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Objectives.Dendrobium catenatum Lindl. (DH) is a Chinese herbal medicine, which is often used to make tea to improve immunity
in China. Rumor has it that DH has a protective effect against cardiovascular disease. However, it is not clear how DH can prevent
cardiovascular disease, such as atherosclerosis (AS). Therefore, the purpose of this study is to study whether DH can prevent AS and
the underlying mechanisms.Methods. Zebrafish larvae were fed with high-cholesterol diet (HCD) to establish a zebrafish ASmodel.
Then, we used DH water extracts (DHWE) to pretreat AS zebrafish. The plaque formation was detected by HE, EVG, and oil red O
staining. Neutrophil and macrophage counts were calculated to evaluate the inflammation level. Reactive oxygen species (ROS)
activity, malondialdehyde (MDA) content, and superoxide dismutase (SOD) activity in zebrafish were measured to reflect
oxidative stress. The cholesterol accumulation and the levels of lipid, triglyceride (TG), and total cholesterol (TC) were
measured to reflect lipid metabolism disorder. Then, parallel flow chamber was utilized to establish a low shear stress- (LSS-)
induced endothelial cell (EC) dysfunction model. EA.hy926 cells were exposed to LSS (3 dyn/cm2) for 30min and treated with
DHWE. The levels of ROS, SOD, MDA, glutathione (GSH), and glutathiol (GSSG) in EA.hy926 cells were analysed to
determine oxidative stress. The release of nitric oxide (NO), endothelin-1 (ET-1), and epoprostenol (PGI2) in EA.hy926 cells
was measured to reflect EC dysfunction. The mRNA expression of intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) in EA.hy926 cells was detected to reflect EC dysfunction inflammation. Results. The results
showed that DHWE significantly reduced cholesterol accumulation and macrophage infiltration in early AS. Finally, DHWE
significantly alleviate the lipid metabolism disorder, oxidative stress, and inflammation to reduce the plaque formation of AS
zebrafish larval model. Meanwhile, we also found that DHWE significantly improved LSS-induced EC dysfunction and oxidative
stress in vitro. Conclusion. Our results indicate that DHWE could be used as a prevention method to prevent AS.

1. Introduction

Atherosclerosis (AS) is characterized by endothelial dys-
function, inflammation, progressive lipid deposition, and
vessel stiffness with potential complications, such as myo-
cardial infarction or stroke [1, 2]. Hypercholesterolemia is
an important risk factor for the occurrence and develop-
ment of AS. Hypercholesterolemia raises blood lipid levels,
causing lipids to accumulate in blood vessels, forming
early AS plaques [3]. Hypercholesterolemia can also cause
oxidative stress and inflammation and promote AS [4].
Due to the improvement of living conditions, people’s diet

has undergone great changes, and there are more and
more high-cholesterol diets (HCDs), which significantly
increase the occurrence of AS.

Clinical studies have shown that AS develops preferen-
tially near branches and bends exposed to complex blood
flow that generates shear stress with low-magnitude and sig-
nificant variation in direction (e.g., oscillations and low shear
stress) [5]. Shear stress is involved in the development of AS
[6, 7]. Shear stress, a force between blood flow and blood ves-
sel endothelium for the unit area of the blood vessel wall, is
mainly divided into low shear stress (LSS), high shear stress,
laminar shear stress, and oscillation shear stress. LSS can
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induce endothelial cell (EC) dysfunction and oxidative
stress, eventually leading to plaque formation [8, 9]. LSS also
promotes AS by priming ECs for enhanced expression of
inflammatory molecules (e.g., intercellular adhesion
molecule-1 [ICAM-1] and vascular cell adhesion molecule-
1 [VCAM-1]) [10].

Studies have shown that atherosclerotic coronary artery
disease is the main cause of cardiovascular disease morbidity
and mortality, and the incidence of AS is increasing year
by year, which seriously endangers people’s life and health
[11, 12]. Although the harm of AS is serious, the drugs for
treating AS are very scarce. Currently, the drugs used to
treat AS are mainly lipid-lowering drugs. However, since
the pathogenesis of AS is complex, long-term and high-
dose applications of single drug therapies, such as simva-
statin, which targets a single molecule, can produce some
side effects like myopathy and liver damage. Therefore, it
is necessary to search for an effective therapeutic method
to prevent or attenuate AS.

The main drugs currently used to treat AS are lipid-
lowering drugs (such as statins), antiplatelet drugs (such as
aspirin), and antioxidant drugs (such as probucol and vita-
min C) [13–16]. Although these drugs can reduce the occur-
rence of AS, they still cannot meet the treatment of AS.
Difficulty in eliminating plaques is the acknowledged short-
coming of these drugs. Many studies have found that some
natural extracts have good anti-AS effects, such as mulberry
and salvia miltiorrhiza [17, 18]. Because of the homology of
medicine and food, these natural products are considered to
be safe. For example, mulberry, which belongs to food, has
extremely high safety. Therefore, it is feasible to find some
plant extracts to prevent or treat AS.

