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Abstract

This study aimed to evaluate the effect of Wogonoside (Wog), a flavonoid monomer, on hyperlipidemia and 
explore its possible mechanisms. APOE -/- mice were used to establish the animal model of hyperlipidemia  
by feeding the high-fat diet (HFD). The serum level of triglycerides (TG), total cholesterol (TC), high-density  
lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), and inflammatory cytokines were 
measured by enzyme-linked immunosorbent assay (ELISA), oil red O staining, and real-time PCR assay. The  
oxidative stress was measured by ELISA assay. Immunoblot assay and ELISA assay were used to detect the 
mechanism of Wogonoside on hyperlipidemia. We found that Wogonoside ameliorated lipid metabolism dis-
orders in ApoE -/- mice induced by HFD (P<0.01). Wogonoside also ameliorated HFD-induced inflammation  
in ApoE -/- mice (P<0.01). Wogonoside ameliorated oxidative stress in HFD-induced ApoE -/- mice (P<0.01).  
Further study showed that Wogonoside improved HFD-induced hyperlipidemia and inflammation by upregulating 
SIRT1 expression (P<0.01). These results suggested that Wogonoside has the potential to be used as a promising 
approach for the intervention of hyperlipidemia.
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Wogonoside (Wog), a flavonoid monomer, is one of the 
active ingredients of Scutellaria (Sun et al., 2015). 
Wogonoside has various pharmacological activities such 
as neuroprotection, cardiovascular protection, anti- 
diabetes, antioxidant, antibacterial, anti-inflammatory, 
and anti-tumor (Chen et al., 2013). In terms of anti- 
inflammatory, Wogonoside can improve experimental 
colitis (Zhu et al., 2017). In CVDs, Wogonoside and bai-
calin inhibit cell apoptosis, inflammation, and fibrosis by 
activating Nrf2/HO-1 pathway, thereby inducing myo-
cardial injury induced by I/R. In addition, Wogonoside 
can also improve non-alcoholic fatty liver disease through 
its anti-inflammatory and anti-oxidative stress effects by 
lowering LDL-c and increasing high-density lipoprotein 

Introduction

Hyperlipidemia is a high risk factor in the progression of 
cardiovascular disease (CVD) by invading large elastic 
arteries or endothelial cells (Zhou et al., 2022). In ApoE -/- 
mice, hyperlipidemia promotes lipid deposition and foam 
cell formation, subsequently leading to atherosclerosis. 
Lowering blood lipid levels, especially low-density lipo-
protein cholesterol (LDL-c) levels, dramatically relieves 
the risk of CVD (Yilmaz-Yalcin et al., 2022). In aortic dis-
eases, hyperlipidemia serves as a critical factor in the 
progression of atherosclerosis (AS)(Zhang et al., 2022). 
In order to treat the disease, more and more effective 
therapeutic drugs still need to be developed.
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Measurement of lipid contents

Serum level of triglycerides (TG), total cholesterol (TC), 
high-density lipoprotein cholesterol (HDL-c), and 
low-density lipoprotein cholesterol (LDL-c) were mea-
sured using commercial detection kits (NJJCBIO Co., 
Ltd., Nanjing, China). 

Oil red O staining

The aortic tissues of mice were fixed with PFA and 
embedded in frozen sections and cut into 10 μm sections. 
The sections were incubated with oil red O for 60 min. 
The slices were visualized with a light microscope.

Real-time PCR

Total RNA was extracted with TRIzol reagents 
(Invitrogen) under the guidance of the manufacturer. 
Extracted RNA was reverse transcribed into cDNA with 
M-MLV reverse transcriptase (Promega Corporation). The  
relative level of IL-1β, IL-6, and tumor necrosis factor-α 
(TNF-α) were measured by qPCR with the following 
primers: TNF-α: GGTGCCTATGTCTCAGCCTCTT, 
GCCATAGAACTGATGAGAGGGAG; IL-1β: GCAAC
TGTTCCTGAACTCAACT, ATCTTTTGGGGTCCGT
CAACT; IL-6: GAAATGATGGATGCTACCAAACTG, 
GACTCTGGCTTTGTCTTTCTTGTT; GAPDH: AGA
AGGCTGGGGCTCATTTG, AGGGGCCATCCACAGT

CTTC.

