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ABSTRACT
Background: The Guan-Xin-Er-Hao (GXII) decoction, a traditional Chinese medicine, contains 
hydroxysafflor yellow A (HSYA) as its main active compound for treating coronary heart disease. 
Objectives: This study aimed to assess the therapeutic efficacy of HSYA compared to GXII and 
elucidate its molecular mechanisms in combating atherosclerosis. Materials and Methods: 
Guan-Xin-Er-Hao (GXII) was analyzed using HPLC-MS, which identified three main absorbable 
components: Hydroxysafflor Yellow A (HSYA), Ferulic Acid and Tanshinol. Among them, HSYA 
demonstrated the most pronounced effects in the in vitro experiments, leading to its selection 
for subsequent in vivo studies due to its high content and superior bioavailability within GXII. 
ApoE−/− mice were fed a high-fat diet for eight weeks and treated orally with GXII or HSYA. 
Atherosclerotic plaque areas and plasma lipid levels served as indicators of anti-atherosclerotic 
activity. Oxidative stress markers (malondialdehyde, superoxide dismutase, glutathione 
peroxidase, catalase) and inflammatory mediators (tumor necrosis factor-α, vascular cell 
adhesion molecule-1, interleukin-1β) were evaluated using enzyme-linked immunosorbent 
assays, western blotting and reverse transcription-polymerase chain reaction. Results: The 
Contribution Rate (CR) analysis indicated that HSYA significantly influenced serum lipid levels, 
oxidative stress markers and inflammatory protein/mRNA levels, with HSYA demonstrating a CR 
exceeding 90% relative to GXII. These findings underscore HSYA's predominant role within GXII 
in exerting anti-atherosclerotic effects through mitigation of oxidative stress and inflammation. 
Conclusion: The synergistic actions of GXII and HSYA reveal a promising therapeutic approach 
for atherosclerosis, offering valuable insights into their antioxidant and anti-inflammatory 
mechanisms in ApoE−/− mice.

Keywords: Anti-atherosclerosis, Anti-Inflammation, Antioxidant, Guan-Xin-Er-Hao, Hydroxysafflor 
yellow A.

INTRODUCTION

Atherosclerosis (AS) is a chronic inflammatory disease of 
the arterial wall caused by abnormal lipid metabolism.[1] It 
is the main pathological basis of acute coronary syndromes 
and major cardiovascular diseases, which cause high rates of 
mortality and morbidity worldwide.[2] Every year, more than 14 
million individuals die of coronary AS and its complications.[3] 
Although  many therapeutic  techniques are available to treat 
patients with AS,  the outcome  remains unsatisfactory  because 
of  the inevitable  side  effects and high treatment expenditure. 

For  example, simvastatin, a cholesterol synthesis inhibitor 
commonly used in the treatment of AS, causes numerous side 
effects, including joint pain, myopathy and memory impairment.[4] 
Therefore, describing the pathophysiology of AS is crucial to 
develop novel strategies for clinical treatment. Numerous studies 
have attempted to develop therapeutic strategies from Traditional 
Chinese Medicine (TCM). TCM is characterised by few side 
effects and has become an important source of natural products, 
such as hydroxysafflor yellow A, which exhibit significant 
protective effects on cardiovascular diseases.[5]

The process of AS development is accelerated by many factors, 
such as the release of inflammatory chemokines and cytokines, 
production of Reactive Oxygen Species (ROS) and growth 
factors and proliferation of vascular smooth muscle cells.[6-8] 
Oxidative stress reactions occur during the formation of 
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atherosclerotic plaques,[9] whereas antioxidant molecules, such as 
Catalase (CAT), Superoxide Dismutase (SOD) and Glutathione 
Peroxidase (GSH-Px), can eliminate ROS and maintain cell redox 
homeostasis. When a large amount of ROS is produced in the 
endothelial cells, it causes lipid peroxidation and irreversible 
damage to cell membranes, proteins and DNA as well as oxidative 
damage to the blood vessel wall, which manifests as endothelial 
dysfunction. It is also accompanied by monocyte–macrophage 
migration, smooth muscle-cell formation, fibroblast proliferation 
and extracellular matrix degradation.

Tumour Necrosis Factor-α (TNF-α) is a proinflammatory 
cytokine produced by lipopolysaccharide-activated mononuclear 
phagocytes, which is highly expressed in patients with 
AS.[10] TNF-α damages myocardial mitochondrial electron 
transport complexes by increasing oxidative stress levels in 
cardiomyocytes.[11] TNF-α also triggers the expression of Vascular 
Cell Adhesion Molecule-1 (VCAM-1) in some immunological 
and inflammatory diseases.[12] During AS, VCAM-1 is mainly 
expressed in vascular endothelial cells where it participates in 
plaque formation by promoting the adhesion and migration of 
monocytes and endothelial cells.[13] Interleukin-1β (IL-1β), a 
proinflammatory cytokine, also plays an important role in the 
progression of arterial sclerosis.[14] Studies on coronary AS have 
revealed that blocking IL-1β reduces mortality rates.[15,16]

Guan-Xin-Er-Hao (GXII) decoction is a well-known TCM for 
coronary heart diseases. GXII increases coronary blood flow,[17] 
alleviates myocardial ischaemia,[18] reduces oxidative stress,[19] 
and inhibits inflammation[20] and anti-myocardial apoptosis.[21] 
Hydroxysafflor yellow A (HSYA), one of the components of GXII, 
is the main active pharmaceutical ingredient of safflower.[22] 
HSYA, also acts as an indicator of the medical value of safflower, 
as documented in the Pharmacopoeia of the People’s Republic 
of China (2005 edition) and has been shown to be absorbed in 
rat or mouse blood.[23] Studies confirm that HSYA has broad 
pharmacological effects, such as antioxidant, anti-inflammatory 
and anticoagulant effects, which play vital roles in cardiovascular 
diseases.[24-26] However, the anti-atherosclerotic effect of HSYA 
has rarely been reported and the Contribution Rate (CR) of 
HSYA in GXII to ameliorate oxidative stress and inflammatory 
cytokine levels is unknown.

In this study, we aimed to describe the anti-atherosclerotic 
effects of GXII and its absorbed component HSYA based on the 
levels of oxidative stress indicators (Catalase [CAT]/Superoxide 
Dismutase [SOD]/Glutathione Peroxidase [GSH-Px]/Methane 
Dicarboxylic Aldehyde [MDA]) and inflammatory factors 
(VCAM-1/TNF-α/IL-1β) in High-Fat Diet (HFD)-fed ApoE−/− 
mice. The mechanisms through which GXII and HSYA ameliorate 
atherosclerosis are shown in Figure 1. Moreover, we compared 
the curative effect of HSYA and its parent herb GXII based on 
the CR of the monomers to the parent herb.[27] Thus, our research 

provides prospective insights into the anti-atherosclerotic effect 
of a TCM and its main ingredient.

MATERIALS AND METHODS

Preparation of GXII decoction and freeze-dried 
powder

All herbal materials (Table S1) were purchased from Xiangya 
Hospital of Central South University. GXII is a traditional Chinese 
herbal formula composed of salvia miltiorrhiza, ligusticum, 
chuanxiong, safflower, red peony and Dalbergia odorifera in 
a ratio of 2:1:1:1:1. The total mass of the crude drug was 90 g. 
We added 720 mL of purified water at a ratio of 1:8, soaked the 
drug for 30 min, boiled after decocting on a slow fire for 30 min, 
filtered with eight layers of gauze, added 720 mL of purified water, 
decocted according to the above method, filtered and combined 
the two filtrates to obtain the GXII decoction.