Dendrobium catenatum Lindl. is a traditional Chinese
medicinal plant species with anti-inflammatory, antioxidant,
and hypolipidaemic effects, and it is also edible. As one
herbal medicine component, it was originally applied as a
tonic to cure cataracts, throat inflammation, fever, and
chronic superficial gastritis in China [19–21]. However, its
protective effect against AS has not been reported.

This study is aimed at evaluating the effects of Dendro-
bium catenatum Lindl. water extracts (DHWE) on AS in a
AS zebrafish model. This work also reveals the effects of
DHWE on EC dysfunction in HUVECs. Our findings dem-
onstrate that DHWE effectively alleviate early AS symp-
toms, lipid levels, oxidative stress, and inflammation in
zebrafish with AS as well as improve LSS-induced EC dys-
function. The results of this study indicate that Dendrobium
catenatum Lindl. could be an effective drug for the treat-
ment of early AS.

2. Materials and Methods

2.1. Test Compounds, Chemicals, and Reagents. Dendrobium
catenatum Lindl. was purchased from Anhui Yuanhe Chi-
nese Medicine Development Co., Ltd. (Hefei, Anhui Prov-
ince, China). MTT kit was purchased from Sigma-Aldrich
(St. Louis, MO, United States). The other chemicals and
reagents were of analytical grade.

2.2. Zebrafish. Studies were performed using wild-type or
transgenic zebrafish lines Tg(fli1a:EGFP) (endothelial
EGFP), Tg(lyz:DsRED2) (macrophages are specifically
labelled with red fluorescent protein), and Tg(mpx:EGFP)
zebrafish (neutrophils are specifically labelled with green
fluorescent protein) that were purchased from China Zebra-
fish Resource Center. Zebrafish were housed at 28.5°C under
a 14 : 10 h light/dark cycle and fed with live brine shrimp
twice daily.

2.3. Preparation of DH Water Extracts (DHWE). Stems of
DHwere powdered using a pulveriser. In all, 25 g of DH pow-
der was Soxhlet extracted using 500mL of distilled water;
extraction was performed twice for 1 h. The solution was fil-
tered with a 200 mesh filter cloth, and the two extracts were
combined. The aqueous extract was concentrated to 450mL
using a rotary evaporator and finally freeze-dried into
powder.

2.4. HPLC Analysis of DHWE. The HPLC fingerprint of
DHWE was examined with the Hitachi HPLC System (L-
2000 series, Tokyo, Japan). We injected 10μL of extract
(10 ng/μL) into a reverse-phase column (Cosmosil 5C18-
AR-II, 5μm, 25 cm × 4:6mm I.D.), and the UV detection
wavelength was set at 206nm. DHWE were analysed with
HPLC.

2.5. Zebrafish AS Model. According to our research [22], we
adopted a high cholesterol diet (HCD) to establish a zebrafish
AS model. Five-day old zebrafish larvae were fed an HCD
enriched with 8% cholesterol for 45 days. After feeding
HCD for 45 days, plaques will form in the blood vessels of
zebrafish, resulting in vascular stenosis.

2.6. Detection of the Effect of DHWE on Plaque Formation in
AS Zebrafish. The five-day old wild-type AB-line zebrafish
larvae were randomly divided into five groups: control group,
AS group, 0.1mg/L DHWE group, 1mg/L DHWE group,
and 10mg/L DHWE group. In the control group, five-day
old zebrafish larvae were fed normal basic feed for 45 days.
In the AS group, five-day old zebrafish larvae were fed an
HCD enriched with 8% cholesterol for 45 days. In the various
concentrations of DHWE (0.1, 1, and 10mg/L) treatment
groups: five-day old zebrafish larvae were fed an HCD
enriched with 8% cholesterol for 45 days and treated with
various concentrations of DHWE (0.1, 1, and 10mg/L).
According to our research [22], after 45 days of feeding, the
zebrafish were completely fixed with paraformaldehyde,
and the plaques in the blood vessels of each group of zebra-
fish were detected by HE staining (see the Supplementary
Materials 1 for specific steps), EVG staining (see the Supple-
mentary Materials 2 for specific steps), and oil red O staining
(see the Supplementary Materials 3 for specific steps).

