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H I G H L I G H T S

• Nrf2 pathway protects vascular endothelium from oxidative stress in vivo and in vitro.

• Z-Ligustilide ameliorates high fat induced-atherosclerosis in LDLR−/− mice.

• Z-Ligustilide activates Nrf2 and its downstream genes containing the ARE element, in vascular endothelial cells.
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A B S T R A C T

Background and aims: Oxidative stress-induced endothelial dysfunction is considered to exert a vital role in the
development of atherosclerotic coronary heart disease (CHD). NRF2 is a key transcriptional factor against oxi-
dative stress through activation of multiple ARE-mediated genes. Z-Lig is derived from the Ligusticum species
with antitumor, anti-inflammation and neuroprotection activities. However, the antioxidant potentials of Z-Lig
on endothelial dysfunction and atherosclerosis have not been well elucidated. Therefore, in the present work, we
appraise the cytoprotective property and anti-atherosclerosis effect of Z-Lig.
Methods: Potential NRF2 activators were screened and verified by luciferase reporter gene assay. The protein
and mRNA levels of NRF2 and ARE-mediated genes, and GSH/GSSG level in EA.hy926 cells treated with Z-Lig
were detected. The cytoprotective property of Z-Lig was assessed in the tert-butyl hydroperoxide (t-BHP)-evoked
oxidative stress model. Cell viability and reactive oxygen species (ROS) levels in EA.hy926 cells were de-
termined. An atherosclerosis model induced by HFD was used to determine the anti-atherosclerosis effect of Z-
Lig in HFD-fed Ldlr-deficient mice.
Results: In vitro, 100 μM Z-Lig upregulated expressions of NRF2 and ARE-driven genes, promoted accumulation
of nuclear NRF2 and unbound NRF2- KEAP1 complex in EA.hy926 cells. Furthermore, Z-Lig alleviated oxidative
stress and cell injury caused by t-BHP via stimulation of the NRF2/ARE pathway. In vivo, intervention with
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20mg/kg Z-Lig markedly restrained atherosclerosis progression, including attenuation of HFD-induced ather-
osclerotic plaque formation, alleviation of lipid peroxidation and increase in antioxidant enzyme activity in
aortas of HFD-fed Ldlr −/− mice. The chemopreventive effects of Z-Lig might be associated with the activation of
NRF2 and ARE-driven genes.
Conclusions: The present study suggested that Z-Lig is an effective NRF2 activator, which can protect vascular
endothelial cells from oxidative stress and rescue HFD-induced atherosclerosis.

1. Introduction

CVD is the leading cause of death around the world, with the
mortality of 1/3 each year. Atherosclerotic lesion formation is con-
sidered the most prevalent cause of CVD. It is reported that about 7
million deaths throughout the world are caused by atherosclerotic
coronary heart disease (CHD) annually [1–3]. Numerous studies have
suggested that endothelial dysfunction induced by ROS is an initial step
of atherosclerosis, which plays a key role in pathogenesis of athero-
sclerosis [4–6]. Oxidative stress is a condition in which overproduced
ROS cannot be effectively scavenged by endogenous antioxidant de-
fense systems. Excessive ROS will further perturb cell redox balance,
with a shift toward an increased oxidative stress [7,8]. Thus, the po-
tential impacts of natural antioxidants on the prevention of oxidative
stress-induced atherosclerosis has been well recognized.

NRF2 is a transcriptional factor belonging to the leucine zipper fa-
mily. NRF2 protects cells against oxidative stress challenge by acti-
vating multiple ARE-mediated genes [9–11]. Various phase II detox-
ifying enzymes are regulated via the NRF2/ARE signaling pathway,
including HO-1, GST, NQO1, GCLM, GR, GCLC, GS, GPX, GRX, TR, PRX,
SOD, TRX and CAT [12–14]. A Large amount of evidence has suggested
that NRF2/ARE pathway promotes the cellular defenses against ROS-
induced endothelial dysfunction by increasing the transcriptional ac-
tivity of ARE-driven genes. These genes subsequently regulate the
synthesis and metabolism of GSH, a well-known intracellular deox-
idizer, and scavenge ROS directly or indirectly [15–17]. Nrf2−/− mice
are more vulnerable to ROS-induced endothelial dysfunction and
atherosclerosis, suggesting that Nrf2 and downstream antioxidant genes
exert a great effect on protecting endothelium against cytotoxic ROS
[18,19]. It is reported that Nrf2 specific knockout in bone marrow-de-
rived cells could aggravate atherosclerosis in Ldlr−/− mice via stimu-
lating foam cell formation and pro-inflammatory phenotype alteration
[20].

Z-Lig, as one of the most abundant essential oils in the rhizomes of
Ligusticum chuanxiong hort and Angelica sinensis (Oliv.) Diels, dis-
plays various pharmacological functions, such as antioxidant, anti-
cancer, anti-inflammation, analgesia, vasodilatation, neuroprotection,
etc [21–23]. Qi et al. reported that Z-Lig protected PC12 cells from
oxidative damage and increased the intracellular content of GSH via
upregulating Nrf2 expression. A recent study has demonstrated that Z-
Lig attenuated oxidative stress in human keratinocytes caused by ul-
traviolet B via regulating NRF2/HO-1. It is also reported that Z-Lig
alleviated cerebral ischemia by activating the Nrf2 pathway [24–26].
However, the antioxidant potential of Z-Lig on t-BHP-induced en-
dothelial dysfunction and HFD-induced atherosclerosis has not been
fully elucidated. Therefore, in the present work, we first explored the
role of Z-Lig against cell damage caused by t-BHP in EA.hy926 cells. We
also investigated the anti-atherosclerosis effect of Z-Lig in HFD-fed Ldlr
−/− mice.