Enzyme-linked immunosorbent assay (ELISA)

The serum samples in each group were collected and 
subjected to ELISA assay for assessing the level of  
TNF-α, IL-6, and IL-1β following the manufacturer’s 
guidelines. The ELISA kits were purchased from Shanghai 
Xitang Biotechnology Co., Ltd. (Shanghai, China).

Malondialdehyde (MDA), superoxide dismutase (SOD), 
GSH-Px, and CAT detection

The aortic tissues in each group were excised and homog-
enized for detection of MDA, SOD, GSH-Px, and CAT 
with relevant commercial kits according to manufacturer’s 
instructions (Nanjing Jiancheng Bioengineering Institute).

Western blotting 

Tissue samples were homogenized with RIPA buffer 
(Beyotime). Then the sample concentration was measured 

cholesterol (HDL-c) (Xing et al., 2017). Wogonoside pre-
vents the development of brain edema and neuronal 
apoptosis in rats by promoting Sirtuin 1 (SIRT1) expres-
sion and inhibiting p53 activation (Li et al., 2021). 
However, its possible effects on the treatment of hyper-
lipidemia and the possible mechanism need further 
study.

A large body of evidence indicates that SIRT1 plays an 
important role in the homeostasis of energy metabolism, 
maintenance of mitochondrial function, and regulation 
of oxidative stress (Wang et al., 2018). SIRT1 has been 
known to act as an anti-atherogenic factor. SIRT1 deple-
tion in endothelial cells induces inflammation, oxidative 
stress, foam cell formation, and the progression of  
atherosclerosis (Li et al., 2021). Supplementation of 
SIRT1 can ameliorate hyperlipidemia induced by high-fat 
diet (HFD) (Zhu et al., 2019). Several studies have shown 
that SIRT1 can be a potential therapeutic target for 
hyperlipidemia.

Wogonoside has anti-inflammatory and antioxidant 
effects and can inhibit lipid metabolism disorders, but its 
role in hyperlipidemia is still unclear (Zhang and Xu, 
2022). This study was performed to assess the effect of 
Wogonoside, a flavonoid monomer, on hyperlipidemia 
and explore its possible mechanisms, as well as clarify 
whether it could reduce LDL or increase HDL.

Materials and Methods

Animals study

The study, including the animal experiments, has been 
performed in accordance with the guidelines for the care 
and use of animals, and approved by the ethics commit-
tee of Ningbo University. ApoE  -/- mice (Male, 8-week 
mice, HFK Bio, Beijing, China, n=24) were housed under 
a standardized condition with regular circadian rhythm 
of 12-h light cycle, a proper temperature and humidity- 
controlled room. Mice were randomly assigned into  
four groups (n=6 each group): control, HFD, HFD+Wog 
(10 mg/kg), and HFD+Wog (20 mg/kg). The control 
group had free access to normal chow diet and water. For 
HFD stimulation, mice were fed with HFD D12492 con-
taining 60% fat, 20% carbohydrate, and 20% protein 
(Research Diets, NY, USA) for 12 weeks (Kumar et al., 
2016). Wogonoside was administrated by gavage at 10 
and 20 mg/kg for 12 weeks. For SIRT1 inhibition, mice 
were intraperitoneally injected with EX527 dissolved in 
99% sterile saline/1% DMSO at a dose of 10 mg/kg/day  
3 h before Wogonoside treatment. Body weight was mea-
sured every month. Blood samples were collected before 
the sacrifice of animals. Aortics of mice were collected.
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were analyzed by ELISA assay. We observed increase  
in MDA and decrease in SOD, GSH-Px, and CAT in  
HFD group. And treatment with Wogonoside reversed 
the level of MDA, GSH-Px, SOD, and CAT in a dose- 
dependent manner (Figure 3). These results suggest  
that Wogonoside treatment reduced oxidative stress in 
ApoE -/- mice induced by HFD.