2.7. Detection of the Effect of DHWE on Cholesterol
Accumulation in AS Zebrafish. The five-day old
Tg(fli1a:EGFP) (endothelial EGFP) zebrafish larvae were
randomly divided into five groups: control group, AS group,
0.1mg/L DHWE group, 1mg/L DHWE group, and 10mg/L
DHWE group. In the control group, five-day old
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Tg(fli1a:EGFP) zebrafish larvae were fed only with 10μg/g of
red fluorescent lipid (without 8% cholesterol) for 10 days. In
the AS group, five-day old Tg(fli1a:EGFP) zebrafish larvae
were fed an HCD enriched with 8% cholesterol and supple-
mented with 10μg/g of red fluorescent lipid for 10 days. In
the various concentrations of DHWE (0.1, 1, and 10mg/L)
treatment groups: five-day old Tg(fli1a:EGFP) zebrafish
larvae were fed an HCD enriched with 8% cholesterol and
supplemented with 10μg/g of red fluorescent lipid for 10
days and treated with various concentrations of DHWE
(0.1, 1, and 10mg/L). According to our research [22], images
of the caudal vasculature in live larvae show diffuse red fluo-
rescence of circulating fluorescent lipids in both the control
and HCD-fed larvae and bright fluorescent lipid deposits in
the blood vessel wall only in HCD-fed larvae. Studies have
found that these accumulated lipids are similar to the plaques
of early AS [23].

2.8. Detection of the Effect of DHWE on Macrophage
Infiltration in AS Zebrafish. Studies have found that
Tg(lyz:DsRED2) zebrafish (macrophages are specifically
labelled with red fluorescent protein) can be used to observe
inflammatory responses [24]. The five-day old
Tg(lyz:DsRED2) zebrafish larvae were randomly divided into
five groups: control group, AS group, 0.1mg/L DHWE
group, 1mg/L DHWE group, and 10mg/L DHWE group.
In the control group, five-day old Tg(lyz:DsRED2) zebrafish
larvae were fed only normal basal feed (without 8% choles-
terol) for 10 days. In the AS group, five-day old
Tg(lyz:DsRED2) zebrafish larvae were fed an HCD enriched
with 8% cholesterol for 10 days. In the various concentrations
of DHWE (0.1, 1, and 10mg/L) treatment groups: five-day
old Tg(lyz:DsRED2) zebrafish larvae were fed an HCD
enriched with 8% cholesterol for 10 days and treated with
various concentrations of DHWE (0.1, 1, and 10mg/L). Mac-
rophages marked with green fluorescence in blood vessels
can be directly observed under a fluorescence microscope.

2.9. Detection of the Effect of DHWE on Lipid Levels in AS
Zebrafish. The five-day old wild-type AB-line zebrafish larvae
were randomly divided into five groups: control group, AS
group, 0.1mg/L DHWE group, 1mg/L DHWE group, and
10mg/L DHWE group. In the control group, zebrafish larvae
were fed only normal basal feed (without 8% cholesterol) for
10 days. In the AS group, zebrafish larvae were fed an HCD
enriched with 8% cholesterol for 10 days. In the various con-
centrations of DHWE (0.1, 1, and 10mg/L) treatment
groups: zebrafish larvae were fed an HCD enriched with 8%
cholesterol for 10 days and treated with various concentra-
tions of DHWE (0.1, 1, and 10mg/L). After 10 days of feed-
ing and fasting for 24 h, Nile red staining was used to detect
lipid levels in each group of zebrafish. The stock solution
(1.25mg/mL) of Nile red (Invitrogen N-1142) was prepared
in acetone and stored in the dark at 20°C. For the staining
of fish, the stock solution was diluted to 50ng/mL in egg
water and incubated for 15min at 28°C in the dark. The fish
were washed with distilled water 3 times and anaesthetized
with a few drops of tricaine stock solution (Sigma; 4mg/mL,
pH 7.0). The fish were mounted in 4% methylcellulose, and

Nile red staining was imaged under Olympus SZX16
(Olympus Corporation, Japan) Microscope, which was used
for yellow fluorescent imaging.

2.10. Detection of the Effect of DHWE on ROS Activity in AS
Zebrafish. The five-day old wild-type AB-line zebrafish larvae
were randomly divided into five groups: control group, AS
group, 0.1mg/L DHWE group, 1mg/L DHWE group, and
10mg/L DHWE group. The administration of each group
of zebrafish is consistent with that described in Section 2.9.
After 10 days of feeding and fasting for 24h, DCFH-DA
was used to detect ROS expression in each group of zebrafish.

2.11. Biochemical Measurement. The five-day old wild-type
AB-line zebrafish larvae were randomly divided into five
groups: control group, AS group, 0.1mg/L DHWE group,
1mg/L DHWE group, and 10mg/L DHWE group. The
administration of each group of zebrafish is consistent with
that described in Section 2.9. After 10 days of feeding and
fasting for 24 h, 5 larvae from each group were randomly
selected and sacrificed as one sample, and six samples were
prepared for testing each index. Triglyceride (TG) levels,
total cholesterol (TC) levels, superoxide dismutase (SOD)
activity, and malondialdehyde (MDA) levels were measured
by commercial assay kits (Jiancheng, Nanjing, China), fol-
lowing the manufacturer’s instructions. All the quantitation
of the above kits was read by a multifunctional microplate
reader.