2. Materials and methods

2.1. Reagents

Z-Lig (purity> 98%) (CAS number: 4431-01-0, Cat. SMB00400,
Sigma-Aldrich), DMSO, t-BHP, DCFH-DA, and MTT were bought from
Sigma-Aldrich (St. Louis, MO, USA). Biochemical kits for TG, TC, LDL-C

and HDL-C were obtained from Zhongsheng Bio-tech Company (Beijing,
China).

2.2. Cell culture

The EA.hy926 cell line, originated from fusing human umbilical
vein endothelial cells with A549 human lung carcinoma cells, was ob-
tained from Shanghai Institute of Cell Biology (Shanghai, China).
EA.hy926 cells were cultured in DMEM medium (Gibco, Grand Island,
NY, USA) with 10% fetal bovine serum (Gibco), and 1% penicillin-
streptomycin solution (Beyotime, Jiangsu, China). The cells were
maintained in 10-cm plates.

2.3. MTT assessment

MTT assay was applied to measure cell viability. EA.hy926 cells
were planted at a density of 5000 cells/dish into 96-well plates. The
specific experimental steps were previously described [16]. Cell viabi-
lity was expressed as a percentage of the vehicle.

2.4. Cell transfection and luciferase report gene assay

The pGL4.37 [luc2P/ARE/Hygro] Vector purchased from Promega
(Madison, WI, USA) was used to access ARE activation in
EA.hy926 cells treated with or without Z-Lig. The pGL4.75 Vector
[hRluc/CMV] (encoding Renilla luciferase) obtained from Promega was
used as a normalization control. Briefly, 1×104 cells were plated in 96-
well plates and incubated for 24 h. The pGL4.37 plasmid and pGL4.75
plasmid were co-transfected in EA.hy926 cells based on the instructions
of Lipofectamine® 3000 Transfection Reagent (Invitrogen, Grand Island,
NY, USA). After transfection for 24 h, cells were treated with DMSO or
1–100 μM Z-Lig for different time points, followed by detection using
Dual-Glo® Luciferase Assay System (Promega) with a luminometer
(GloMax 20/20n; Promega). Relative firefly luciferase intensity was
normalized to Renilla luciferase intensity and the intensity was ex-
pressed as fold changes after Z-Lig intervention compared with the
vehicle.

2.5. Real-time polymerase chain reaction (Real-time PCR)

EA.hy926 cells were washed with PBS for three times. The total RNA
of EA.hy926 cells was extracted with TRIzol reagent (Invitrogen). The
specific steps for reverse transcription and fluorescence quantitative
were previously described [16]. Primers used for Real-time PCR were
obtained from GENEray Biotechnology (Shanghai, China), and listed in
Supplementary Table 1.

2.6. Western blotting

The protein from cells and aortas was extracted by RIPA lysis buffer
(Beyotime). The specific experimental steps were previously described
[16]. Primary antibodies used in this study were listed in
Supplementary Table 2 and the second antibodies were purchased from
Abcam (Cambridge, UK).
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2.7. Co-immunoprecipitation

1×109 cells were harvested after treatment with 0 or 100 μM Z-Lig
for 24 h. 1000 μL of whole cell lysate was collected to determine the
protein concentration. Dynabeads™ Protein G Immunoprecipitation Kit
(Thermo Fisher) and anti-KEAP1 antibody (5 μg, sc-365626, Santa
Cruz) or control rabbit IgG was incubated following the protocols.
Subsequently, the prepared beads-capture antibody complex and
1000 μg of protein lysate were incubated and gently shaken at 2–8 °C
for 12 h to capture KEAP1 binding protein complex. After Co-IP pro-
cedures and native elution, samples were treated with 2× SDS loading
buffer and boiled to 100 °C for 5min. SDS-PAGE and Western blotting
were used for immunoblotting. Primary antibodies used in the experi-
ment were anti-KEAP1 rabbit polyclonal antibody (1:1000, ab218815,
Abcam) and anti-NRF2 rabbit polyclonal antibody (1:2000, sc13032,
Santa Cruz).

2.8. Nuclear and cytosolic fractions

Nuclear and cytosolic fractions were obtained following manufac-
turer's protocols (Thermo Fisher, Catalog number: 78833). The specific
experimental steps were previously described [16].

2.9. ROS detection

For ROS detection, EA.hy926 cells were pre-treated with Z-Lig for
24 h, and incubated with 200 μM t-BHP for another 6 h. After being
washed with PBS for three times, EA.hy926 cells were stained with
10 μM DCFH-DA for half an hour in the dark. After being washed for
three times with PBS, DCF fluorescence was determined with a flow
cytometer (FC500, Beckman Coulter, California, Brea, USA).

2.10. GSH and GSSG determination

Content of GSH and GSSG in the EA.hy926 cells, serum and aortas of
Ldlr −/− mice was assayed using the Total-Glutathione Detection Assay
Kit (A061-1, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) following the manufacturer's instructions. Fluorescence in-
tensity was detected using a microplate reader (Bio-Tek) at the wave-
length of 405 nm. GSH content= total GSH content – 2×GSSG con-
tent.

2.11. NRF2-siRNA transient transfection

EA.hy926 cells were plated in 40-mm dishes. After cell confluence
was up to 80%, NRF2-specific short interfering RNA (siRNA) was ap-
plied to downregulate NRF2 expression (RIBOBIO, Guangzhou, China).
A scramble siRNA was used as negative control (RIBOBIO). The specific
experimental steps were previously described [16].