Wogonoside improves hyperlipidemia and inflammation 
by upregulating SIRT1 expression 

To unveil the involved mechanisms underlying the role  
of Wogonoside on hyperlipidemia, the SIRT1 level was 
detected in each group. The level of SIRT1 was reduced 
in HFD-induced mice (Figure 4A). Wogonoside treat-
ment significantly elevated the expression of SIRT1,  
suggesting the potential involvement of SIRT1 in hyper-
lipidemia (Figure 4A). To further explore the involvement 
of SIRT1 in Wogonoside mediated improvement of 
hyperlipidemia, an SIRT1 inhibitor EX527 was used. The 
role of Wogonoside in reducing accumulation of lipid 
content was blocked by EX527 treatment (Figure 4B). 
Additionally, the improved inflammation status was 
impaired by SIRT1 inhibitor, EX527 (Figure 4C). 
Similarly, the improved oxidative stress by Wogonoside 
was weakened by SIRT1 inhibition with EX527 (Figure 
4D). Our results indicate that Wogonoside improves 
hyperlipidemia and inflammation by upregulating SIRT1 
expression.

Discussion

Hyperlipidemia, especially hypercholesterolemia, is the 
main cause of atherosclerosis (Su et al., 2022). Long-term 
hyperlipidemia can cause great damage to the cardio
vascular and cerebrovascular systems (Elsayed et al., 
2022). Once the plaque ruptures, thrombosis will soon 
form. Excessive triglyceride, cholesterol, and low-density 
lipoprotein in the blood will get deposited on the inner 
surface of the artery, forming lipids, fibrous tissue  
hyperplasia, and calcium ion precipitation in the vascular 
middle layer, thus causing atherosclerosis (Yang et al., 
2022; Zhou et al., 2022). To combat hyperlipidemia and 
atherosclerosis, more effective drugs are still need to be 
developed. 

Performing oil red O staining, we found that Wogonoside 
ameliorated HFD-induced lipid metabolism disorders in 
ApoE -/- mice. Furthermore, through qPCR and ELISA 
assays, we confirmed that Wogonoside ameliorated 
HFD-induced inflammation in ApoE -/- mice by altering 
the levels of IL-1β, IL-6, and TNF-α. In addition, 
Wogonoside also improved HFD-induced oxidative 
stress in ApoE -/-mice, as indicated by ELISA assay 

and electrophoresed with 9% SDS-PAGE, and transferred 
onto PVDF membranes. After blocking with 5% BSA dis-
solving in TBST buffer, the membranes were immersed in 
primary antibodies targeting SIRT1 (1:1000, ab110304, 
Abcam, Cambridge, UK) and GAPDH (1:10000, ab8245, 
Abcam) overnight at 4⁰C. Then, the membranes were 
conjugated with respective secondary antibodies at room 
temperature for 2 h. Membranes were resolved with 
enhanced chemiluminescence detection kit. 

Statistics

GraphPad 6.0 was utilized for statistical analysis. Results 
were shown as mean ± SEM. Each assay was conducted 
in three replicates. One-way ANOVA and Student’s t-test 
were used for statistical comparisons. * indicates P < 0.05 
which is considered as statistical significant.

Results 

Wogonoside improves lipid metabolism disorders in 
high-fat diet-induced ApoE -/- mice 

To explore the role of Wogonoside in lipid metabolism, a 
high-fat diet-fed mouse model was established in ApoE-
depleted mice through a HFD for 12 weeks. Body weight 
were measured every month. As shown in Figure 1(A), 
Wogonoside treatment repressed the elevated body 
weight induced by HFD both at 10 and 20 mg/kg. 
Moreover, Wogonoside significantly reduced the level of 
TG, TC, and LDL-c, and enhanced the level of HDL-c 
(Figure 1B). In addition, HFD induction resulted in obvi-
ous lipid droplet in aortic tissues, which was significantly 
attenuated by Wogonoside treatment (Figure 1C). 

Wogonoside alleviates inflammatory response in high-fat 
diet-induced ApoE -/- mice 

The inflammation response in each group were assessed 
by mRNA and ELISA assays. HFD stimulation aggravates 
the inflammation as shown by increased level of IL-1β, 
IL-6, and TNF-α (Figure 2A, B). Wogonoside treatment 
dramatically decreased the level of IL-1β, IL-6, and TNF-α 
in serum samples. Moreover, the level of inflammatory 
cytokines in the control group was lower than the other 
groups (Figure 2A, B). Therefore, Wogonoside alleviates 
inflammatory response in ApoE -/- mice induced by HFD.