2.12. Detection of the Effect of DHWE on Inflammation in AS
Zebrafish. Studies have found that Tg(mpx:EGFP) zebrafish
(neutrophils are specifically labelled with green fluorescent
protein) can be used to observe inflammatory responses
[25], and we observed inflammation in Tg(mpx:EGFP) zeb-
rafish. The five-day old Tg(mpx:EGFP) zebrafish larvae were
randomly divided into five groups: control group, AS group,
0.1mg/L DHWE group, 1mg/L DHWE group, and 10mg/L
DHWE group. In the control group, zebrafish larvae were
fed only normal basal feed (without 8% cholesterol) for 10
days. In the AS group, zebrafish larvae were fed an HCD
enriched with 8% cholesterol for 10 days. In the various con-
centrations of DHWE (0.1, 1, and 10mg/L) treatment
groups: zebrafish larvae were fed an HCD enriched with 8%
cholesterol for 10 days and treated with various concentra-
tions of DHWE (0.1, 1, and 10mg/L). After 10 days of feed-
ing and fasting for 24h, the number of neutrophils was
observed under a fluorescence microscope to reflect inflam-
mation in zebrafish.

2.13. Cell Culture. The human umbilical vein endothelial cell
(HUVEC) line EA.hy926 cells (American Type Culture Col-
lection) were cultured in DMEM (Invitrogen) containing
10% heat-inactivated foetal bovine serum (FBS), penicillin
(100U/mL), and streptomycin (100μg/mL) at 37°C in a 5%
CO2 humid incubator. When the EA.hy926 cells grew to
log phase, the cells were seeded onto a glass slide (30 × 50
mm) and treated with DMSO (0.1%) or various concentra-
tions of DHWE (0.1, 1, and 10mg/L) for 24 h. After 24 h,
the LSS test was started.
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2.14. Low Shear Stress. A parallel flow chamber (Shanghai
Medical Instrument School, Shanghai, China), which con-
sists of two stainless steel plates and a silicon gasket, was used
in this study. A glass slide (30 × 50mm) with confluent cells
was placed on the lower plate of the chamber and then sub-
jected to LSS induced by continuous fluid flow. Shear stress
values (3 dyn/cm2) were modulated by the flow through the
chamber.

2.15. EC Dysfunction Assay. Cell culture medium was col-
lected to measure the secreted levels of ET-1, NO, and PGI2
using an ET-1 ELISA kit (Shanghai Enzyme Biotechnology
Co., Ltd., Shanghai, China), following the manufacturer’s
protocol.

To determine the intracellular NO level, we incubated
EA.hy926 cells with the NO-specific fluorescent dye DAF-
FM DA (50μM, Beyotime Institute of Biotechnology) in cul-
ture medium without phenol red at 37°C for 30min after
treatment with LSS, LSS+DHWE (0.1, 1, and 10mg/L), or
not. The EA.hy926 cells were washed in PBS twice after the
fluorescent dye treatment and then photographed and ana-
lysed via fluorescence microscopy. Images were captured
under fluorescence microscopy, and the fluorescence inten-
sity was quantified from at least three random fields per slide
from three slides.

2.16. Oxidative Stress Assay. EA.hy926 cells were collected to
measure secreted SOD activity, MDA content, GSH content,
and GSSG content using the ELISA kit (Beijing Solarbio Sci-
ence & Technology Co., Ltd., Beijing, China), following the
manufacturer’s instructions.

To determine the intracellular ROS level, we incubated
EA.hy926 cells with the ROS-specific fluorescent dye DHE
(50μM, Beyotime Institute of Biotechnology, China) in cul-
ture medium without phenol red at 37°C for 30min after
treatment with LSS, LSS+DHWE (0.1, 1, and 10mg/L), or
not. The EA.hy926 cells were washed in PBS twice after the
fluorescent dye treatment and then photographed and ana-
lysed via fluorescence microscopy. Images were captured
under fluorescence microscopy, and the fluorescence inten-
sity was quantified from at least three random fields per slide
from three slides.

2.17. Quantitative Real-Time PCR. Total RNA of the cells was
extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s instructions.
The RNA was reverse transcribed using the PrimeScript RT
Master Mix (Perfect Real Time), following the manufac-
turer’s protocol. The resultant cDNA was applied as the tem-
plate for quantitative PCR analyses in the Thermal Cycler
Dice® Real Time System (Takara Bio Inc., Shiga, Japan) with
the following sets of primers: primers for quantitative real-
time PCR (qPCR) were designed by the Primer3 software
and are listed in Table 1. The mRNA expression data are
expressed as relative expression ratio normalized to GAPDH.

2.18. Statistical Analysis. Data are presented as the mean ±
standard deviation. Statistical differences were determined
using analysis of variance (ANOVA), where p < 0:05 was
considered statistically significant. The analyses were per-

formed using the Statistical Program for Social Sciences
Software (IBM SPSS, International Business Machines
Corporation, Armonk City, NY, United States).