The GXII decoction was evaporated under reduced pressure in a 
rotary evaporator at 60ºC to obtain a concentrated liquid, which 
was then uniformly condensed with liquid nitrogen and stuck to 
the wall of a glass freeze-dried bottle. The concentrated solution 
was freeze-dried in a vacuum freeze dryer at -55ºC and <10 Pa 
for 24 hr to obtain a powder, which was sealed in a refrigerator 
at 4ºC.

The content of three main active ingredients in GXII 
were determined using the UPLC-PDA method

The details of the three main active reference substances are 
provided in Table S1, with their molecular structures shown in 
Figure 1. The purity of all substances is greater than 98.0% and 
they have been identified as single chromatographic peaks by 
UPLC analysis.

Weighed precisely 3.2 mg of ferulic acid, 12.25 mg of hydroxy 
safflower yellow A, 6.36 mg of tanshinol sodium, 4.2 mg of 
protocatechuic aldehyde and 5.62 mg of paeoniflorin using a 
Sartorius SBP2llD analytical balance with a precision of 0.00001 
g. These were placed into a 10 mL brown volumetric flask and 
10 mL of methanol was added to bring the solution to the mark, 
followed by thorough ultrasonic dissolution to obtain the stock 
solutions of the five reference substances with concentrations 
of 320, 1225, 636, 420 and 562 ng/μL, respectively. Then, 0.5 
mL of each stock solution was transferred into a 10 mL brown 
volumetric flask and 7.5 mL of methanol was added to bring 
the volume to the mark. The solutions were mixed thoroughly 
to obtain the mixed stock solution 1, with concentrations of 
ferulic acid 16 ng/μL, hydroxy safflower yellow A 61.25 ng/μL, 
tanshinol sodium 31.8 ng/μL, protocatechuic aldehyde 21 ng/μL 
and paeoniflorin 28.1 ng/μL. All reference solutions were sealed 
and stored in a 4ºC refrigerator for future use.

To prepare the standard curve concentrations, the mixed stock 
solution 1 was diluted to generate five different concentrations 
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corresponding to 1/2, 1/4, 1/8, 1/16 and 1/32 of the original 
concentration, labeled as mixed stock solutions 2, 3, 4, 5 and 6, 
respectively. Then, 5 μL of each mixed stock solution (1 to 6), 
containing the standard substances for ferulic acid, hydroxy 
safflower yellow A, tanshinol sodium, protocatechuic aldehyde 
and paeoniflorin, was precisely aliquoted for injection. Under 
the chromatographic conditions described above, the peak areas 
(X) of each component’s standard substance were measured and 
plotted against their corresponding concentrations (Y) to perform 
linear regression. This process allowed for the determination of 
the linear range and regression equation for each component. 
Additionally, the Limit of Detection (LOD) for each component 
was also determined (Table S2).

In vitro Experiment

RAW264.7 macrophages were selected as the target cells to 
establish an atherosclerotic foam cell model. The model was 
induced by treating macrophages with 100 μg/mL oxidized 
Low-Density Lipoprotein (ox-LDL). The experimental groups 
were as follows: Normal Group: Untreated macrophages. 
Model Group: Macrophages treated with ox-LDL (100 μg/
mL). GPSDS Group: Cells treated with GXII-mediated serum 
after deproteinization. FA Group: Cells treated with ferulic 
acid (FA) at 162.82 ng/mL. HSYA Group: Cells treated with 
hydroxysafflor yellow A (HSYA) at 600 ng/mL. Tanshinol 
Group: Cells treated with tanshinol at 94.23 ng/mL. The levels 
of Triglycerides (TG), Tumor Necrosis Factor-alpha (TNF-α), 
Monocyte Chemoattractant Protein-1 (MCP-1) and intercellular 
adhesion molecule-1 (ICAM-1) in macrophages were quantified. 
Reactive Oxygen Species (ROS) production was analyzed using 
flow cytometry to measure mean fluorescence intensity and cell 
morphology was assessed using Oil Red O staining (refer to 
Supplementary Materials). Results demonstrated that all three 
primary components of GXII showed significant effects on the 
above indicators at plasma concentrations corresponding to their 
levels in ApoE⁻/⁻ mice. Among them, HSYA exhibited the most 
pronounced effects, leading to its selection for subsequent in vivo 
studies due to its high content and superior bioavailability within 
GXII.

Cell Handling Procedure

All reagents were equilibrated to room temperature (18-25ºC) for 
at least 30 min prior to use. Reagents were prepared according 
to the experimental protocol. Standard wells and test sample 
wells were set up and 100 μL of standard solution or test sample 
was added to each well. The plates were gently shaken to mix, 
covered with a plate seal and incubated at 37ºC for 2 hr. After 
incubation, the liquid was discarded and the plates were spun 
dry without washing. Subsequently, 100 μL of biotin-labeled 
antibody working solution was added to each well and the plates 
were covered with a new seal and incubated at 37ºC for 1 hr. After 
incubation, the liquid was discarded, the plates were spun dry and 

washed 3 times with 200 μL of wash buffer per well, soaking for 
2 min each time. Next, 100 μL of horseradish peroxidase-labeled 
avidin working solution was added to each well and the plates 
were covered with a new seal and incubated at 37ºC for 1 hr. The 
liquid was again discarded, the plates were spun dry and washed 
5 times with 200 μL of wash buffer per well, soaking for 2 min 
each time. Finally, 90 μL of substrate solution was added to each 
well and color development was carried out at 37ºC for 15-30 min 
in the dark. The reaction was stopped by adding 50 μL of stop 
solution to each well and the Optical Density (OD) at 450 nm was 
measured using a microplate reader within 5 min.

ROS Detection Procedure

The DCFH-DA stock solution (10 mM) was diluted 1:1000 in 
serum-free medium to achieve a final concentration of 10 μM. 
The cell culture medium was removed from the previously 
treated cells and an appropriate volume of the diluted DCFH-DA 
solution was added, ensuring the cells were fully covered. The 
cells were then incubated at 37ºC for 20 min in a cell incubator. 
After incubation, the cells were washed three times with 
serum-free medium to remove any excess DCFH-DA. The cells 
were subsequently digested with trypsin, collected and analyzed 
for Reactive Oxygen Species (ROS) levels using flow cytometry.

Oil Red O Staining Procedure

The cells were rinsed with Phosphate-Buffered Saline (PBS) 
for 30 min, repeating the process six times and then incubated 
with Oil Red O staining solution at 37ºC for 30 min. Following 
incubation, the cells were gently washed with distilled water and 
the stained cells were differentiated using 75% ethanol until the 
background appeared clear. The cells were then counterstained 
with hematoxylin for 5-10 min, rinsed with distilled water and 
returned to blue using PBS. Finally, the slides were mounted 
with buffered glycerol and observed under a microscope. This 
procedure ensured precise and reproducible results in evaluating 
the effects of GXII components, particularly HSYA, on foam cell 
formation and related biomarkers.

