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Abstract

Treatment of antioxidants is necessary to protect ischemic stroke associated neuronal damage. Xanthohumol (XN), a natu-
ral flavonoid extracted from hops, has been reported to have potential function as an antioxidant and can be used for neuro
protection. However, the role of XN in ischemic stroke remains unclear. Here, we studied the neuroprotective effects of XN
through experimental stroke models. Middle cerebral artery occlusion (MCAO) and oxygen—glucose deprivation (OGD) was
used as in vivo and in vitro model, respectively. We found that the treatment of XN improved MCAO-induced brain injury
by reducing infarct size, improving neurological deficits, reversing neuronal damage, reducing oxidative stress injury and
cell apoptosis. Further experimental studies showed that XN could revive neuronal apoptosis induced by OGD by preventing
oxidative stress injury. In addition, our study suggested that these effects were related to the inhibition of phosphorylation
of p38-MAPK and the mediation of nuclear Nrf2 activation. In conclusion, the neuroprotective effects of XN showed in this
study make XN a promising supplement for ischemic stroke protection.
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Introduction

Ischemic stroke is still one of the major causes of disability
and death worldwide. Neuronal damage caused by sudden
decrease of cerebral blood flow after stroke is one of the
main causes of cerebral ischemic injury [1, 2]. Re-estab-
lishment of cerebral blood supply can induce additional oxi-
dative stress injury, which is the driving force of ischemic
penumbra neuron injury after ischemia/reperfusion (I/R),
and ultimately lead to neuronal apoptosis [3]. In addition
to the treatment after the occurrence of cerebral infarc-
tion, the preventive protection of cerebral infarction is also
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important. Supplementary prophylactic drugs play important
roles in reducing neuronal damage after cerebral infarction.
Although progress has been made in the research of neu-
roprotective drugs, more attention should been paid to the
pretreatment of cerebral infarction [4].

Many components extracted from natural plants are sup-
plemented with exogenous antioxidants to prevent neuro-
logical diseases [5]. In the past few years, flavonoids have
been found to be involved in neurogenesis and neuronal
regeneration as potential neuroprotective agents [6]. XN, a
flavonoid extracted from hops (Humulus lupulus; Fig. 1a),
has attracted significant attention due to its antioxidant bio-
logical properties [7, 8]. As a food additive, XN can prevent
neurodegenerative diseases by reducing oxidative damage
[9]. In addition, XN has been found to reduce acute etha-
nol-induced brain oxidative damage by reducing ROS accu-
mulation, as well as atherosclerotic plaque formation and
hypercholesterolemia [10, 11]. The discovery of these effects
provides a new direction for the preventive application of
XN, which is the potential to become an effective supple-
ment for the prevention of cerebral infarction. However, the
effect and specific mechanism of XN in neuronal protection
needs to be further studied.
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Fig. 1 Neuroprotective effects of XN. a Structure of Xanthohumol.
b Diagram of experimental design. ¢ Neurobehavioral tests results of
Bederson score, corner test, and survival rate. d HE staining and e

Many studies have confirmed that inhibiting p38 mitogen-
activated protein kinase (p38-MAPK) can activate the nuclear
factor erythrocyte 2-related factor 2 (Nrf2)-heme oxygenase 1
(HO-1) which can reduce the excessive accumulation of ROS
induced by ischemic stroke [5, 12, 13]. XN has been reported
as an activator of Nrf2 and has the ability to inhibit the patho-
logical accumulation of ROS [10, 11, 14]. Therefore, in this
study, we investigated the neuroprotective effects of XN in
middle cerebral artery occlusion (MCAO) and glucose and
oxygen deprivation (OGD) models. We found that XN pro-
tected focal cerebral ischemia—reperfusion injury by inhibiting
p38 MAPK phosphorylation and promoting Nrf2/HO-1 signal-
ing pathway to inhibit oxidative stress injury and apoptosis.
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quantitative analysis of infarct volume. NS no significance; *P <0.05
XN versus MCAO group, **P <0.01 XN versus MCAO group

Materials and methods
Animal model and treatment

All experiments were conducted in accordance with the
guidelines for the care and use of animals in the National
Institutes of Health (NIH, USA) Laboratory Animal
Use Guidelines. For in vivo experiments, the male
Sprague—Dawley (SD) rats (250-280 g body weights) were
purchased from the experimental animal center of Harbin
Medical University (ethical review under no. SYDW2019-
8, Harbin, Heilongjiang Province, China). Rats were kept
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in standard cages under conventional laboratory condi-
tions, and were fed with standard laboratory food at room
temperature of 24 °C+2 °C for 12 h. After entering the
room, rats were randomly divided into three groups: sham
group (n=12), MCAO group (n=12) and XN group
(n=12). Rats in XN group were intraperitoneally (ip)
injected with 0.4 mg/kg XN (Sigma, St. Louis, MO, USA)
10 min before MCAO. Rats in sham group and MCAO
group were treated with saline as controls (Fig. 1b).