2.12. Experimental mice

Animal experiments complied with the National Institutes of Health
Guidelines for the Use of Laboratory Animals. All experiments were
authorized by the Jiangsu Animal Experimental for Medical and
Pharmaceutical Research Center (Nanjing, Jiangsu, China). 45 male 7-
week-old Ldlr −/− mice (C57BL/6JNju) weighing 17–22g were ob-
tained from Nanjing Biomedical Research Institute of Nanjing
University (Nanjing, China). Mice were accommodated to the labora-
tory environment for one week before the experiment. 45 mice were
randomly divided into three groups, namely standard chow diet (STD)
group, HFD group, and Z-Lig-treated group, with 15 in each of them.
Mice in the STD group were fed a with standard chow diet, whereas
mice in the HFD group and Z-Lig-treated group were fed a high fat diet
(1.25% cholesterol, 40% fat) for 8 weeks (D12108, Research Diets, Inc).
3% (w/v) polysorbate 80 (TW-80) was used as vehicle to dissolve Z-Lig.

Mice in the Z-Lig-treated group received intraperitoneal injection of
20mg/kg Z-Lig once a day for 8 weeks, whereas mice in the other
groups were administrated with the same volume of vehicle. Food in-
take and body weight were observed per week. UBM was performed at
the 8th week of the experiment. After ultrasound assessment and 12 h
of fasting, mice were sacrificed by overdose isoflurane exposure. The
blood samples and tissues were collected for further analysis.

2.13. UBM detection

At week 8, micro-ultrasound imaging of the aortic arch plaques was
conducted in 5 randomly chosen mice from each group. Before UBM
detection, mice were anesthetized with isoflurane. The chest hair of
mice was shaved and ultrasound transmission gel was used to ensure
optimal image quality. UBM was conducted using a high resolution in
vivo micro-imaging system (Vevo 2100 system, Visualsonics, Toronto,
Canada). We applied a long axis view to observe the lesion of the aortic
arch on B-mode. The measured plaques of aortic arch were at the origin
of the brachiocephalic artery.

2.14. Serum lipid profile measurement

We obtained blood samples by cardiac puncture. After centrifuga-
tion for 10min at 3000×g at 4 °C, the serum was collected and frozen at
−80 °C until use. Serum lipid profiles were assayed following manu-
facturer's instruction.

2.15. Evaluation of atherosclerotic plaques

After 8-week Z-Lig or vehicle intervention, the entire aorta, from
ascending aorta to renal artery, was separated and immediately fixed
using 4% paraformaldehyde. The separated aortas underwent an ORO
(Sigma) staining for analysis of the lesion area. The levels of athero-
sclerotic plaque were described as percent of the positive plaque area
from the whole aorta. To determine the sinus lesions in aortic root,
hearts and aortic arches were embedded in OCT compound (Sigma),
and frozen at −80oC for the following procedures. Serial sections
(10 μm) were sliced with a Leica cryostat (Leica, Heidelberg, Germany).
We stained the frozen sections with ORO and the lesion area were
quantified using Image-Pro Plus (Media Cybernetics, USA).

2.16. Determination of serum and aortic oxidative stress

Activities of MDA (A003-1), Cat (A007-1), Gpx (A005-1) and Sod
(A001-1) in mouse serum and aorta tissues were determined with
commercial kits (Jiancheng) on the basis of manufacturer's protocols as
previously described [27]. Briefly, Cat activity was measured by the
absorbance of the yellow H2O2-ammonium molybdate complex at the
wavelength of 405 nm (Definition of serum activity of Cat: 1 μmol H2O2

decomposing per ml blood serum (or plasma) per second is considered
as 1 activity unit (U); Definition of Cat activity in tissue homogenate:
1 μmol H2O2 decomposing per mg tissue protein per second is con-
sidered as 1 activity unit (U)). Gpx activity was measured on the basis
of reaction with dithio-dinitrobenzoic acid and calculation of GSH
consumption by measuring absorbance at the wavelength of 412 nm
(Serum Gpx activity definition: Reaction at 37 °C for 5min, 1 μmol/L
GSH concentration reduction (effect of nonenzymatic reaction is al-
ready deducted) in reaction system per 0.1ml blood serum is con-
sidered as 1 enzyme activity unit (U); Definition of Gpx activity in tissue
homogenate: 1 μmol/L GSH concentration reduction (effect of none-
nzymatic reaction is already deducted) in reaction system per mg pro-
tein per minute is considered as 1 enzyme activity unit (U)). Sod ac-
tivity was measured the absorbance at the wavelength of 550 nm based
on the xanthine oxidase method (Definition of serum activity of Sod:
One Sod activity unit is defined as 1ml serum among which the in-
hibition rate of Sod is 50%; Definition of Sod activity in tissue
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homogenate: One Sod activity unit is defined as 1mg tissue protein
among which the inhibition rate of Sod is 50%).

2.17. Immunofluorescence staining

EA.hy926 cells and frozen sections were fixed in 4% paraf-
ormaldehyde for 15min. Subsequently, cells and sections were rehy-
drated in PBS for 10min, soaked in 0.2% TritonX-100 at 37 °C for half
an hour, and washed with PBS for three times. We blocked the frozen
sections and cells with 5% goat serum for 60min and incubated with
anti-GAPDH, anti-Nrf2, anti-Cd31 and anti-Ho-1 at 4 °C for 12 h. After
that, the frozen sections and cells were incubated with the polyclonal

Alexa Fluor® 488 goat anti-rabbit IgG (#ab150077, Abcam, Cambridge,
UK,1:500 dilution) and polyclonal Alexa Fluor® 594 goat anti-mouse
IgG (#ab150116, Abcam, Cambridge, UK,1:500 dilution) for 90min at
37 °C. Nuclei was stained with DAPI (#C1002, Beyotime, 1:1000 dilu-
tion). The images stained with Alexa Fluor® 488 represent Nrf2 and Ho-
1, while those stained with Alexa Fluor® 594 were Cd31 and Gapdh.
Images were randomly selected and analyzed using a confocal scanning
laser microscope Zeiss LSM 710 (Carl Zeiss Microscopy GmbH, Jena,
Germany).