Preparation of HSYA

HSYA preparation safflower was purchased from Shanghai 
Yuanye Biotechnology Co., Ltd. The molecular weight of HSYA is 
612.53 and its molecular structure is shown in Figure 1. The purity 
of HSYA used in this study was 98% (CAS NO.78281-02-A). 
HSYA was isolated from  associate degree  solution  of  false 
saffron  extract  mistreatment  macroporous resin-gel  activity, 
as  antecedently delineate.[28] HSYA was dissolved in a 
traditional antiseptic saline for subsequent use.

Quantification of plasma HSYA levels using 
UPLC-MS/MS

Mice were orally administered with 11.7  g/kg GXII for eight 
weeks and blood samples were collected 30  min after the final 
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administration. After the plasma samples were treated, HSYA was 
detected via Ultra-Performance Liquid Chromatography-Mass 
Spectrometry (UPLC–MS) (Waters ACQUITY UPLC system 
H-Class, ACQUITY QDa mass detector) by comparing retention 
times and main products, providing a direct estimate of the 
anti-atherosclerotic effect of HSYA.

We used a Waters BEH (R) C18 analytical column (2.1 mm×100 
mm, id 1.7  μM) maintained at 30ºC. The mobile phase consisted 
of methanol (A) and 0.1% formic acid (B) with the following 
gradient programme: 0-5 min, 90% B; 5-6 min, 40% B; 6-7 min, 
10% B; 7-8 min, 90% B. The flow rate was set at 0.3 mL/min and 
the injection volume was 5 μL. The mass spectrum conditions 
were as follows: ion source, electrospray ion source, positive 
ion (ESI+); scanning mode, negative ion scanning detection 
methods, multi reaction monitoring; ion source temperature, 
110ºC; wavelength scanning, 200-600 nm for photodiode array 
detector; probe temperature, 600ºC; capillary voltage, 0.8 kV; and 
acquisition type, full scan m/z 100-600, SIR scan m/z 261.08.

In vivo Experiment

40 SPF-grade 12-week-old male ApoE-/- mice (22±2 g) were 
provided by the Changzhou Carvens Laboratory Animal Co., 
Ltd, (Licence number: SCXK(苏)2021-0013). All animal care and 
experimental procedures were approved by the Animal Care and 
Use Committee of the Nanjing University of Chinese Medicine 
(Resolution No. 202204A016) and implemented in accordance 
with the National Institutes of Health Guidelines for the Nursing 
and Use of Laboratory Animals. After one week of adaptive 
feeding, the mice were administered their respective treatments 
by gavage (0.1 mL/10g) once a day for eight consecutive weeks 
to establish the AS model. Normal group: Normal Diet+Normal 
Saline (NS) by gavage; model group: high-fat diet (40% fat+1.25% 
cholesterol)+NS by gavage; simvastatin group: HFD+simvastatin 
suspension by gavage (10 mg/kg); GXII group: HFD+GXII 
decoction by gavage (11.7 g/kg); HSYA group: HFD+HSYA 
solution by gavage (1.95 mg/kg, dose equivalent to its content in 
GXII).

CR formula of monomers to parent herbs

for indexes increasing after administration.

for indexes decreasing after administration.

Biochemical determination of serum lipids

After eight weeks, the mice were fasted for 24 hr and blood 
samples were collected using a retro-orbital method. The samples 
were centrifuged at 3500 rpm for 10 min at 4ºC and the upper 
serum was isolated. According to the manufacturer’s instructions, 

the corresponding biochemical kits were used to determine Total 
Cholesterol (TC), Triglycerides (TG), Low-Density Lipoprotein 
Cholesterol (LDL-C) and High-Density Lipoprotein Cholesterol 
(HDL-C) levels.

Enzyme-linked immunosorbent assay to detect 
oxidative stress indicators

Blood samples were collected from the eyes of mice after being 
euthanised. The blood was centrifuged at 4ºC and 12,000 rpm for 
10 min and the serum isolated. Antioxidant activity of the serum 
was assessed according to MDA, SOD, CAT and GSH-Px levels. 
All procedures were performed using a diagnostic kit (Jiancheng, 
Nanjing, China) according to the manufacturer’s instructions.

Haematoxylin and eosin staining assay of aortic arch 
paraffin sections

Haematoxylin and Eosin (HE) staining was performed 
according to conventional protocols.[29] After deparaffinisation 
and rehydration, 5 μM longitudinal sections were stained with 
haematoxylin solution for 5 min, dipped five times into 1% acid 
ethanol (1% HCl in 70% ethanol) and then rinsed in distilled 
water. The sections were then stained with eosin solution for 
1-5 min, dehydrated with graded alcohol and cleared in xylene. 
The mounted slides were examined and photographed under a 
common light microscope (Leica, Germany).

Oil Red O staining assay of frozen aortic arch 
sections

After the mice were euthanised, the aortic arch was removed, 
placed in 4% paraformaldehyde overnight and cryosectioned. 
After drying, the sections were washed with 50% ethanol, 
stained with Oil Red O solution for 10 min, washed until the 
background was clear and counterstained with haematoxylin. 
Finally, the sections were sealed with glycerinated gelatin after 
drying, photographed and observed under an optical microscope 
(Leica). The ratio of aortic arch plaque area to lumen area was 
calculated using ImageJ software (US National Institutes of 
Health, Bethesda, MD, USA).

Western blot assay of inflammatory indicators

Protein concentrations in the thoracic abdominal aortas that were 
removed from the mice were determined using a BCA kit. The 
extracted protein was added to a loading buffer and boiled at 95ºC 
for 5 min. After adding 50 μg of the sample to each well, the proteins 
were separated with 10% polyacrylamide gel electrophoresis and 
electrophoresed at 120 V and then transferred to polyvinylidene 
fluoride membranes with a wet transfer method at 100 V 
transmembrane voltage for 90 min. Thereafter, the membranes 
were blocked with 5% non-fat dry milk in Tris-Buffered Saline 
Tween-20 (TBST) for 1 hr at room temperature. Then, the 
membranes were incubated with anti-IL-1β, anti-TNF-α, 
anti-VCAM-1 (all diluted at 1:200), anti-β-actin (1:4000) and 
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anti-GAPDH (1:6000) primary antibodies overnight at 4ºC. The 
membranes were washed three times with TBST for 5 min each 
and incubated for 1 hr at room temperature before adding the 
corresponding secondary antibody (1:2000 dilution, Abcam, 
Cambridge, MA, USA). After incubation, the membranes were 
washed three more times. Western blot signals were detected 
using Enhanced Chemiluminescence (ECL) and photographed 
using a Bio-Spectrum Gel Imaging System (UVP, USA).