All rats were anesthetized by ip of chloral hydrate
(350 mg/kg body weight; Beyotime, Beijing, China). As
mentioned above, both MCAO and XN groups underwent
MCADO surgery [15]. In brief, After 60 min, the embolus
was gently removed and reperfused for 24 h. Sham-operated
rats were operated the same way as the MCAO group and
the XN group, but no embolus was inserted. During all the
operations, the body temperature of the rats remained at
37 °C+0.3 °C. Observed the vital signs of rats since rep-
erfusion and recorded the number of survivors and deaths.
Survival rate = (survivors number/total number) * 100%. All
rats were sacrificed 24 h after reperfusion for further study.

Neurobehavioral tests

Bederson score and corner test were measured and recorded
to assess neurological impairment. Bederson score [16] was
recorded before and 24 h after MCAO. A large enough angle
of 30° was prepared for the corner test, and then the rats
were allowed to enter the angle. Meanwhile, the direction
of the rats turned in the angle [17] was recorded. All scores
were recorded for further analysis. The Bederson score was
repeated three times and the corner test was repeated ten
times for analysis.

Infarct volume measurement

After 24 h of cerebral infarction reperfusion, rats were per-
fused with cold PBS (phosphate buffered saline, pH 7.4) and
then perfused with cold 4% polyformaldehyde (PFA). Brain
tissues were immersed in sucrose and finally cut into 20-pm
thickness frozen coronal sections. To determine the infarct
volume, brain sections were stained with hematoxylin and
eosin (HE) and observed under optical microscope (ZEISS,
Jena, Germany). Image J (National Institute of Health) was
used to evaluate infarct volume (mm?) by counting pixels,
and calculated according to the previous literature method
[18].

Nissl staining
In order to observe the number and morphology of neu-

rons, we performed Nissl staining. Briefly, frozen brain
slices were stained with Nissl solution (Beyotime), then

decolorized with alcohol, and finally immersed in xylene
according to the manufacturer’s instructions. After seal-
ing, neurons in the penumbra were observed by optical
microscopy (ZEISS).

Immunohistochemical analysis

The frozen rat brain slices were sealed with 5% bovine
serum albumin (BSA) at room temperature for 1 h, and
then washed with cold PBS for three times. Sections were
incubated with anti-4-hydroxy-2-nonaldehyde (4-HNE)
antibody or anti-8-hydroxy-2'-deoxyguanosine (§-OHdG)
antibody (JalCA, Shizuoka, Japan) at 4 °C for overnight.
Sections were then incubated with Vector Laboratories
(CA, USA) and finnaly treated with diaminobenzidine and
then analyzed by optical microscopy (ZEISS).

Primary neuron culture and treatment

Primary cortical neuron culture was obtained from neo-
natal rats as descried previously [19]. In brief, cells were
suspended in a nerve-based medium containing 2% B27
(Invitrogen, Carlsbad, CA, USA) and 10% fetal bovine
serum and laid on a culture dish coated with polylysine
(Sigma). Neurons were then preserved in a wet incubator
containing 5% carbon dioxide at 37 °C, and the media
were replaced every 3 days.

Neuron cultures were randomly divided into control
group, OGD group and XN group. Cells in the XN group
were incubated with 0.5 pg/mL XN solution for 10 min
before OGD and maintained in a culture dish during OGD
and reperfusion. In order to carry out the OGD procedure,
cells were washed three times with PBS, and then cul-
tured in glucose-free DMEM (Gibco, USA). Cells were
transferred to the incubator filled with 95% nitrogen and
5% carbon dioxide at 37 °C. After 6 h of OGD, cell cul-
ture media were replaced with normal culture media and
placed in 5% CO, incubator for 24 h. At the same time, the
control cells were kept in normal incubator until all cells
were harvested.