Fig. 1. Z-Lig protected against cytotoxicity in-
duced by oxidative stress and increased in-
tracellular GSH in EA.hy926 cells.
(A) Impacts of various concentrations of Z-Lig on
cell viability of EA.hy926 cells. EA.hy926 cells
were incubated with various concentrations
(10–1000 μM) of Z-Lig for 24 h. Cell viability
was assayed by MTT, and viability of
EA.hy926 cells without any intervention was
considered as 100%. (B) Effects of various con-
centrations of t-BHP on cell viability of
EA.hy926 cells. EA.hy926 cells were incubated
with various concentrations (50–1000 μM) of t-
BHP for 6 h. Cell viability was assayed by MTT,
and viability of EA.hy926 cells without any in-
tervention was considered as 100%. (C–H)
EA.hy926 cells were pretreated with 10 or
100 μM Z-Lig for 24 h, and then incubated with
200 μM t-BHP for another 6 h. (C) Z-Lig in-
hibited EA.hy926 cells from cell injury caused
by t-BHP. Cell viability was assayed by MTT,
and viability of EA.hy926 cells without any in-
tervention was considered as 100%. (D–F)
Effects of Z-Lig on the levels of intercellular
GSH, GSSG and the ratio of GSH/GSSG in
EA.hy926 cells. The levels of intercellular GSH,
GSSG and the ratio of GSH/GSSG were mea-
sured following the protocol. (G) Flow cyto-
metry detection of intercellular ROS.
EA.hy926 cells were incubated with 10 μM
DCFH-DA in serum-free medium for half an
hour. DCF fluorescence intensity was measured
with a flow cytometer. (H) Quantification of
DCF fluorescence intensity (n = 3). Data are
presented as means ± SD. *p<0.05 and
**p<0.01 vs. untreated EA.hy926 cells.
#p<0.05 vs. t-BHP-intervened EA.hy926 cells.
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2.18. Immunohistochemistry

Expressions of Nrf2, Ho-1, Gclc, Gclm, Sod1 and 4-Hne in vascular
endothelium of Ldlr −/− mice were also evaluated by im-
munohistochemistry. Briefly, frozen sections were fixed overnight in
4% paraformaldehyde. After antigen retrieval and treatment with H2O2

for 20min, sections were blocked for 1 h at room temperature with 5%
bovine serum albumin in PBST. One section was incubated with Cd31
and the other section from the same sample was stained with another
primary antibody (Supplementary Table 2) for 12 h at 4 °C, followed by
HRP Detection System (Beyotime, Jiangsu, China) for 60min at 37 °C.
The sections were treated with DAB substrate (Beyotime) for 10min.
Hematoxylin staining solution was used for counterstain in nucleus for
4min. Stained sections were scanned and digital hole slide images were
performed using a digital slide scanner (Pannoramic 250/MIDI, 3D
Histech Ltd, Budapest, Hungary). Hole slide images were visualized by
the CaseViewer (Version 2.0, 3D Histech Ltd). Cd31 and another pri-
mary antibody on the different serial sections were captured in the
same location to determine the expressions of Nrf2, Ho-1, Gclc, Gclm,
Sod1 and 4-Hne in vascular endothelium.

2.19. Statistical analysis

GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA)
was applied to analyze the data. We used one-way ANOVA to compare
among different groups. Values were described as mean ± SD.
p<0.05 indicated statistical significance.

3. Results

3.1. Z-Lig exhibited preventive effects on oxidative stress-induced
cytotoxicity and increased intracellular GSH in EA.hy926 cells

Z-Lig effects on cell viability of EA.hy926 were assayed by MTT.
Incubation with 10–100 μM Z-Lig for 24 h had no effect on viability of
EA.hy926 cells, while 500–1000 μM Z-Lig remarkably impaired the
viability of EA.hy926 cells (Fig. 1A). Intracellular ROS levels were de-
termined using flow cytometer analysis. The levels of intracellular ROS
were significantly elevated under t-BHP incubation for 6 h. However,
this was effectively restrained by Z-Lig pretreatment (Fig. 1G and H).
MTT was used to examine the effects of Z-Lig on protecting
EA.hy926 cells from cellular damage caused by t-BHP. As shown in
Fig. 1B and C, incubation with t-BHP significantly reduced cell viability,
which was dramatically restored by Z-Lig pretreatment. The effects of
Z-Lig and t-BHP on the changes in GSH/GSSG content were also de-
termined in EA.hy926 cells (Fig. 1D–F). Incubation with 100 μM Z-Lig
for 24 h significantly promoted GSH biosynthesis and suppressed GSSG
production, leading to an increase in GSH/GSSG ratio. Moreover, pre-
treatment with 100 μM Z-Lig for 24 h could attenuate the decreased
GSH content and increased GSSG level under 200 μM t-BHP treatment,
thereby elevating the ratio of GSH/GSSG.