Reverse Transcription-Polymerase Chain Reaction 
(RT-PCR) to detect inflammatory indicators

The mRNA coding sequences of TNF-α, VCAM-1, IL-1β 
and β-actin were determined using the National Center for 

Biotechnology Consensus Coding Sequences database. Details of 
the PCR primer sequences for TNF-α, VCAM-1, IL-1β and β-actin 
are summarised in Table S5. We homogenised mouse aortic tissue 
in liquid nitrogen and extracted RNA using the TRIzol reagent 
and an RNA extraction kit. The tissues were pyrolysed with 1 mL 
TRIzol for 5 min at room temperature, followed by centrifugation 
at 12000 rpm for 10 min. The supernatant was removed, mixed 
with 0.2 mL chloroform and centrifuged at 12000 rpm for 10 min. 
The aqueous phase was collected (~500 μL), supplemented with 
250 μL absolute ethanol and run in the adsorption column for 
45s. The adsorption column was washed with 500 μL of buffer 
and eluted with 80 μL H2O. The RNA quality was determined 
using 1% agarose gel electrophoresis and RNA concentration by 
spectrophotometric detection.

Figure 1:  Mechanism of action of Guan-Xin-Er-Hao (GXII) and hydroxysafflor yellow A (HSYA) in ameliorating atherosclerosis in ApoE−/− 
mice involves antioxidant and anti-inflammatory effects. The figure illustrates the antioxidant and anti-inflammatory mechanisms of 
Guan-Xin-Er-Hao and Hydroxysafflor Yellow A. By balancing antioxidant enzymes and MDA production; they reduce Reactive Oxygen 
Species (ROS); thereby alleviating endothelial dysfunction and oxidative stress. ROS-induced inflammation increases VCAM-1 expression; 
promoting immune cell adhesion and migration; leading to foam cell formation and the secretion of inflammatory cytokines like TNF-α 

and IL-1β; which exacerbate atherosclerosis progression and vascular inflammation.
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Statistical analysis

All data are expressed as mean±SD. A homogeneity of variance 
test was used for comparison between groups, one-way 
analysis of variance was used to analyse parametric data and 
the Kruskal-Wallis H test was used for non-parametric data. 
Differences between means were analysed using Fisher's 
protected LSD multiple comparison tests. All data were analysed 
using SPSS software version 16.0 (IBM SPSS, Chicago, IL, USA). 
Statistical significance was set at p<0.05.

RESULTS

Analysis of GXII decoction

The retention times and characteristic UV spectra of the five 
components in GXII decoction were identified within 15 min 
using the UPLC-PDA method, achieving good separation. 
The typical chromatograms of the main substances and GXII 
decoction are shown in Figure 2A. The three components Ferulic 
Acid (FA), hydroxysafflor yellow A and Tanshinol sodium were 
well separated in less than 25 min. Details of the main bioactive 
components in GXII decoction are presented in Supplementary 
Table S1.

Quantification of the three components in GXII 
decoction using UPLC-PDA

The quality control of GXII Decoction was performed using 
Ultra-Performance Liquid Chromatography (UPLC) to quantify 
its three main active components: Ferulic Acid (FA), Tanshinol 
(TAN) and Hydroxysafflor Yellow A (HSYA). The analysis 
revealed that the for TAN and 1949.61 ng/mL for HSYA (Table 
S2). These results provide a reliable quantitative basis for the 
quality assessment and standardization of GXII Decoction.

Quantification of the three components in Apoe-/- 
mice using UPLC-MS/MS

UPLC–MS/MS analysis of the serum samples in Apoe-/- mice 
showed no endogenous peak interference with the quantification 
of Ferulic acid, Tanshinol and Hydroxysafflor yellow A. 
Representative chromatograms of blank serum, blank serum 
spiked with FTA and internal standard (Acetaminophen 400 ng/
mL) and extracted serum samples obtained 30 min after the oral 
administration of GXII (11.7 g/kg) decoction are shown in Figure 
2B. As shown in Table S3, the standard calibration curves showed 
good determination coefficients (r>0.99) of all the analytes. The 
retention times of F, T, A and IS in serum were 5.56, 3.33, 4.69 and 
3.60 min and the average concentration of FTA were 162.82 ng/
mL, 94.23 ng/mL and 600.0 ng/mL, respectively.

Anti-atherosclerotic effect of of three main absorb 
components in vitro macrophage experiment

As shown in Figure 3A-D, compared with the normal group, 
the levels of TG, ICAM-1, TNF-α and MCP-1 in the model 

group were significantly increased with statistical significance 
(##p<0.01); The GPSDS group and the components groups (FA, 
HSYA, Tanshinol) decreased significantly (**p<0.01). As shown in 
Figure 3E and Figure 3G, Levels of reactive oxygen species and the 
mean fluorescence intensity of ROS in the model group increased 
significantly comparing with the normal group (##p<0.01); The 
GPSDS group and the components groups (FA, HSYA, Tanshinol) 
decreased significantly (**p<0.01). As shown in Figure 3F and 
Figure 3H, after cell stained with Oil Red O, it was observed by 
light microscope that the staining effect of model group increased 
comparing with the normal group (##p<0.01); The GPSDS group 
and the components groups (FA, HSYA, Tanshinol) decreased 
significantly (**p<0.01). In vitro cell experiments proved that the 
three main components in GXII had good effects on the above 
indicators in the blood drug absorption concentration of APOE-

/- mice and HSYA had the most significant effect. Therefore, we 
selected HSYA for further in vivo studies because of its high 
content and high bioavailability in GXII.[18,22]

Effect of GXII and its absorbed component HSYA on 
serum lipid levels in ApoE−/− mice
We measured the effects of treatment with GXII and HSYA on 
serum lipid levels in HFD-fed ApoE−/− mice using an automatic 
biochemical analyser (Figure 4A-D). Compared with those of the 
normal group, the levels of TC, TG and LDL-C in HFD-fed ApoE−/− 
mice significantly increased (p<0.01), whereas no difference was 
observed in the level of HDL-C (p>0.05). Compared with those of 
the model group, the simvastatin group showed increased levels 
of TC and LDL-C (p<0.01) and decreased levels of TG (p<0.01) 
and both the GXII and HSYA groups showed decreased levels 
of TC, TG and LDL-C (p<0.01). No significant differences were 
observed in HDL-C levels between groups (p>0.05).

Treatment with HSYA and GXII lowered the levels of TC, 
TG, LDL-C and HDL-C (p<0.01). Compared with that of the 
model group, the CR of the HSYA group to the GXII group was 
>80% (TG: 10.79±0.24 vs 7.57±1.12 mmol/L; TC: 2.98±0.35 vs 
2.51±0.23 mmol/L; LDL-C: 4.93±0.28 vs 4.49±0.23 mmol/L; 
Supplementary Table S4).