Cell viability assay

Cell viability was assessed with CCK-8 (Boster Biological
Technology, Wuhan, China) according to the manufacturer’s
instructions. After removing the media and washing with
PBS for three times, 100 pL DMEM (Hyclone) and 10 pL.
CCK-8 were added to each well and cultured in incubator at
37 °C for 1.5 h. A microplate reader was used to measure the
0OD450. OD values were recorded and analyzed.
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Flow cytometry analysis

Flow cytometry was used to detect apoptotic rate, mitochon-
drial membrane potential and intracellular ROS expression
with Annexin V-FITC/PI kit (Beyotime), JC-1 kit (Beyo-
time) and DCFH-DA (Sigma) according to the manufac-
turer’s instructions. Briefly, cells were harvested and then
incubated in the mixture of Annexin V-FITC and PI at room
temperature for 20 min for analyzing the extent of apoptosis.
For detecting mitochondrial membrane potential and ROS,
cells were dyed with JC-1 solution and DCFH-DA solution
for 20 min at 37 °C in the dark, respectively. Cells were
detected using flow cytometer (BD Biosciences). Flow data
was analyzed using FlowJo LLC software.

Malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT) kit and enzyme linked
immunosorbent assay (ELISA)

Rat brain homogenates and cell supernatants were harvested
to measure the expression levels of MDA, SOD, and CAT
via assay kits (Nanjing Jiancheng Bioengineering Research
Institute, Nanjing, China) according to the manufacturer’s
instructions. The ratios of glutathione disulfide/glutathione
GSSG/GSH ratios were mesured using assay kits (Abcam,
Cambridge, MA, USA) according to the manufacturer’s
instructions.

Western blot analysis

Western blot was carried out to quantitative protein expres-
sion level of brain tissue homogenates and primary neurons.
Briefly, total proteins were extracted by using RIPA lysis
buffer. Nuclear and cytoplasmic proteins were extracted via
a nuclear and cytoplasmic protein extraction kit (Thermo
Fisher, Walthman, MA, USA) according to the manufactur-
er’s instructions. Protein samples were separated by sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
and then transferred onto nitrocellulose membranes (Mil-
lipore Corporation, Billerica, MA, USA). Subsequently,
membranes were blocked using 5% skimmed milk for 1 h
at room temperature. After incubating with primary anti-
bodies: anti-cleaved-caspase-3 antibody, anti-Bax antibody,
anti-Bcl-2 antibody, anti-p38 antibody, anti-p-p38 antibody,
anti-Nrf2 antibody and anti-HO-1 antibody (Abcam) over-
night at 4 °C, the membranes were incubated with secondary
antibodies at room temperature for 1 h. Blots were detected
with the Odyssey Infrared Imaging System (LI-COR Bio-
sciences, Lincoln, NE, USA). The signal intensity was nor-
malized to the control values and analyzed using Image J
software (National Institute of Health).
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Statistical analysis

After checking with Shapiro—Wilk test, all data were ana-
lyzed with the Mann—Whitney U test using SPSS 21.0 soft-
ware. All test results with P <0.05 were considered as sta-
tistically significant.

Results
XN had neuroprotective functions

To address the role of XN in protecting cerebral ischemia
reperfusion-induced injury, rats were divided into three
groups and treated as shown in Fig. 1b. XN group showed
significance better Bederson score and corner test 24 h after
treatment when comparing to MCAO group. In addition,
we found that rats in the treatment group had slightly higher
survival rate than those in the untreated group (Fig. 1c). We
then used HE staining to detect the infarct volume. Massive
cerebral infarction was observed in MCAO group. Impor-
tantly, the volume of cerebral infarction was significantly
reduced when rats were pretreated with XN (Fig. 1d, e).
These data indicated that pretreatment of XN had neuropro-
tective effects.

Pretreatment of XN protected neuron from damage
and apoptosis

To further understand the mechanism of XN in protecting
neuronal damage, we performed Nissl staining to observe
the morphology change of ischemic neurons. As shown
in Fig. 2a, neurons were intact in the sham group. Neu-
rons became dark and triangular in shape in the MCAO
group suggesting neuronal damage [20]. Neuron mor-
phology in the XN group was more like the neuron shape
that was observed in the sham group. We then performed
flow cytometry to evaluate the effect of XN to the viabil-
ity of neurons. As shown in Fig. 2b, CCK-8 cell viability
analysis showed that neuron viability was significantly
decreased after OGD. Importantly, XN treatment increased
the viability as well as the survival rate of neurons after
OGD injury. In addition, the apoptotic rate of neurons
induced by OGD was significantly increased when com-
paring to the control group, while the apoptotic rate of
neurons in the XN group was significantly lower (Fig. 2c,
d). We further investigated the effect of XN on the expres-
sion level of apoptotic proteins by western blot. As shown
in Fig. 2e—j, we found that the ratio of Bax/Bcl-2 was
significantly increased after MCAQO and OGD, but was
significantly decreased with the pretreatment of XN. XN
also showed inhibition of neuron apoptosis with the obser-
vation of decreased cleaved caspase-3 in XN group when
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Fig.2 XN protected against neurons injury and apoptosis. a Neu-
ron morphology in sham, MCAO, and XN groups. b Cell viability.
¢ Annexin V-FITC/PI and d quantitative analysis of apoptosis cells.

comparing to MCAO group and OGD group. These data
suggested that pretreatment of neuron with XN can reduce
neuron damage and apoptosis.