3.2. Z-Lig intensively stimulated ARE-driven luciferase activities and NRF2
nuclear accumulation in EA.hy926 cells

EA.hy926 cells were co-transfected with a reporter plasmid

Fig. 2. Z-Lig intensively stimulated ARE-luci-
ferase activity, promoted NRF2 nuclear accu-
mulation and unbound NRF2-KEAP1 complex in
EA.hy926 cells.
(A and B) Impact of Z-Lig on ARE-luciferase ac-
tivity. Cells were co-transfected with a reporter
plasmid and a control plasmid. After co-trans-
fection, EA.hy926 cells were treated with DMSO
for 24 h or Z-Lig (1–100 μM) for 24 h (A), or
treated with 100 μM Z-Lig for 2, 4, 8, 12,
24 h (B) and then luciferase activity was de-
termined (n = 3). Values are shown as
mean ± SD. *p<0.05 vs. vehicle control. (C)
Z-Lig promoted accumulation of nuclear NRF2.
EA.hy926 cells were treated with 100 μM Z-Lig
for 2, 4, 8, 12, 24 h, respectively. Nuclear and
cytosolic fractions were obtained as described
previously. Western Blotting was applied to de-
tect protein expression of NRF2 in nucleus and
cytoplasm. (D and E) Z-Lig promoted unbinding
of KEAP1-NRF2 complex. EA.hy926 was treated
with 0 or 100 μM Z-Lig for 24 h. IP: KEAP1, IB:
KEAP1, NRF2; capture control: rabbit IgG.
Results of IP were quantified by Image J, and
data were presented as mean ± SD, n = 3,
**p<0.01 vs. control.
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(pGL4.37) and a vehicle plasmid (pGL4.75) for ARE-driven luciferase
activities assessment. After transfection, EA.hy926 cells were treated
with DMSO or Z-Lig (1–100 μM) for 24 h, respectively (Fig. 2A).
EA.hy926 cells were also treated with 100 μM Z-Lig for 2, 4, 8, 12, 24 h
(Fig. 2B) for luciferase activity detection. The results demonstrated that
ARE-driven luciferase activity was increased in a dose-dependent and
time-dependent pattern. The above results suggested that Z-Lig might
be an inducer of the NRF2/ARE signaling pathway. We also found that
NRF2 translocated to the nucleus in a time-dependent manner with Z-
Lig treatment (Fig. 2C). Co-IP experiment showed that under 100 μm Z-
Lig treatment, NRF2-KEAP1 binding complex released more free NRF2

(Fig. 2D). These results indicated that Z-Lig was a robust activator of
NRF2 by promoting translocation of NRF2 from the cytoplasm to the
nucleus, binding ARE and unbinding NRF2-KEAP1 complex.

3.3. Z-Lig increased NRF2 and ARE-driven enzyme expressions

To explore whether Z-Lig could affect expression of downstream
genes of NRF2, cells were treated with DMSO or 1–100 μM Z-Lig for
24 h, respectively. Relative mRNA levels of ARE-driven antioxidant
enzymes and phase II detoxifying enzymes were determined using Real-
time PCR. Z-Lig dramatically stimulated the mRNA levels of NRF2, HO-

Fig. 3. NRF2 silencing abolished Z-Lig-induced cytoprotective effects against oxidative stress and decreased the level of intracellular GSH in EA.hy926 cells.
(A–C) EA.hy926 cells transfected with NRF2 siRNA silenced NRF2 expression in EA.hy926 cells. NRF2 level was assayed with (A) Real-time PCR, (B) Western blotting
and (C) immunofluorescence staining, respectively. Data are expressed as means ± SD (n= 3). (D–J) EA.hy926 cells were incubated with NRF2 siRNA or scrambled
siRNA. After 48 h, cells were treated with 100 μM Z-Lig for 24 h and 200 μM t-BHP for another 6 h (D, H, I) NRF2 knockdown inhibited Z-Lig from protecting
EA.hy926 cells against cell injury caused by oxidative stress. (D) Cell viability analysis. Cell viability was assayed by MTT. (H) Flow cytometry detection of inter-
cellular ROS. (I) Quantitation of the flow cytometry data. (E–G) Effects of Z-Lig on the levels of intercellular GSH (E), GSSG (F) and the ratio of GSH/GSSG (G) in
EA.hy926 cells after NRF2 knockdown. (J) NRF2 silencing eliminated Z-Lig-induced gene expression. The protein levels of NRF2, NRF2-regulated antioxidant genes
were assayed by Western blotting. The values are shown as means ± SD (n = 3). *p<0.05 and **p<0.01 vs. control.
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1, NQO1, CAT, SOD1, SOD2, GCLC, GCLM, GR, GS, GPX4, GRX1, GRX2,
PRX1, PRX4, PRX6, TR1, TR2, and TRX in a dose-dependent pattern
(Supplementary Fig. 1A). Cells were then treated with 100 μM Z-Lig for
2, 4, 8, 12, 24 h, followed by mRNA level detection of these 19 genes
with Real-time PCR. The results showed that Z-Lig increased the mRNA
expression levels in a time-dependent manner (Supplementary Fig. 1B).
Similarly, Z-Lig induced protein expression of these 19 genes in a dose-
and time-dependent manner (Supplementary Figs. 1C and D). However,
Z-Lig did not have significant time effects on the basal level of KEAP1 in
EA.hy926 cells.