GXII and HSYA alleviated the morphological changes 
in the aortic arch in HFD-fed ApoE−/− mice
Morphological alterations in mouse aortic arches were observed 
using HE staining (Figure 4E). In the normal group, no plaque 
formation was observed, the intima was thin and smooth, no 
fractures were observed, the elastic plates inside and outside 
the vascular wall were clear and complete and the endothelium 
and smooth muscle cells were arranged evenly and neatly. In 
the model group, many flaky plaques, round or oval vacuolar 
foam cells, lipid deposition and inflammatory cell aggregation 
were observed. The three-layer structure of the blood vessel 
wall was disordered and unclear, with severe atrophy of the 
media, proliferation of smooth muscle cells and hyperplasia 
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Figure 2:  Ultra-Performance Liquid Chromatography (UPLC) Analysis of Guan-Xin-Er-Hao (GXII) and Quantification of Key Absorbable 
Components in ApoE−/− Mice Serum. A: Ultra-performance liquid chromatography of Guan-Xin-Er-Hao. A1: Blank solution; A2: Blank 
solution spiked with five control article (1. tanshinol; 2. protocatechualdehyde; 3. hydroxysafflor yellow A; 4. peoniflorin; 5. ferulaic acid); 
A3: Sample collected from GXEH (1. tanshinol; 2. protocatechualdehyde; 3. hydroxysafflor yellow A; 4. peoniflorin; 5. ferulaic acid). B: 
Chromatograms for the quantification of three main absorb components in Apoe-/- mice serum samples. Chromatograms of (B1) Blank 
serum; (B2) blank serum spiked with FTA and internal standard (Acetaminophen 400 ng/mL); and (B3) serum samples 30min after oral 

administration of GXII (11.7g/kg) to Apoe-/- mice.
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(obvious irregular thickening, atheroma formation and a large 
number of vesicle cells and lipid cores). Beneath the fibre caps 
of atherosclerotic plaques, the arrangement of smooth muscle 
fibres was evidently disordered and many foam cells, cholesterol 
crystals and inflammatory cells were observed. Compared with 
those of the model group, fewer plaques were observed in the 
aortic arches of the GXII and HSYA groups and the infiltration 
of foam cells and inflammatory cells under the atherosclerotic 
plaques was reduced. The three-layer structure of the blood 
vessel wall was still clear and the arrangement of endothelial and 
smooth muscle cells was neat with some crisscrossing.

GXII and HSYA alleviated atherosclerotic plaque 
formation in HFD-fed ApoE−/− mice

We investigated the effect of GXII and HSYA on AS with a 
cross-sectional analysis of the atherosclerotic plaque areas using 
Oil Red O staining. As shown in Figure 4G, the lumen wall of 
the aortic arch in the normal group was smooth without plaque 

formation, whereas varying degrees of atherosclerotic plaque 
formation were observed in HFD-fed ApoE−/− mice. Treatment 
with GXII and HSYA significantly alleviated atherosclerotic 
lesions compared with those in the model group.

Oil Red O staining of aortic arch AS lesions showed that the 
plaque area in the model group accounted for 43.25±3.70% of the 
entire vessel lumen area, 28.88±2.37% in the simvastatin group, 
30.20±2.37% in the control group and 35.63±2.06% in the HSYA 
group (Figure 4F). Compared with that of the model group, 
the plaque area in the GXII and HSYA groups was reduced by 
30.17% (p<0.01) and 17.62% (p<0.01), respectively. A statistically 
significant difference was observed in the plaque area between 
the GXII and HSYA groups (p<0.05).

Treatment with HSYA and GXII (p<0.01) ameliorated the 
formation of atherosclerotic plaques. Compared with that of 
the model group, the CR of the HSYA group to the GXII group 
was >90% (plaque:surface ratio: 35.63±2.06% vs 30.20±1.48%; 
Supplementary Table S4).

Figure 3:  Anti-atherosclerotic effect of three main absorb components in vitro macrophage experiment. (A) Levels of Triglycerides (TG); (B) Levels of 
Intercellular Adhesion Molecule (ICAM)-1; (C) Levels of Tumour Necrosis Factor-α (TNF-α); (D) Levels of Monocyte Chemotactic Protein (MCP)-1; (E) 
Levels of Reactive Oxygen Species (ROS); (F) Ratio of oil red staining;(G) Mean fluorescence intensity of ROS; (H) Cell morphology of oil red staining. 
Data are presented as the mean±SD (n=3 for each group). #p<0.05; ##p<0.01; and ###p<0.001 versus the normal group. *p< 0.05; **p< 0.01; and 

***p<0.001 versus the model group.
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Effects of treatment with GXII and HSYA on serum 
oxidative stress indicators in ApoE−/− mice

The serum MDA levels in the model, simvastatin, GXII and HSYA 
groups were significantly higher (p<0.05) and the levels of serum 

CAT, SOD and GSH-Px were significantly lower (p<0.05) than 
those of the normal group. Compared with those of the model 
group, the MDA levels of the simvastatin, GXII and HSYA groups 
significantly decreased (p<0.05) and the levels of serum CAT, 

Figure 4:  Effect of treatment with Guan-Xin-Er-Hao (GXII) and hydroxysafflor yellow A (HSYA) on serum lipid levels along with 
morphological changes of aortic arches and atherosclerotic plaque formation in ApoE−/− mice. Mice were treated with GXII (11.7 g/
kg); HSYA (1.95 mg/kg); simvastatin (10 mg/kg); or normal saline for eight weeks. Serum lipids levels of Total Cholesterol (TC; A); 
Triglycerides (TG; B); Low-Density Lipoprotein Cholesterol (LDL-C; C); and High-Density Lipoprotein Cholesterol (HDL-C; D) were 
detected by biochemical analysis. E: The morphological changes of aortic arch [100×(upper row) and 400×(bottom row)] were 
evaluated by haematoxylin and eosin staining of paraffin sections. F: Representative aortic arch plaque image of whole aorta and 
quantification analysis of aortic arch plaque area accounts for the vascular lumen area. G: Cross section of aortic arch (100×) in 
frozen section stained with Oil Red O. Data are presented as the mean±SD (n=8 for each group). #p<0.05; ##p<0.01; and ###p<0.001 

versus the normal group. *p<0.05; **p<0.01; and ***p<0.001 versus the model group.
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SOD and GSH-Px significantly increased (p<0.05). A statistically 
significant difference was observed in the levels of oxidative stress 
indicators between the GXII and HSYA groups (p<0.05, Figure 
5A).

Notably, the CR of HSYA in determining the serum levels of 
MDA, SOD, GSH-Px and CAT was similar to that of GXII 
(MDA: 8.15±0.37 vs 6.05±0.49 nmol/mL; SOD: 126.00±4.13 vs 
137.00±2.00 U/mL; GSH-Px: 0.53±0.06 vs 0.85±0.09 ng/mL; 
CAT: 627.55±44.44 vs 896.08±59.04 nmol/mL; Supplementary 
Table S4).

Effect of treatment with GXII and HSYA on the 
protein expression of inflammatory indicators in 
ApoE−/− mice analysed using western blotting
Compared with those of the normal group, TNF-α, VCAM-1 
and IL-1β protein expression levels increased in the model, 
simvastatin, GXII and HSYA groups (p<0.01, Figure 5B). 
The expression levels of TNF-α, VCAM-1 and IL-1β in the 
simvastatin, GXII and HSYA groups significantly decreased 
(p<0.01) compared with those of the model group. A statistically 
significant difference was observed in the levels of inflammatory 
indicators between the GXII and HSYA groups (p<0.05).

Notably, similar CRs were observed for the thoracic aorta 
expression of TNF-α, VCAM-1 and IL-1β proteins induced by 
HSYA and GXII (TNF-α: 0.54±0.04 vs 0.45±0.02; VCAM-1: 
0.52±0.02 vs 0.45±0.03; IL-1β: 0.51±0.03 vs 0.41±0.01; 
Supplementary Table S5).