XN improved oxidative stress injury induced
by MCAO

Next, we evaluated the effects of XN on MCAO induced oxi-
dative stress injury on neurons. Immunohistochemistry and
ELISA were performed to determine the degree of oxidative
stress injury. As shown in Fig. 3a—c, the numbers of 4-HNE
and 8-OHdG positive cells were significantly increased in
the MCAO group. However, these numbers were decreased
in the XN group. In addition, the amount of MDA in the
rat brain tissue was increased in the MCAO group. In com-
parison, the level of MDA was significantly lower in the XN
group (Fig. 3d). Furthermore, the amounts of CAT and SOD
were decreased in the MCAO group, but were significantly
increased in the XN group (Fig. 3e, f). Moreover, XN treat-
ment inhibited the ratio of GSSG/GSH that was induced
by MCAO (Fig. 3g). Taken together, these results showed
that pretreatment of XN could significantly inhibit oxidative
stress injury induced by MCAO.

Western blot bands and quantitative analysis in e-g MCAO and h—j
OGD groups. ¥*P<0.05 XN versus OGD group, **P<0.01 XN ver-
sus MCAO/OGD group, #P <0.01 XN versus sham/control group

XN alleviates oxidative stress injury induced by 0GD

Next, we evaluated the effects of XN on OGD induced
oxidative stress injury on neurons. Flow cytometry and
ELISA were performed to detect the degree of oxidative
stress injury. Pretreatment of XN improved mitochondrial
membrane potential damage after OGD (Fig. 3h, i) as well
as reduced excessive ROS accumulation induced by OGD
(Fig. 3j, k). In addition, MDA expression level was increased
after OGD, but was significantly decreased in the XN group
(Fig. 31). Moreover, with the pretreatment of XN, the
amounts of CAT and SOD were increased when comparing
to the OGD group (Fig. 3m, n). Furthermore, After OGD,
the GSSG/GSH ratio was increased in the OGD group, but
was significantly decreased in the XN group (Fig. 30). These
data indicated that XN pretreatment of XN could signifi-
cantly inhibit oxidative stress injury induced by OGD.

XN triggered the expression of Nrf2/HO-1
after MCAO and OGD by inhibiting the expression
of phosphorylated p38

Next, we investigated the potential mechanism of XN on
ischemic injury in vivo and in vitro. Ischemia induced
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Fig.3 XN ameliorated oxidative stress injury caused by MCAO and
OGD. Immunohistochemistry of a 4-HNE and 8-OHdG, and num-
ber of positive cells of b 4-HNE and ¢ §-OHdG. ELISA results of
d, 1 MDA, e, m CAT, f, n SOD and g, o GSSG/GSH ratio in vivo/

phosphorylation of p38-MAPK. We found that the XN
group significantly inhibited the activation of p-p38
induced by MCAO and OGD (Fig. 4a, b). Further inves-
tigations showed that n-Nrf2 were up-regulated in the
MCAO and OGD groups, while c-Nrf2 was down-reg-
ulated. The relative expression of n-Nrf2/c-Nrf2 was
increased after MCAO and OGD. Treatment with XN
enhanced the expression of n-Nrf2 as well as the relative
expression level of n-Nrf2/c-Nrf2. In addition, HO-1, one
of the downstream antioxidant proteins of Nrf2, showed
an increased expression level after MCAO and OGD,
which were further increased in the XN treatment group
(Fig. 4c—f). These data indicated that XN induced the
expression of Nrf2 and HO-1 after MCAO and OGD
through by suppressing the expression of phosphoryl-
ated p38.
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vitro. ¥P<0.05 XN versus MCAO/OGD group, **P<0.01 XN ver-
sus MCAO/OGD group, *P<0.05 XN versus Sham/Contrl group,
#P <0.01 XN versus Sham/Contrl group

