
fluorescence microscope, and average fluorescence intensity per group was calculated using Image J software.

CD36: Frozen sections were thawed to room temperature, fixed with 4% paraformaldehyde for 30 minutes, washed with 
PBS, and incubated with serum blocking at 37 °C for 60 minutes. After removal of the blocking solution, the sections were 
incubated with the primary antibody overnight at 4 °C. Following primary antibody incubation, sections were washed with 
PBS and then incubated with secondary antibody at 37 °C for 1 hour. Subsequently, DAPI working solution was added and 
incubated at room temperature for 5 minutes. After washing with PBS, the sections were mounted using anti-fade mounting 
medium The slides were stored at 4 °C in the dark. Fluorescence images were observed and captured under an inverted 
fluorescence microscope, and the average fluorescence intensity per group was calculated using Image J software.

Cell culture and experimental conditions

The THP-1 cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS; standard 
South American origin) and 1% penicillin-streptomycin, and they were incubated at 37 °C in a 5% CO

2
 atmosphere. The 

cells were treated with phorbol myristate acetate (PMA: 160 nmol/L, Sigma) for 24 hours to induce differentiation of mono-
cytes into macrophages. Subsequently, the macrophages were incubated with oxidized low-density lipoprotein (oxLDL: 80 
μg/mL) for 24 hours to transform them into foam cells.

Cell viability assay

THP-1 macrophages were seeded in a 96-well plate and treated with varying concentrations of PSB for 24 hours. Cell 
viability was assessed using the MTT assay, and the absorbance was measured at 490 nm. Cell viability was calculated 
as the percentage of the absorbance in the treated group compared to the control group.

Cell oil red O staining

After administration, the culture medium was discarded, and cells were fixed with 4% paraformaldehyde at room tem-
perature for 30 minutes. The cells were then stained with Oil Red O solution at room temperature for 30 minutes. Finally, 
intracellular lipid deposition was observed and photographed under an inverted microscope.

NO measurement

After administration, the cell culture supernatant was transferred to centrifuge tubes and centrifuged at 4°C, 3000 rpm for 
15 minutes to collect the supernatant. Nitric oxide (NO) levels were measured using a Griess assay kit according to the 
manufacturer’s instructions.

ROS fluorescence

After treatment, the culture medium was discarded, and the cells were washed with PBS. The cells were then incubated 
with PBS containing 10 μM DCFH-DA fluorescent probe at 37 °C for 20 minutes in the dark. After washing with PBS, the 
cells were observed under a fluorescence microscope to evaluate intracellular reactive oxygen species (ROS) levels by 
measuring red DCF fluorescence.

Western blot

After treatment, the culture medium was discarded, and the cells were lysed to extract total proteins. Protein concentration 
was determined, and western blot analysis was performed. Briefly, proteins were separated by SDS-PAGE, transferred 
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to PVDF membranes, blocked with skim milk, incubated with primary and secondary antibodies, and visualized using a 
chemiluminescence detection system. Protein band intensities were quantified using Image J software.

Statistical analysis

Statistical analysis was performed using SPSS 26 software. Data were first assessed for normality using the Shapiro-Wilk 
test. For normally distributed data, one-way analysis of variance (ANOVA) was conducted, followed by Bonferroni post-
hoc test for homogeneous variances (P > 0.05) or Dunnett’s T3 post-hoc test for inhomogeneous variances (P < 0.05). 
Graphs were generated using GraphPad Prism 8 software.
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