Effect of treatment with GXII and HSYA on the mRNA 
levels of inflammatory indicators in ApoE−/− mice 
analysed using RT-PCR

Compared with those of the normal group, TNF-α, VCAM-1 
and IL-1β mRNA expression levels increased in the model, 
simvastatin, GXII and HSYA groups (p<0.05, Figure 5C). The 
expression levels of TNF-α, VCAM-1 and IL-1β mRNAs were 
significantly lower in the simvastatin, GXII and HSYA groups 
(p<0.01) than those in the model group. The differences in the 
levels of inflammatory indicators were statistically significant 
between the GXII and HSYA groups (p<0.05).

Similar CRs were observed for the changes in mRNA levels of 
TNF-α, VCAM-1 and IL-1β induced by HSYA and GXII (TNF-α: 
3.85±0.29 vs 2.50±0.20; VCAM-1: 3.58±0.17 vs 2.65±0.46; IL-1β: 
3.99±0.26 vs 2.61±0.23; Supplementary Table S5).

Figure 5:  Effect of Guan-Xin-Er-Hao (GXII) and hydroxysafflor yellow A (HSYA) treatment on serum oxidative stress indicators and 
inflammatory indicators in ApoE−/− mice. Mice were treated with GXII (11.7 g/kg); HSYA (1.95 mg/kg); simvastatin (10 mg/kg); or Normal 
Saline (NS) for eight weeks. (A1) Catalase (CAT); (A2) Superoxide dismutase (SOD); (A3) Glutathione (GSH); (A4) Malondialdehyde (MDA) 
levels. (B1) Vascular cell adhesion molecule-1 (VCAM-1); (B2) Tumour necrosis factor-α (TNF-α); (B3) Interleukin-1β (IL-1β). (C1) Vascular 
cell adhesion molecule-1 (VCAM-1); (C2) Tumour Necrosis Factor-α (TNF-α); (C3) Interleukin-1β (IL-1β); (C4) Electrophoretic map of RNA: 
three bands with 28S; 18S; and 5S RNA from top to bottom. Data are presented as the mean±SD (n=8 for each group). #p<0.05; ##p<0.01; 

and ###p<0.001 versus the normal group. *p<0.05; **p<0.01; and ***p<0.001 versus the model group.
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DISCUSSION

Hyperlipidaemia is a major risk factor of AS. According to an 
epidemiological study, increased levels of blood lipids are closely 
associated with the development and progression of AS.[30] In 
humans, TC and TG levels were significantly elevated in most 
cases of AS and were positively associated with disease severity.[31] 
LDL-C contributed to the pathogenesis of AS and low levels 
of LDL-C were associated with atheroprotection.[32] Previous 
studies have revealed that TG/TC/LDL-C are major contributors 
to cardiovascular diseases.[33] Evidently, HFDs cause increased 
levels of blood lipids, including TC, TG and LDL-C, which may 
cause hyperlipidaemia and aggravate AS.[34] In this study, ApoE−/− 
mice were fed an HFD for eight weeks to establish a coronary AS 
model. Our serum lipid results are consistent with the literature 
and the increasing levels of TC, TG and LDL-C in HFD-fed 
ApoE−/− mice and the appearance in atherosclerotic lesions in 
their aortic arches suggested that the AS model was successfully 
established. Morphological changes in the aortic arch detected by 
HE staining revealed foam cells, lipid deposits and inflammatory 
cell aggregation in model aortic plaques. Oil Red O staining of 
aortic arch AS lesions showed that the plaque area in the model 
group accounted for 43.25±3.70% of the entire vessel lumen area. 
Notably, our results demonstrated that GXII and its absorbed 
component HSYA were effective in reducing serum lipid TG/TC/
LDL-C levels in atherosclerotic ApoE−/− mice. The atherosclerotic 
changes in the aortic arches were reversed by treatment with 
GXII and HSYA. HDL-C reportedly plays a crucial role in AS 
protection and elevated HDL-C levels negatively correlate with 
AS.[35] However, our results found no significant differences in 
HDL-C levels among the study groups, suggesting that the level 
of atherosclerotic changes in this study may not be severe enough 
to cause a significant change in HDL-C levels.

Oxidative stress plays an important role in the development of 
AS.[36] Normally, oxidation and anti-oxidation activities occur in 
a dynamic balance and antioxidant enzymes remove ROS and 
maintain cell redox homeostasis. However, under conditions 
of high ROS production and low antioxidant enzyme activity, 
peroxidative damage occurs in DNA, RNA, proteins and lipids, 
causing cell dysfunction and promoting the development of 
AS-related diseases.[37] CAT is a scavenger enzyme that breaks 
down hydrogen peroxide to oxygen and water, thus protecting cells 
from hydrogen peroxide poisoning and is one of the key enzymes 
in the biological defence system.[38] SOD is an antioxidant enzyme 
widely present in organisms that can catalyse superoxide free 
radicals to generate hydrogen peroxide and molecular oxygen 
and prevents organisms from the damage caused by oxygen free 
radicals generated in the metabolic process.[39] Another important 
antioxidant enzyme GSH-Px functions to eliminate hydrogen 
peroxide.[40] CAT reduces the proliferation of vascular smooth 
muscle cells[13]; SOD prevents the formation of peroxynitrite 
and reduces the levels of F2-isoprostaglandin and isofuran 

in the aorta.[41] GSH-Px inhibits the expression of monocyte 
chemoattractant protein-1 and VCAM-1.[42] These antioxidant 
enzymes collaborate to protect blood vessels against AS.[43] 
MDA is a sensitive indicator of lipid peroxidation and its level 
indirectly reflects the degree of oxygen radical damage.[44] Studies 
have shown that the balance between free radical production 
and in vivo clearance is disrupted during hyperlipidaemia, 
with enhanced lipid peroxidation, increased MDA levels and 
decreased SOD activity, leading to endothelial cell damage and 
AS.[45] The results of our present study are consistent with those of 
previous studies-the serum MDA levels in the AS model groups 
increased. This supports the effect of oxygen radical damage in 
AS and the decreasing levels of serum CAT, SOD and GSH-Px 
in the model groups, which is due to the protective effect of 
antioxidants in the vascular wall. Furthermore, HSYA and GXII 
effectively reduced the serum levels of MDA and elevated the 
serum levels of CAT, SOD and GSH-Px. Therefore, our findings 
support the anti-atherosclerotic effect of HSYA and GXII in 
ameliorating oxidative stress injury and maintaining the balance 
of endogenous antioxidant levels. Thus, lipid peroxidation was 
attenuated and AS was alleviated in HFD-fed ApoE−/− mice 
treated with HSYA and GXII.