Discussion

In ischemic brain cells, neuron death is irreversible and is
particularly important in brain tissue damage [1, 4]. Give
appropriate intervention before the occurrence of cerebral
infarction could provide patients more benefit to alleviate
cerebral ischemia injury. XN has many pharmacological
effects and is considered as a potential natural beneficial
substance. Although XN has been shown to have neuro-
protective potential, the positive effects of XN on cerebral
ischemia and stroke remain unclear [14]. In this study,
we showed that XN as a natural plant extract has anti-
oxidant, anti-apoptotic and therapeutic effects on cerebral
ischemia-induced injury. This is supported with the obser-
vation that preventive treatment of XN can effectively
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reduce the volume of cerebral infarction and improve
neurological deficits 24 h after MCAO. The reduction of
infarct size attributes to the ability of XN to improve neu-
rological function and the reversal of dead neurons [1, 3,
4]. In addition, we also observed the abnormal morpho-
logical changes of neurons 24 h after MCAO. XN showed
positive effects in maintaining neuronal morphology close
to normal morphology after cerebral ischemia injury.

Oxidative stress, especially excessive accumulation of
ROS, is the most important factor for neuronal death induced
by cerebral ischemia [21]. Increased ROS production in cells
provides an oxidative environment within cells, which cor-
respondingly leads to damage to basic cellular structural
components such as lipids and DNA [22-25]. We observed
that XN could reduce ROS accumulation, lipid peroxida-
tion and DNA damage induced by MCAO and OGD. The
structure and function of mitochondria were damaged when
ROS accumulated in large quantities [26]. We confirmed
that the preventive treatment of XN had protective effect on
mitochondrial membrane potential damage. These results
indicated that the neuroprotective effects of XN on MCAO
and OGD injury were due to the antioxidant characteristic
of XN.

Mitochondrial membrane damage affects the changes of
apoptosis-related proteins. Under oxidative stress, the bal-
ance of Bcl-2 family protein expression, especially the Bax/

Bcl-2 ratio, plays an important role in regulating apoptosis
[27,28]. We found that XN could reduce the Bax/Bcl-2 ratio,
which can be induced by MCAO and OGD. This observa-
tion further supported the antioxidant effect of XN. To some
extent, the increased ratio of Bax/Bcl-2 leads to the activa-
tion of caspase-3, which eventually leads to neuronal death
after cerebral ischemia [29]. XN has been reported to inhibit
cleaved-caspase-3 expression in ischemic region [30]. But
there were no more evidences to prove the ability of XN to
protect neurons. Our study also confirmed that XN reduced
the protein level of cleaved-caspase-3 in ischemia neurons.
We further studied the relationship between anti-apoptotic
ability and neuroprotective function of XN. We found that
XN reduced the number of apoptotic neurons after ischemic
stroke. These results suggested that XN might inhibit neu-
ronal apoptosis by inhibiting oxidative stress injury.
Apoptosis induced by intracellular accumulation of
ROS can be eliminated by antioxidant enzymes, which
convert peroxides into less toxic or harmless substances.
We examined the effects of XN on the expression of anti-
oxidant enzymes and provided evidence that XN may
have antioxidant activity against oxidative stress. Under
oxidative stress, Nrf2 is activated and transferred from
cytoplasm to nucleus, which promotes the transcription of
HO-1, SOD and CAT, and reduces the GSSG/GSH ratio
after reperfusion [31]. The pretreatment of XN promoted
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Fig.5 A proposed molecu-

lar mechanism underlies the
neuroprotective effects of XN in
experimental stroke model

Nuclear

this process in ischemic rats and primary neurons, suggest-
ing that the activation of Nrf2 played an important role in
the antioxidant capacity of XN.

Inhibiting the p38-MAPK pathway is one of the ways to
reduce neuronal apoptosis induced by cerebral infarction
[32]. Considering recent studies, the relationship among
the activation of Nrf2 and the expression of enzymatic
antioxidants and the inhibition of p38-MAPK in ischemic
injury can not be ignored [33]. We detected the inhibition
of XN preconditioning on p-p38 activation induced by cer-
ebral ischemia. Therefore, we proposed that the mecha-
nism of XN inhibiting neuronal apoptosis after cerebral
ischemia is closely related to inhibiting the expression of
p-p38 and activating Nrf2 pathway to promote the expres-
sion of enzymatic antioxidants. In conclusion, our study
provided evidence for the neuroprotective effects of XN
on cerebral ischemic stroke, and XN may have potential to
be considered as a supplement for ischemic stroke protec-
tion (Fig. 5).
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