3.4. Z-Lig guarded EA.hy926 cells against t-BHP cytotoxicity via the
inducement of NRF2/ARE antioxidant pathway

To investigate the potential mechanism of Z-Lig on regulating NRF2,
we detected the expression of NRF2 and NRF2-mediated antioxidant
genes in t-BHP-treated EA.hy926 cells. Real-time PCR and Western
blotting showed that treatment with 200 μM t-BHP for 6 h significantly
restrained the mRNA and protein levels of NRF2 and its downstream
genes in EA.hy926 cells, which was markedly reversed by 100 μM Z-Lig
pretreatment for 24 h (Supplementary Figs. 2A and B). Moreover, im-
munofluorescence showed that t-BHP treatment reduced NRF2 ex-
pression and prevented nuclear accumulation of NRF2. However, in-
tervention with 100 μM Z-Lig elevated NRF2 expression both in the
cytoplasm and nucleus (marked with white arrow), which could also
alleviate NRF2 suppression under t-BHP intervention (Supplementary
Fig. 2C).

3.5. NRF2 silencing abolished cytoprotective effects of Z-Lig and decreased
the intracellular level of GSH

To confirm whether NRF2 was a direct target of Z-Lig, cells were
transfected with specific NRF2 siRNA and scrambled siRNA.
Transfection efficacies were verified by Real-time PCR (Fig. 3A–C).
Subsequently, transfected cells were treated with 100 μM Z-Lig for 24 h
and 200 μM t-BHP for another 6 h, followed by detection of cell viabi-
lity, intercellular levels of GSH, GSSG, ROS and expressions of Z-Lig-
induced cytoprotective proteins. NRF2 knockdown markedly abrogated
the protective effect of Z-Lig on cell viability (Fig. 3D). NRF2 depletion
also sharply abolished increased GSH content, elevated ratio of GSH/
GSSG and decreased GSSG content induced by Z-Lig treatment
(Fig. 3E–G). In addition, increased ROS level by t-BHP stimulation was
attenuated with Z-Lig treatment. However, it could be eliminated by si-
NRF2 transfection (Fig. 3H and I). Furthermore, Western blotting re-
sults showed that NRF2 knockdown markedly impaired Z-Lig-induced
upregulation of cytoprotective proteins (Fig. 3J). These data suggested
cytoprotective function of Z-Lig was dependent on NRF2 activation.

3.6. Z-Lig attenuated body weight gain, reduced serum lipid levels and
alleviated HFD-induced atherosclerotic plaque formation in Ldlr −/− mice

Endothelial cell injury is the initial step of atherosclerosis. The
present study suggested that Z-Lig protected EA.hy926 cells against
oxidative damage induced by t-BHP in vitro. Thus, ORO staining and
UBM were performed to explore the potential effects of Z-Lig on
atherosclerotic lesion formation caused by HFD feeding in Ldlr −/−

mice.
After HFD feeding for 8 weeks, there was no remarkable difference

in food intake among the three groups (Supplementary Fig. 3). Ad-
ditionally, the body weight of Ldlr −/− mice in the HFD-fed group in-
creased significantly compared with STD, whereas administration of Z-
Lig dramatically prevented body weight gain of HFD-fed Ldlr−/− mice
(Supplementary Fig. 3). Moreover, serum levels of TC, TG, and LDL-C in
HFD-fed Ldlr−/− mice were evidently elevated compared with those
fed with STD, while HDL-C remarkably decreased (Supplementary
Fig. 3). However, after 8-week treatment with Z-Lig, a significant rescue
in serum levels of TC, TG, LDL-C and HDL-C was observed
(Supplementary Fig. 3).

ORO staining indicated that HFD feeding dramatically increased
atherosclerotic plaque area, whereas Z-Lig treatment obviously miti-
gated HFD induced-atherosclerotic lesion formation in the en face pre-
pared aorta (Fig. 4A and D) and aortic sinus (Fig. 4B and E) of Ldlr−/−

mice. Moreover, we measured the plaque areas at the origin of the
brachiocephalic artery with UBM. Mice treated with Z-Lig displayed
markedly reduced plaque areas compared with those with only HFD
feeding (Fig. 4C and F). Collectively, these data suggested that Z-Lig
prevented Ldlr−/− mice from atherosclerotic plaque formation induced
by HFD feeding.

3.7. Z-Lig attenuated lipid peroxidation, increased GSH/GSSG level and
antioxidant enzyme activity of Ldlr −/− mice

Lipid peroxidation is believed to be a crucial step in the pathogen-
esis of atherosclerosis [28]. Therefore, lipid peroxidation levels in
aortas of Ldlr −/− mice were measured. After HFD feeding for 8 weeks,
MDA content in the serum and aortas (Supplementary Fig. 4A andB) as
well as 4-Hne expression in the vascular endothelium and aortas
(Fig. 5A and Supplementary Fig. 5A) of Ldlr −/− mice significantly
increased compared with those fed with STD. However, after 8-week
treatment with Z-Lig, a significant rescue in MDA content
(Supplementary Fig. 4A and B) and 4-Hne expression (Figs. 5A and
S5A) was observed. Additionally, Z-Lig intervention remarkably ele-
vated GSH/GSSG level (Supplementary Fig. 4I-N) and activities of Sod,
Cat and Gpx in serum and aortas of Ldlr −/− mice (Supplementary
Figs. 4C–H).

3.8. Z-Lig activated Nrf2, stimulated Nrf2 nuclear accumulation and
increased Nrf2 downstream gene expressions in vascular endothelium and
aortas of Ldlr −/− mice

Expressions of Nrf2 and selected Nrf2-mediated genes in aortas of
Ldlr −/− mice were determined by Western Blotting (Fig. 5A), im-
munofluorescence staining (Fig. 5B) and immunohistochemistry
staining (Supplementary Figs. 5B–F) respectively. Protein expressions
of Nrf2 and the selected Nrf2 downstream genes in vascular en-
dothelium and aortas were remarkably upregulated with Z-Lig inter-
vention. Moreover, Nrf2 nuclear accumulation in vascular endothelium
and aortas remarkably increased upon Z-Lig treatment (Fig. 5B and
Supplementary 5B). These results were consistent with the in vitro data,
demonstrating that the protective effects of Z-Lig against athero-
sclerotic plaque formation was associated with Nrf2/ARE signaling
pathway in vascular endothelium.