3. Results

3.1. DHWE Reduce Plaque Formation in Zebrafish Larval AS
Model.DHWEwere analysed with HPLC (Figure 1). The pla-
ques in the blood vessels of each group of zebrafish were
detected by HE staining, EVG staining, and oil red O stain-
ing. There were no plaques were observed in the blood vessels
of zebrafish in the control group (Figure 2). Compared to the
control group, a large number of plaques appeared in the
blood vessels of the zebrafish in the AS group, resulting
in vascular stenosis and a large amount of lipids in the
plaques. However, 1mg/L and 10mg/L DHWE significantly
improved the plaque formation in AS zebrafish blood vessels,
but 0.1mg/L DHWE showed no obvious effect.

3.2. DHWE Reduced the Early AS Symptoms in Zebrafish
Larval ASModel. The main symptoms of early AS are macro-
phage infiltration and cholesterol accumulation in blood ves-
sels. Therefore, macrophage infiltration and cholesterol
accumulation in zebrafish blood vessels were detected to
show the anti-AS efficacy of DHEW. Results showed that
macrophage infiltration and cholesterol accumulation rarely
occurred in the blood vessels of zebrafish in the control
group; in contrast, macrophage infiltration and cholesterol
accumulation were abundant in the blood vessels of the zeb-
rafish in the AS group (Figure 3). Compared with the AS
group, 1mg/L and 10mg/L DHWE significantly reduced
macrophage infiltration and cholesterol accumulation in AS
zebrafish blood vessels, but 0.1mg/L DHWE did not. There-
fore, these results indicate that DHWE can effectively prevent
early AS.

3.3. DHWE Reduced Lipid Levels in AS Zebrafish.Hyperlipid-
emia is one of the main causes of AS, so this study detects the
lipid level of zebrafish to show the lipid-lowering effect of

Table 1: Primer sequence.

Gene Species Primer sequence (5′→3′)

ICAM-1 Homo
Forward TCTTCCTCGGCCTTCCCATA

Reverse AGGTACCATGGCCCCAAATG

VCAM-1 Homo
Forward GGACCACATCTACGCTGACA

Reverse TTGACTGTGATCGGCTTCCC

ET-1 Homo
Forward GGCTGAAGGATCGCTTTGAGA

Reverse GCTCAGCGCCTAAGACTGTTT

eNOS Homo
Forward CTGGCTACAAGCACCGTGA

Reverse GGTTTCCAGCCCTGCTGTAT

PGIS Homo
Forward ATTACAACATGCCCTGGGGG

Reverse TGCGTTGATCAGCTCCAAGT

GAPDH Homo
Forward CCATGGGGAAGGTGAAGGTC

Reverse GCGCCCAATACGACCAAATC
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DHWE. Lipid levels were detected by Nile red staining. Com-
pared with the control group, the lipid level significantly
increased in the AS group, which was notably reversed by
1mg/L and 10mg/L DHWE (Figure 4(a)). The same results
were also found for the levels of TG and TC in AS zebrafish
(Figures 4(b) and 4(c)). The levels of TG and TC significantly
increased in the AS group. Treatment with 1mg/L and
10mg/L DHWE significantly decreased the levels of TG
and TC, while 0.1mg/L DHWE did not effectively decrease

the levels of TG and TC. In summary, DHWE could effi-
ciently reduce lipid levels in AS zebrafish.

3.4. DHWE Improved Oxidative Stress in AS Zebrafish. As
shown in Figure 5(a), ROS levels significantly increased in
the AS group in comparison with the control group. Treat-
ment with 1mg/L and 10mg/L DHWE markedly decreased
ROS levels, while 0.1mg/L DHWE did not reverse the ROS
increase. With SOD activity and MDA content, the same
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Figure 1: HPLC profile of DHWE.

Control AS 0.1 mg/L DHWE 1 mg/L DHWE 10 mg/L DHWE

(a)

Control AS 0.1 mg/L DHWE 1 mg/L DHWE 10 mg/L DHWE

(b)

Control AS 0.1 mg/L DHWE 1 mg/L DHWE 10 mg/L DHWE

(c)

Figure 2: DHWE reduced the AS in AS zebrafish. (a) HE staining results showed that DHWE reduce vascular stenosis in AS zebrafish. (b)
EVG staining results showed that DHWE reduced the fibrosis of plaques in AS zebrafish blood vessels. (c) Oil red O staining results showed
that DHWE reduced the lipids in the plaques in the blood vessels of AS zebrafish.
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reverse was induced by DHWE in zebrafish. As shown in
Figures 5(b) and 5(c), treatment with 1mg/L and 10mg/L
DHWE significantly reduced MDA content and significantly
increased SOD activity, while 0.1mg/L DHWE had no signif-
icant effect on SOD activity and MDA content.

3.5. DHWE Reduced Inflammation in AS Zebrafish. The
number of neutrophils can reflect the degree of inflammation
in AS zebrafish. As shown in Figure 6, different with only a
very small amount of neutrophils in the control group, a
much larger number of neutrophils appeared in the blood
vessels of AS zebrafish. After treatment with 1mg/L and

10mg/L DHWE, the number of neutrophils significantly
decreased, which was not observed in the 0.1mg/L DHWE
group. These results indicate that DHWE can effectively
reduce inflammation in AS zebrafish.