Adhesion of monocytes and lymphocytes to the endothelium of 
the vascular wall plays an important role in AS. Atherosclerotic 
adhesion is achieved by various adhesion molecules located on 
the cell surface, including Intercellular Adhesion Molecule-1 
(ICAM-1) and VCAM-1. Recent studies have revealed that the 
molecular mechanism of resveratrol inhibited the transcription 
of cell adhesion molecules and stimulated anti-atherogenic 
effect. VCAM-1 is a membrane protein that mediates the 
binding of monocytes to endothelial cells in the early stages 
of AS.[46] Inflammatory cytokines, such as TNF-α and IL-1β, 
stimulates VCAM-1 expression in vascular endothelial cells 
and cause inflammatory conditions in monocytes,[47] which 
implies that overexpression of VCAM-1 contributes to vascular 
inflammation. Here, we demonstrated that both the protein and 
mRNA levels of VCAM-1 in HFD-fed ApoE−/−mice significantly 
increased, which indicated an increased atherosclerotic adhesion 
effect. This suggests that HSYA and GXII attenuated AS in mice 
by decreasing VCAM-1 levels. TNF-α is an early inflammatory 
biomarker for AS that can predict cardiovascular events and is 
involved in the initial stages of AS.[48] Genetic and pharmacological 
inhibition experiments have shown that focal adhesion kinase 
regulates VCAM-1 expression by preventing TNF-α-induced 
VCAM-1 expression within heart vessel-associated endothelial 
cells in vivo.[49] IL-1β is expressed in atherosclerotic plaques that 
are composed of epithelial tissue cells and macrophages in the 
coronary arteries of patients with anaemia.[50] A lack of IL-1β 
reduces the severity of AS in ApoE−/− mice by regulating VCAM-1 
expression in arterial blood vessels.[51] Similarly, our study 
demonstrated increased levels of TNF-α, IL-1β and VCAM-1 in 
the AS model group. Treatment with HSYA and GXII reduced 
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the levels of these proinflammatory factors (VCAM-1/TNF-α/
IL-1β), suggesting that the anti-AS effects of the intervention 
might be ascribed to the anti-inflammatory effects of the HSYA 
and GXII. Guan-Xin-Er-Hao (GXEH) and Hydroxysafflor Yellow 
A (HSYA) exhibit significant antioxidant and anti-inflammatory 
effects, which play a crucial role in mitigating atherosclerosis. By 
balancing antioxidant enzymes and reducing Malondialdehyde 
(MDA) production, these compounds decrease oxidative stress 
and endothelial dysfunction. They enhance antioxidant enzyme 
activity (SOD, CAT, GSH-Px), reducing Reactive Oxygen Species 
(ROS) that cause inflammation and plaque instability. ROS 
increase VCAM-1 expression, promoting immune cell adhesion 
and foam cell formation, which in turn triggers the release of 
inflammatory cytokines like TNF-α and IL-1β. These mechanisms 
help alleviate vascular inflammation and atherosclerosis 
progression (Figure 1).

The concept of ‘biological prescription analysis of traditional 
Chinese medicine’ was first proposed by our research group, where 
we characterised the pharmacological aspects of prescriptions 
into Bioethnopharmaceutical Analytical Pharmacology (BAP).[18] 
The BAP strategy consists of two parts: (1) quality control 
of prescriptions and (2) comparative study of the efficacy of 
absorbable components and their parent formulas. Both parts 
were incorporated in the present study. For quality control of a 
prescription, a method that can determine the Absorbed Bioactive 
Compound (ABC) levels in the body is required. We used UPLC 
to determine the levels of the three main active ingredients 
(FA/TAN/hydroxysafflor yellow A) in GXII decoction with the 
following results: FA, 128.84 ng/mL; TAN, 270.38 ng/mL; and 
HSYA, 1949.61 ng/mL. We further used UPLC-MS to determine 
the plasma concentrations of the three components in mice 
administered with 11.7 g/kg GXII (FA, 20.4 ng/mL; TAN, 6.9 ng/
mL; and HSYA, 154.0 ng/mL). In our previous study, we showed 
that the effective substances of the compound can be easily 
revealed by controlling the administered dose.[52] Our previous 
studies adopted the strategy of using an in vitro administration 
dose that was equal to the content of the bioactive compound and 
showed that the cardioprotective function of GXII was associated 
with the absorbed bioactive components.[18] Thus, we used an 
in vitro dose of HSYA equal to the content in GXII to verify 
whether HSYA exerted the anti-atherosclerotic effect of GXII as 
an absorbed bioactive component. For the second part of BAP, we 
compared the curative effect of HSYA and its parent herb GXII 
according to the CR of monomers to the parent herb.

According to the relative CR, HSYA contributed a large fraction 
of the efficacy observed in the mother formula. The CR of HSYA 
to reductions in serum TG, TC and LDL-C levels and decreases in 
plaque area in atherosclerotic ApoE−/− mice was 83.56%, 90.90%, 
93.14% and 90.36%, respectively. Moreover, HSYA played an 
essential role in reducing the level of oxidative stress, contributing 
86.56%, 91.97% and 70.03% to the efficacy of the mother formula 

in reducing the levels of oxidative stress indexes MDA, SOD and 
CAT, respectively. Furthermore, HSYA significantly improved the 
inflammatory response in mice. HSYA contributed substantially 
to the efficacy of its parent formula in altering the protein and 
mRNA levels of TNF-α (92.25%, 89.99%), VCAM-1 (94.18%, 
91.39%) and IL-1β (92.53%, 87.96%), respectively. On comparing 
the curative effect of HSYA and its parent herb GXII, the 
present study confirms that HSYA is one of the main bioactive 
components of GXII.

CONCLUSION

In this study, ApoE−/− mice developed typical atherosclerotic 
lesions after being fed an HFD for eight weeks. After intragastric 
administration of GXII and HSYA, blood lipid levels and 
progression of atherosclerotic plaques in mice with AS lesions 
were successfully ameliorated. In addition, the intervention 
treatments induced anti-atherosclerotic effects by ameliorating 
serum lipid levels, suppressing oxidative stress indicators 
and regulating proinflammatory factors. Moreover, HSYA, 
the absorbed component of GXII, was found to be effectively 
absorbed in the blood of atherosclerotic ApoE−/− mice. We found 
that HSYA exerted effects similar to those of GXII, including 
anti-atherosclerotic, antioxidant and anti-inflammatory 
activities; it also decreased serum lipid levels. The highest CRs 
of HSYA to the curative effect of GXII reached >90%. Thus, 
the anti-atherosclerotic effect of GXII is from one of its main 
bioactive components HSYA. We have provided a basis for the 
anti-atherosclerotic effect of a TCM and its main ingredients by 
preliminarily clarifying the associated molecular mechanisms. 
Our study provides new perspectives on natural AS treatment 
approaches and will hopefully stimulate the international 
recognition of TCMs in AS-related clinical applications.
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adhesion molecule-1; BAP: Bioethnopharmaceutical analytical 
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SUMMARY

We investigated the therapeutic effects and molecular mechanisms 
of Hydroxysafflor yellow A (HSYA); the main active compound 
in the Traditional Chinese Medicine Guan-Xin-Er-Hao (GXII) 
decoction; in the treatment of atherosclerosis. Using an ApoE−/− 
mouse model fed a high-fat diet; we compared the efficacy of 
HSYA and GXII in reducing atherosclerotic plaque formation 
and plasma lipid levels. Key biomarkers of oxidative stress 
(malondialdehyde; superoxide dismutase; glutathione peroxidase; 
catalase) and inflammation (Tumor Necrosis Factor-α; vascular 
cell adhesion molecule-1; interleukin-1β) were analyzed through 
enzyme-linked immunosorbent assays; western blotting; and 
reverse transcription-polymerase chain reaction.

The Contribution Rate (CR) analysis revealed that HSYA 
accounted for over 90% of GXII’s effects on lipid metabolism; 
oxidative stress reduction; and inflammation suppression. 
These results suggest that HSYA plays a dominant role in the 
anti-atherosclerotic activity of GXII by mitigating oxidative 
stress and inflammatory responses. This study highlights HSYA 
as a potential key therapeutic component for atherosclerosis 
treatment and provides insights into the pharmacological 
mechanisms of GXII decoction. Future research should explore 
the clinical applicability of HSYA and its potential for targeted 
therapy.