Wogonoside ameliorates oxidative stress in high-fat 
diet-induced ApoE -/- mice 

Oxidative stress plays an important role in lipid disor-
ders. The function of oxidative stress in different groups 
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Previous studies showed that Wogonoside has multiple 
biological activities. Wogonoside attenuated liver fibrosis 
by triggering hepatic stellate cell ferroptosis. In addition, 
Wogonoside protects from myocardial injury induced by 
ischemia/reperfusion by alleviating apoptosis, inflamma-
tion, and fibrosis (Liu et al., 2022). Similarly, we also 

results. We further performed immunoblot assays, and 
the results showed that Wogonoside improves HFD-
induced hyperlipidemia and inflammation by upregulating 
SIRT1 expression. Therefore, Wogonoside improved HFD- 
induced hyperlipidemia and aortic injury in ApoE -/- 
mice by uprepregulating SIRT1.

Figure 1.  Wogonoside improves lipid metabolism disorders in ApoE -/- mice induced by HFD. (A) The body weight of ApoE- 
depleted mice in response to HFD and increasing level of Wog. (B) The level of TG, TC, HDL-c, and LDL-c in each mouse in 
response to HFD and increasing level of Wog. (C) Oil red O staining in each mouse in response to HFD and increasing level  
of Wog. ***, P < 0.001 vs control; #, P < 0.05; ##, P < 0.01; ###, P < 0.001 vs HFD.
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metabolism homeostasis, protecting mitochondrial func-
tion and regulating oxidative stress (Sun et al., 2015). 
SIRT1 depletion in endothelial cells induces inflamma-
tion, oxidative stress, foam cell formation, and athero-
sclerosis (Yan et al., 2020). SIRT1 overexpression 
attenuated metabolic disorders caused by maternal HFD 
(Xu et al., 2021). SIRT1 prevents experimental athero-
sclerosis by enhancing ABCA1 expression (Cheng et al., 
2020). Therefore, these studies confirmed that SIRT1 
could serve as a therapeutic target for the treatment of 
hyperlipidemia and atherosclerosis.

The limitations of the study are that further studies of the 
molecular mechanisms and the identification of thera-
peutic targets for Wogonoside are still needed. Relevant 
phenotypes need to be carefully analyzed in subsequent 
animal experiments.

In summary, we found that Wogonoside ameliorated 
lipid metabolism disorders, inflammation, and oxidative 
stress induced by HFD in ApoE -/- mice. Further study 
showed that Wogonoside improved HFD-induced hyper-
lipidemia and inflammation by upregulating SIRT1 
expression. Therefore, Wogonoside has the potential to 
be served as a therapeutic drug for the treatment of 
hyperlipidemia and atherosclerosis.

confirmed its effects on inflammation. Importantly, a 
previous study indicated that Wogonoside alleviated  
dysfunction of retinal microvascular endothelial cells and 
diabetic retinopathy in rats induced by high glucose by 
activating SIRT1 (Li et al., 2018). We further confirmed 
that Wogonoside alleviated high glucose-induced dys-
function in mice by upregulating SIRT1. However, the 
precise mechanism needs further study.

The effects of Wogonoside on the expression of SIRT1 
and the related pathways have been clearly explained  
by Dikme and Dikme (2019). For example, Wogonoside 
prevents the development of brain edema and neuronal 
apoptosis in rats by promoting SIRT1 expression and 
inhibiting p53 activation (Li et al., 2016). Here, we found 
that Wogonoside improved HFD-induced hyperlipid-
emia and inflammation by upregulating SIRT1 expres-
sion. In fact, SIRT1 played an important role in energy 

Figure 2.  Wogonoside alleviates inflammatory response in 
ApoE -/- mice induced by HFD. The mRNA and level of IL-1β, 
IL-6, and TNF-α in each group were determined. ***, P < 0.001 
vs control; #, P < 0.05; ##, P < 0.01; ###, P < 0.001 vs HFD.   

Figure 3.  Wogonoside ameliorates oxidative stress in  
ApoE -/- mice induced by HFD. The levels of SOD, MDA, 
GSH-Px, and CAT in each mouse in response to HFD and 
increasing level of Wogonoside were detected. **, P < 0.01, 
***, P < 0.001 vs control; #, P < 0.05; ##, P < 0.01; ###, P < 0.001 
vs HFD.
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