4. Discussion

In this study, we have demonstrated, for the first time, that Z-Lig

Fig. 4. Z-Lig suppressed atherosclerotic plaque formation in HFD-fed Ldlr −/− mice. (A–F) Ldlr −/− mice were treated with Z-Lig or TW−80 for successive 8 weeks.
Atherosclerotic plaques were evaluated with en face, aortic sinus sections and UBM analysis. (A) Representative images of en face ORO staining of whole aortas. (B)
Representative images of aortic sinus sections stained with ORO. (C) UBM of the aortic arch in Ldlr −/− mice, showing atherosclerotic plaque with circles. Plaque
areas of the aortic arch were observed at the origin of the brachiocephalic artery. (D) Quantification analysis of the atherosclerotic lesion area of the enface area
(n=5, Image-Pro Plus 6.0). (E) Quantification of atherosclerotic lesion area in cross sectional area stained with ORO (n = 5, Image-Pro Plus 6.0). (F) Statistical
analysis of plaque area measured by UBM (n = 5). Values are described as mean ± SD (n = 5), *p<0.05, **p<0.01 vs. STD. #p<0.05, ##p<0.05 vs. HFD.
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alleviated oxidative stress caused by t-BHP in EA.hy926 cells. Z-Lig also
ameliorated endothelial dysfunction and atherosclerotic plaque for-
mation in HFD-fed Ldlr −/− mice. The specific role of Z-Lig was asso-
ciated with activation of the NRF2/ARE signaling pathway.

Excessive ROS production plays a great part in the pathogenesis of
endothelial dysfunction [29,30]. There are numerous studies suggesting
a vital role of Z-Lig on cytoprotection and antioxidation [31–33]. Pre-
vious studies have reported that Z-Lig reduced intracellular ROS pro-
duction, suppressed ROS-induced cell injury, and induced GSH pro-
duction [24,25]. In this study, we found that t-BHP markedly raised
intracellular ROS and GSSG levels, while significantly decreased cell
viability, intracellular GSH content and the ratio of GSH/GSSG. How-
ever, preincubation with Z-Lig markedly attenuated the t-BHP-induced

elevation of ROS and GSSG, and dramatically rescued the decreased
levels of cell viability, GSH and GSH/GSSG. The human endothelial cell
line EA.hy926 has been widely used in studies on differentiated en-
dothelial cell functions such as angiogenesis, inflammation and oxida-
tive stress [34–36]. Using the EA.hy926 cell line, we investigated the
potential molecular mechanisms associated with the cytoprotective and
antioxidant effects of Z-Lig, lying emphasis on ARE activation. In the
present work, we found that Z-Lig acted as an ARE inducer in a dose-
and time-dependent pattern. Numerous studies have indicated that ARE
sequences regulate expressions of various antioxidant genes. Besides,
NRF2 acts as a primary regulator of the ARE-mediated cellular guard
system against excessive ROS production [37–39]. NRF2 is degraded in
the cytoplasm by KEAP1-CULLIN3 ubiquitination system under normal

Fig. 5. Z-Lig activated Nrf2, stimulated Nrf2 nulear accumulation, increased Nrf2 downstream gene expression and suppressed 4-Hne expression in vascular en-
dothelium and aortas of Ldlr −/− mice.
(A) Z-Lig increased protein levels of Nrf2 and Nrf2 downstream genes and suppressed 4-Hne expression in aortas of Ldlr −/− mice. Protein expression was detected by
Western Blotting. Representative results were from three mice per group. (B) Z-Lig promoted accumulation of nuclear Nrf2 in aortas of Ldlr −/− mice. Western
Blotting was applied to detect protein expression of Nrf2 in nucleus and cytoplasm. Representative results were from two mice per group. (C) Representative images
of immunofluorescence staining. Co-stained for Nrf2 and its downstream targets (Nrf2 and Ho-1; green), endothelial cells (ECs) (Cd-31; red), and nuclei (DAPI; blue).
Scale bar= 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Y. Zhu, et al. Atherosclerosis 284 (2019) 110–120

118



conditions. Some redox-active components, protein kinase, epigenetic
factors and other ARE activation signals may disrupt the KEAP1-
CULLIN3 combination, thus promoting translocation of NRF2 into the
nucleus. Nuclear NRF2 binds to ARE, resulting in induction of ARE-
driven genes [40,41]. We reported in this study that NRF2 expression in
EA.hy926 cell line was induced by Z-Lig in a dose- and time-dependent
mode. Z-Lig also allowed nuclear translocation of NRF2 in a time-de-
pendent manner. In addition, Z-Lig promoted NRF2/KEAP1 complex
unbinding, which increased the content of free NRF2 in the cytoplasm.
It is reported that Z-Lig can alkylate an important cysteine residue
(Cys151) in KEAP1, which can lead to dissociation of KEAP1-NRF2 and
stimulate the accumulation of NRF2 in the nucleus [42]. The me-
chanism linking Z-Lig to KEAP1-NRF2 dissociation may be related to
the alkylation modification of KEAP1.