Guan-Xin-Er-Hao (GXII) was analyzed using HPLC-MS; which 
identified three main absorbable components: Hydroxysafflor 

Yellow A (HSYA); Ferulic Acid; and Tanshinol. Among them; 
HSYA demonstrated the most pronounced effects in the in vitro 
experiments; leading to its selection for subsequent in vivo studies 
due to its high content and superior bioavailability within GXII.

High-Fat Diet (HFD)-fed ApoE−/− mice; used as an atherosclerosis 
model; showed atherosclerotic changes; such as increased levels 
of Total Cholesterol (TC); Triglycerides (TG); and Low-Density 
Lipoprotein Cholesterol (LDL-C) and plaque area of the aortic 
arch; decreased serum levels of Catalase (CAT); Superoxide 
Dismutase (SOD); and Glutathione Peroxidase (GSH-Px); and 
increased levels of Methane Dicarboxylic Aldehyde (MDA) and 
the proinflammatory factors VCAM-1; TNF-α; and IL-1β. GXII 
and its absorbed component HSYA induced anti-atherosclerotic 
effects by ameliorating serum lipid levels; improving oxidative 
stress indicators; and regulating proinflammatory factors.
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Name of herbal Latin name Producing area Voucher number
Salvia miltiorrhiza Salvia miltiorrhiza Bunge Shanxi 170901
Ligusticum chuanxiong Ligusticum chuanxiong Hort Sichuan 170501-1
Safflower Carthamus tinctorius L Xinjiang 170901
Red peony Radix paeoniae Rubra Nei Monggol 170902
Dalbergia odorifera Dalbergia odorifera T. Chen Hainan 170911

The details of the three main active ingredients in GXEH.

Bioactive 
components

Molecular 
formula

Formula 
weight

CAS 
number

Company Lot number Source herbal

Ferulic acid C10H10O4 194.19 1135-24-6 Shanghai Yuanyuan 
Biotechnology Co.; 
LTD

YY20110722 Ligusticum 
chuanxiong

Hydroxysafflor 
yellow A

C27H32O16 612.53 78281-02-A Shanghai Yuanyuan 
Biotechnology Co.; 
LTD

YY20100819 Safflower

Tanshinol sodium C9H9NaO5 200.16 67920-52-9 Shanghai Yuanyuan 
Biotechnology Co.; 
LTD

YY20110411 -

Table S1:  Main herbal materials in GXEH decoction.

Bioactive components Ferulic acid Hydroxysafflor yellow A Tanshinol sodium
Regression equation Y=41304X-96494 Y=15666X-24690 Y=22970X-1.4E+5
Regression coefficient (R2) 0.9926 0.9932 0.9919
Linearity range (ng/uL) 0.50-16.00 1.91-61.25 0.99-31.80
Lowest detectable limit (μg /uL) 0.09 0.32 0.21
Content
of active
ingredients (ng/mg)

Powder1 129.20 1951.24 273.00
Powder2 129.19 1947.27 267.46
Powder3 128.13 1950.32 270.68

Average
Content (ng/mg)

128.84±0.47 1949.61±1.56 270.38±1.95

RSD (%) 0.36% 0.08% 0.72%

Table S2:  The standard curve; linear range; and limit of detection for the three components were determined; and the results for these components 
in GXEH decoction were subsequently analyzed.

Bioactive 
components

TR (min) Calibration curves Regression 
coefficient (R2)

Linear range 
(µg/mL)

concentration (ng/
mL)

F 5.56 y=1.78e3x+2.74e3 0.9991 0.02-2 162.82
T 3.33 y=238x-864 0.9972 0.05-2 94.23
A 4.69 y=65x-135 0.9978 0.05-2 600.0

Table S3: Standard curve; linear range; and concentration of FTA in serum.
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Western blot (β-actin) RT-PCR

TNF-α VCAM-1 IL-1β TNF-α VCAM-1 IL-1β
Control 0.314±0.022 0.301±0.013 0.301±0.018 1.00±0.00 1.00±0.00 1.00±0.00
Model 0.665±0.028 0.639±0.011 0.615±0.010 9.96±0.76 9.31±0.83 10.54±0.97
Simvastatin 0.464±0.013 0.460±0.036 0.426±0.024 1.75±0.22 1.94±0.10 1.80±0.25
GXEH 0.451±0.020 0.453±0.034 0.408±0.014 2.50±0.20 2.65±0.46 2.61±0.23
HSYA/X±SD 0.539±0.037 0.524±0.017 0.507±0.028 3.85±0.29 3.58±0.17 3.99±0.26
Contribution/% 89.99% 91.39% 87.96% 92.25% 94.18% 92.53%

PCR primer information.

mRNA Primers Sequence (5ʹ–3ʹ) Product length (bp)
Mice-β-IL-1β-F
Mice-β-IL-1β-R
Mice-β-TNF-α-F
Mice-β-TNF-α-R
Mice-β-VCAM-1-F
Mice-β-VCAM-1-R
Mice-β-actin-F
Mice-β-actin-R

CGTTCCCATTAGACAACTGCA
GGTATAGATTCTTTCCTTTGAGGC
TGAGGACCAAGGAGGAAAGTATG
T CAGCAGGTGTCGTTGTTCAGG
TGGAAATGTGCCGAAAC
GCCTGGCGGATGGTGTA
CATCCTGCGTCTGGACCTGG
TAATGTCACGCACGATTTCC

206
228
99
116

Table S5:  Contribution rate of the protein and mRNA expression of the inflammatory indicators and PCR primer information.

TG (mmol/L) TC 
(mmol/L)

HDL-C 
(mmol/L)

LDL-C 
(mmol/L)

Plaque/
surface 
ratio (%)

MDA 
(nmol/
mL)

SOD
(U/mL)

GSH (ng/
mL)

CAT (nmol/mL)

Control 1.680±0.311 1.355±0.233 0.670±0.01 0.255±0.035 3.96±
0.12

164.0±
3.56

2.49±0.18 1089.72±103.92

Model 13.580±1.584 3.805±0.304 0.680±
0.071

5.445±0.445 43.25±
3.70

10.8±
0.97

112.0±
4.00

0.39±0.05 521.34±57.50

Simvastatin 11.080±1.289 5.130±0.448 0.560±0.082 7.010±0.348 28.88±
2.37

6.54±
0.86

133.0
±
0.036

1.01±0.06 840.05±71.83

GXEH 7.570±1.122 2.513±0.231 0.440±0.171 4.493±0.226 30.20±
1.48

6.05±
0.49

137.0±
2.00

0.85±0.09 896.08±59.04

HSYA/X±SD 10.790±0.243 2.977±0.346 0.607±0.055 4.93±0.28 35.63±
2.06

8.15±
0.37

126.0±
4.13

0.53±0.06 627.55±44.44

Contribution/% 83.56% 90.90% 93.14% 90.36% 86.50% 91.97% 62.35% 70.03%

Table S4:  Contribution rate of serum lipids levels and plaque/surface ratio; and serum oxidative stress indicators.