3.6. DHWE Improved LSS-Induced EC Dysfunction. Referring
to our previous research [26], EA.hy926 cells were exposed to
laminar flow with a value of 0 or 3 dyn/cm2 for 30min. LSS
significantly reduced the release of NO and PGI2 and signif-
icantly increased the release of ET-1, which was significantly
inhibited by 1mg/L and 10mg/L DHWE but not by 0.1mg/L
DHWE (Figures 7(a) – 7(c)). We also detected changes in the

Control AS 0.1 mg/L DHWE 1 mg/L DHWE 10 mg/L DHWE

(a)

Control AS 0.1 mg/L DHWE 1 mg/L DHWE 10 mg/L DHWE

(b)

Figure 3: DHWE reduced the early AS in AS zebrafish. (a) DHWE reduced cholesterol accumulation in AS zebrafish blood vessels. (b)
DHWE reduced macrophage infiltration in AS zebrafish blood vessels.
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Figure 4: DHWE reduced lipid accumulation in AS zebrafish. (a) The results of Nile red staining showed that DHWE reduced the blood lipid
level in AS zebrafish. DHWE reduced the (b) TC content and (c) TG content in AS zebrafish. #p < 0:05 and ##p < 0:01 compared to the control
group and ∗p < 0:05 and ∗∗p < 0:01 compared to the AS group.
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mRNA expression of key genes, such as ET-1, eNOS, and
PGIS, by qRT-PCR in EA.hy926 cells. LSS significantly
reduced the mRNA levels of eNOS and PGIS and significantly
increased the ET-1 mRNA level, which was significantly
reversed by 1mg/L and 10mg/L DHWE but not by
0.1mg/L DHWE (Figures 7(d) – 7(f)). Then, we examined
intracellular NO activities using the fluorescent probe DAF-
FM DA. As shown in Figure 7(g), LSS significantly reduced
NO activity in EA.hy926 cells, and 1mg/L and 10mg/L
DHWE significantly increased NO activity, but 0.1mg/L
DHWE did not improve the LSS-induced decrease in NO
activity. To summarize, DHWE led to an effective improve-
ment in LSS-induced EC dysfunction.

3.7. DHWE Improved LSS-Induced Oxidative Stress. We
examined intracellular ROS activity using the fluorescent
probe DHE. LSS significantly induced ROS activity, which
was significantly inhibited by 1mg/L and 10mg/L DHWE
but not by 0.1mg/L DHWE (Figure 8(a)). We also assessed
the levels of SOD, MDA, GSSG, and GSH in EA.hy926 cells.
As shown in Figures 8(b) – 8(e), LSS significantly reduced
SOD and GSH levels and significantly increased MDA and
GSSG levels, which was significantly reversed by 1mg/L
and 10mg/L DHWE but not by 0.1mg/L DHWE. According

to reference [27], we calculated the redox ratios of each
group. As shown in Table 2, LSS significantly reduced the
redox ratio, while DHWE treatment significantly increased
the redox ratio. To summarize, DHWE led to an effective
improvement in LSS-induced oxidative stress.

3.8. DHWE Improved LSS-Induced Inflammation. We also
detected changes in the mRNA expression of key molecules,
such as ICAM-1 and VCAM-1, by qRT-PCR in EA.hy926
cells in response to inflammation. As shown in Figure 9,
1mg/L and 10mg/L DHWE significantly repressed the LSS-
induced increase in mRNA levels of ICAM-1 and VCAM-1.
To sum it up, DHWE led to an effective improvement in
LSS-induced inflammation.

4. Discussion

Zebrafish are a unique vertebrate model that has characteris-
tics of invertebrate models (small size, powerful genetic trac-
tability, high fecundity, ease of maintenance, and relatively
low cost) and the advantage of evolutionary conservation in
mammals. Thus, zebrafish are invaluable for studying verte-
brate development and physiology as well as for modelling
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Figure 5: DHWE reduced oxidative stress in AS zebrafish. (a) The results of DCFH-DA assay showed that DHWE reduced the ROS activity
in AS zebrafish. (b) DHWE reducedMDA content in AS zebrafish. (c) DHWE increased SOD activity in AS zebrafish. #p < 0:05 and ##p < 0:01
compared to the control group and ∗p < 0:05 and ∗∗p < 0:01 compared to the AS group.
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Figure 6: DHWE reduced the number of neutrophils in AS zebrafish.
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Figure 7: DHWE improved LSS-induced EC dysfunction. (a) DHWE increased the LSS-induced decrease in NO release from EA.hy926 cells.
(b) DHWE decreased the LSS-induced increase in ET-1 release from EA.hy926 cells. (c) DHWE increased the LSS-induced decrease in PGI2
release from EA.hy926 cells. (d) DHWE increased the LSS-induced decrease of the eNOS mRNA level. (e) DHWE decreased the LSS-induced
increase of the ET-1 mRNA level. (f) DHWE increased the LSS-induced decrease of the PGIS mRNA level. (g) The results of the DAF-FMDA
assay showed that DHWE increase the LSS-induced decrease in NO activity in EA.hy926 cells. ##p < 0:01 compared to 0 min LSS + 0 μg/
mLDHWE; ∗p < 0:05 and ∗∗p < 0:01 compared to 30 min LSS + 0μg/mLDHWE.
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human diseases, such as convulsion, epilepsy, and nonalco-
holic fatty liver disease [28–30].