The NRF2/ARE pathway regulates hundreds of antioxidant and
detoxifying enzymes [12,14]. GCLC, GCLM, GS, GR, and GPXs con-
tribute to GSH biosynthesis and metabolism [43]. GSH biosynthesis
needs two ATP-dependent steps. The first step is mediated by GCLC and
GCLM, and the second step is regulated by GS [44]. ROS sources in-
crease the level of hydrogen peroxide (H2O2). GPXs detoxify H2O2 by
converting 2 GSH molecules to its oxidized form GSSG, which in turn is
reduced back to GSH by GR to create a redox cycle [44,45]. Inter-
connection of GRX, PRX, TRX, TR, and GSH builds the antioxidant
systems [43]. H2O2 can be reduced by PRX or GPX. GPXs couple oxi-
dation of GSH with detoxification of H2O2 [46]. PRXs are thiol-specific
proteins that react with H2O2 at a very high rate, which can also reduce
and detoxify peroxynitrite and a wide range of organic hydroperoxides
[47–49]. Oxidized cysteine residues of PRX are specifically reduced by
TRX, thiol-disulfide oxidoreductases that can be oxidized upon oxida-
tive stress caused by a variety of stimuli [50]. Subsequently, oxidized
TRX is reduced by TR in a NADPH-dependent manner [50]. Moreover,
GSH is also a cofactor and substrate for GRXs that catalyzes disulfide
reductions in the presence of NADPH and GR [51]. Superoxide (O2

−) is
produced as a by-product of oxygen metabolism and, if not regulated,
causes many types of cell damage [52]. SODs and CAT are both
common enzymes found in nearly all living organisms exposed to
oxygen. SODs are enzymes that alternately catalyze the dismutation (or
partitioning) of the superoxide radical into either ordinary molecular
oxygen (O2) or H2O2. H2O2 is then converted by CAT to oxygen and
water [53,54]. HO-1, encoded by the HMOX1 gene, can convert heme
into the powerful pro-oxidant biliverdin, which is then transformed into
bilirubin, a strong antioxidant [55]. NQO1 encodes a cytoplasmic 2-
electron reductase. This FAD-binding protein forms homodimers and
reduces quinones to hydroquinones. Enzymatic activity of NQO1 pre-
vents the one electron reduction of quinones that results in the pro-
duction of radical species [56]. HO-1, NQO1 and GPXs are considered
as the most important targets of NRF2, which are involved in the re-
duction of oxidative damage in the endothelium or arteries during the
atheroprotective process [57,58]. In the present work, we tested the
impact of Z-Lig on the levels of 26 antioxidant enzymes. After
EA.hy926 cells were treated with different doses of Z-Lig for different
time points, we observed that Z-Lig significantly increased mRNA and
protein expressions of 18 ARE-driven genes in EA.hy926 cells in a dose
and time-dependent pattern (HO-1, NQO1, SOD1/2, CAT, GCLC, GCLM,
GS, GR, GPX4, GRX1/2, PRX1/4/6, TR1/2 and TRX). We also in-
vestigated the effects of Z-Lig on 18 ARE-mediated genes in t-BHP-
challenged EA.hy926 cells. Our data suggested that t-BHP treatment in
EA.hy926 cells markedly suppressed the expressions of NRF2 and 18
ARE-driven enzymes, whereas pretreatment with Z-Lig still strongly
stimulated the mRNA and protein expressions of the 19 genes. Fur-
thermore, we silenced NRF2 with a specific siRNA to identify the role of
NRF2 in Z-Lig-activated upregulation of 18 ARE-driven genes. NRF2
knockdown markedly inhibited the upregulation induced by Z-Lig
treatment, indicating that Z-Lig activated NRF2-ARE signal axis under
oxidative stress.

Oxidative stress generating from excessive ROS production results

in impaired endothelial function, which promotes atherosclerotic lesion
or foam cell formation [59,60]. Therefore, to further investigate the
chemopreventive effects of Z-Lig on oxidative stress-induced en-
dothelial dysfunction and atherosclerosis in vivo, Ldlr −/− mice were
supplemented with HFD and Z-Lig for successive 8 weeks. Ldlr −/−

mice have been widely used as a model to mimic human athero-
sclerosis. HFD leads to hyperlipidemia lipid peroxidation and athero-
sclerotic lesion development [61]. It was observed that Z-Lig exerted
protective effects on attenuating body weight gain, reducing serum
lipid levels, alleviating atherosclerotic plaque formation, decreasing
lipid peroxidation and increasing antioxidant enzyme activity in HFD-
fed Ldlr −/− mice. Furthermore, Western blotting, im-
munohistochemical and immunofluorescence staining results indicated
the chemopreventive effects of Z-Lig might be associated with the ac-
tivation of NRF2 and ARE-driven genes.

Nevertheless, some limitations of our study must be pointed out.
GSTs, another important phase II detoxifying enzyme family with 22
family members in humans, have not been taken into consideration in
this study. Moreover, the effects of Z-Lig-induced GSH biosynthesis on
protecting EA.hy926 cells from oxidative and cell injury have not been
elucidated. In addition, Ldlr −/− or Apoe−/− mice with endotheliocyte-
selective deletion of Nrf2 should be applied to further evaluate the
endothelial protection function of Z-Lig through inhibiting Nrf2
pathway directly. Further in-depth researches should be carried out to
explore the abovementioned limitations.

In conclusion, our study demonstrated for the first time that Z-Lig
elevates the expressions of various antioxidant genes and suppress ROS
production through NRF2 activation in EA.hy926 cells. Moreover, Z-Lig
might exert a great influence on defending against endothelial dys-
function and relieving atherosclerotic plaque formation via Nrf2
pathway in HFD-fed mice. Our work demonstrated that Z-Lig might be
therapeutic target for the management of atherosclerotic CHD.
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