Zebrafish fed with high-cholesterol diet (HCD) is the
most commonly used zebrafish early AS model [31]. In the
present study, we found a large amount of cholesterol accu-
mulation in the blood vessels of the HCD zebrafish model,
which is in accord with studies about lipid accumulation in
blood vessels and early plaques of AS [23]. We also observed
a large number of macrophage infiltration in the blood ves-
sels of AS zebrafish, which is similar to the early symptoms
of human atherosclerosis. These characteristics indicate that
AS zebrafish model would be a suitable model for early AS

0
0

30

0

30

0.1

30

1

30

10

LSS (min)
DHWE (mg/L)

(a)

⁎

##

1.2

0.6

SO
D

 ac
tiv

ity
 (o

f c
on

tro
l)

0.0

LSS (min)
DHWE (mg/L)

0

0

30

0

30

0.1

30

1

30

10

⁎⁎

(b)

⁎⁎

##

2.2

1.1

M
D

A
 co

nt
en

t (
of

 co
nt

ro
l)

0.0

LSS (min)
DHWE (mg/L)

0

0

30

0

30

0.1

30

1

30

10

⁎⁎

(c)

⁎

##

1.2

0.6

G
SH

 co
nt

en
t (

of
 co

nt
ro

l)

0.0

LSS (min)
DHWE (mg/L)

0

0

30

0

30

0.1

30

1

30

10

⁎⁎

(d)

⁎⁎

##

3.0

1.5

G
SS

G
 co

nt
en

t (
of

 co
nt

ro
l)

0.0

LSS (min)
DHWE (mg/L)

0

0

30

0

30

0.1

30

1

30

10

⁎⁎

(e)

Figure 8: DHWE alleviated LSS-induced oxidative stress. (a) The results of the DCFH-DA assay showed that DHWE attenuate the LSS-
induced increase in ROS activity in EA.hy926 cells. (b) DHWE increased the LSS-induced decrease in SOD activity in EA.hy926 cells. (c)
DHWE decreased the LSS-induced increase in MDA content in EA.hy926 cells. (d) DHWE increased the LSS-induced decrease in GSH
content in EA.hy926 cells. (e) DHWE decreased the LSS-induced increase in GSSG content in EA.hy926 cells. ##p < 0:01 compared to 0
min LSS + 0μg/mLDHWE; ∗p < 0:05 and ∗∗p < 0:01 compared to 30 min LSS + 0 μg/mLDHWE.

Table 2: The redox ratios of each group.

Group [GSH]2/[GSSG]

Control 1:036351178 ± 0:27462764
AS 0:092359845 ± 0:017842737##

0.1mg/L DHWE 0:131603581 ± 0:005921076∗

1mg/L DHWE 0:256627824 ± 0:042547553∗∗

10mg/L DHWE 0:627796922 ± 0:058491923∗∗

Note: ##p < 0:01 compared to the control group and ∗p < 0:05 and ∗∗p < 0:01
compared to the AS group.
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mechanism research and drug development. In this study,
DHWE significantly improved lipid accumulation and mac-
rophage infiltration in the blood vessels of AS zebrafish.
These results indicate that DHWE can reduce the early AS.
Plaque formation in blood vessels is a hallmark of AS. In this
study, we found that after feeding zebrafish for 45 days of
HCD, plaques appeared in the blood vessels of zebrafish,
which caused vascular stenosis. And the results of EVG stain-
ing and oil red O staining show that these plaques are mainly
composed of fibrous tissue and lipids, which are similar to
plaques in AS patients. Interestingly, DHWE significantly
improved the plaque formation in AS zebrafish blood vessels.
These results indicate that DHWE can relieve the progres-
sion of AS.

Hypercholesterolemia is an important risk factor for ath-
erosclerosis, so HCD is also a commonmethod for construct-
ing AS animal model [32]. Excess cholesterol in the blood
will accumulate on the walls of blood vessels and eventually
form plaques. Excessive cholesterol can also cause liver dam-
age, induce liver lipid metabolism dysfunction, further
increase the accumulation of cholesterol, and promote the
occurrence of AS [22]. In the present study, we found that
HCD induces a large amount of cholesterol to accumulate
in the blood vessels of zebrafish, while also increasing the
content of lipids, TC and TG, causing lipid metabolism disor-
ders. Interestingly, DHWE significantly reduced cholesterol
accumulation and lipid metabolism dysfunction induced by
HCD.

In addition to hypercholesterolemia, inflammation and
oxidative stress are also involved in the occurrence of AS
[33]. In the early stage of AS, a large number of neutrophils
migrate to the vascular endothelium, causing vascular
inflammation, and at the same time release a large amount
of ROS, causing vascular damage, and ultimately promote
the occurrence of AS [22]. In the present study, we found that
a large number of neutrophils were recruited in the blood
vessels of AS zebrafish. And AS zebrafish also showed symp-
toms of oxidative stress, mainly manifested as follows: ROS
activity and MDA content increased significantly, while

SOD activity decreased significantly. Interestingly, DHWE
significantly improved the HCD-induced oxidative stress
and inflammation. These results also indicate that the anti-
AS effect of DHWE may be related to its antioxidant and
anti-inflammatory effects.

Some studies have found that LSS plays an important role
in the occurrence of AS [34]. LSS destroys the balance of the
release of some vasoactive substances in vascular endothelial
cells, causing EC dysfunction, which is the main cause of AS
[35]. EC dysfunction is characterized by an imbalance
between vasodilatory and vasoconstrictive molecules. These
molecules are synthesized and released by ECs and include
PGI2, NO, and ET-1. PGI2 and NO are effective vasodilators
and are produced by PGIS and eNOS, respectively, while ET-
1 is a potent vasoconstrictor [36]. Additionally, high levels of
ET-1 are considered one of the risk factors for AS [37]. In the
present study, we used a parallel flow chamber to establish an
LSS-induced EC dysfunction model. We found that LSS sig-
nificantly reduced the release of NO and PGI2 and signifi-
cantly increased the release of ET-1. We also found that
LSS significantly reduced the mRNA levels of eNOS and PGIS
and significantly increased the ET-1 mRNA level. Intrigu-
ingly, DHWE significantly improved the EC dysfunction
phenomena induced by LSS. These results indicate that
DHWE may inhibit the occurrence of AS by improving
LSS-induced EC dysfunction.

LSS can also cause oxidative stress and promote the
occurrence of AS [26]. In the present study, we found that
LSS significantly reduced the activity of SOD and GSH and
significantly increased the levels of ROS, MDA, and GSSG,
breaking the “oxidation-reduction” balance of ECs. Intrigu-
ingly, DHWE significantly improved the oxidative stress
phenomena induced by LSS. These results indicate that
DHWE may inhibit the occurrence of AS by improving
LSS-induced oxidative stress.

Atherosclerosis is a chronic inflammatory disease in
which a variety of immune cells are involved, and neutrophils
are closely related to the initiation of early chronic inflamma-
tion in AS. Abnormal expression of adhesion molecules (e.g.,
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Figure 9: DHWE improved LSS-induced inflammation. DHWE decreased the LSS-induced increase in (a) ICAM-1 and (b) VCAM-1 mRNA
levels. ##p < 0:01 compared to 0 min LSS + 0μg/mLDHWE; ∗∗p < 0:01 compared to 30 min LSS + 0 μg/mLDHWE.
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ICAM-1 and VCAM-1) in endothelial cells causes neutrophil
recruitment and mediates the migration of neutrophils to
vascular inflammation sites, accelerating the development
of AS vascular wall inflammation [38]. In the present study,
we found that LSS significantly increased the mRNA expres-
sion of ICAM-1 and VCAM-1. Furthermore, a large number
of neutrophils were recruited to the blood vessels of AS zeb-
rafish exposed to LSS. These results suggest that LSS may
mediate neutrophil recruitment by increasing the expression
of ICAM-1 and VCAM-1, ultimately accelerating the devel-
opment of AS vascular wall inflammation. Intriguingly,
DHWE significantly improved the inflammation phenomena
induced by LSS. These results indicate that DHWE may
inhibit the occurrence of AS by improving LSS-induced
inflammation.

In our previous studies [22], we have observed that aspi-
rin and vitamin C can reduce HCD-induced oxidative stress
and inflammation, but cannot improve HCD-induced lipid
metabolism disorders, and ultimately, the effect of inhibiting
plaque formation is minimal. Unlike these clinical drugs,
DHWE have a better anti-AS effect. DHWE significantly
reduce HCD-induced oxidative stress, inflammation, and
lipid metabolism disorders and ultimately effectively reduce
the formation of plaque.

5. Conclusions

In summary, DHWE alleviate HCD-induced cholesterol
accumulation, lipid metabolism disorder, and oxidative
stress, while also reducing the EC dysfunction induced by
LSS, and ultimately reduces the formation of plaque in blood
vessels. The results of this study indicate that DH may be
used as a drug to prevent AS. However, this study still has
some limitations. For example, this study is only a prelimi-
nary study of the anti-AS efficacy of DHWE, but not its
molecular mechanism of action. Moreover, this study only
studied the crude extract of DH and did not clarify the spe-
cific active substances. In future research, we will study the
specific active ingredients of DH anti-AS and study its mech-
anism of action.
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