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Abstract— It is well established that inflammatory reactions and oxidative stress play an
imperial role in cerebral ischemia-reperfusion pathogenesis. Fisetin is a flavonoid and has an
antioxidant and anti-inflammatory effect on various diseases. In this study, we have been
working to examine the neuroprotective effect of fisetin in brain injuries triggered by cerebral
ischemic-reperfusion and explore the potential role of nuclear factor kappa B (NF-kB)
signaling. In vitro, fisetin was examined against the cell viability, lactate dehydrogenase
(LDH) leakage, cytokines, and apoptosis after ischemia/reperfusion (I/R) induced in the cells.
Invivo, /R injury was induced in the brain via transient middle cerebral artery occlusion (2 h)
and reperfusion (20 h). The infarction area, brain water content, and neurofunctional param-
eters were also estimated. Inflammatory cytokines and brain injury markers were scrutinized
at the end of the study. Fisetin treatment alleviated cell injury and suppressed the inflamma-
tory cytokines (interleukin-1 (IL-1), tumor necrosis factor- o (TNF-), inducible nitric oxide
synthase (iNOS), interleukin-13 (IL-1f3), cyclooxygenase-2 (COX-2), interleukin-16 (IL-6),
and prostaglandin E, (PGE,)) and antioxidant parameters in a dose-dependent manner.
Fisetin significantly (P < 0.001) reduced the infarct volume, brain water content. Fisetin
significantly (P < 0.001) suppressed the neurological parameters and inflammatory cytokines
such as IL-1, TNF-«, iNOS, IL-1p, COX-2, IL-6, PGE,, and oxidative markers in a dose-
dependent manner. Fisetin significantly (P < 0.001) reduced the inflammatory mediators
including NF-kB and intercellular adhesion molecule 1 (ICAM-1). Further studies also
showed that fisetin significantly inhibited the NF-kB activity via inflammatory and antiox-
idant pathways. In conclusion, by suppressing inflammatory cytokines, fisetin protected the
brain tissue against I/R injury, and this effect could be due to reduced NF-xB activity.
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INTRODUCTION

Stroke is the second most common cause of death after
coronary artery disease all over the world [1]. Stroke causes
12% death among stroke patients (50%) to die from cere-
bral ischemia-reperfusion [2, 3]. Ischemic stroke causes the
most morbidity and mortality globally. Cerebral ischemia
was induced due to blockage or reduction of blood flow
into some parts of a brain region, which is induced due to
organ transplantation, coronary angioplasty, contraction,
percutaneous transluminal, and so on [2, 4]. Clinically,
recanalization has mostly been used to restore the blood
supply; also, this reperfusion may cause further brain dam-
age and this process is also called I/R injury [2]. Thrombec-
tomy or thrombolysis is the common therapeutics to treat
recanalization. The incidence of I/R injury after stroke is
often targeted at different molecular cascades further col-
lapsing the blood-brain barrier, exacerbating brain injury [5,
6]. It also induced many insults to cerebral microvascula-
tures characterized by continuous generation of free radi-
cals, endothelial cell injury, and degranulation of the mast
cells. Furthermore, there are few neuroprotective treatments
available which can protect the brain from ischemic brain
injury [6-8]. Improper blood supply results in the scarcity
of glucose level and oxygen supply in the different parts of
the brain, directing it toward the anaerobic pathway of a
cycle generating a huge amount of H+ ion and lactic acid,
and their reversal to the mitochondrial matrix reducing
cytoplasmic pH resulting in acidosis and formation of free
radicals and inflammatory reactions [9]. PGE,, matric met-
alloproteinases (MMPs), cyclooxygenase-2 (COX-2), and
acid-sensing ion channel (ASIC) all play a significant role
in developing this condition [9]. During the induction of I/R
in the brain tissue, over-production of enzymes in the tissue
starts inducing oxidative stress and inflammatory reaction
and finally inducing excessive neuronal death. Arachidonic
acid metabolites via COX-2 and PGE,, and its over-
production due to overactivation of AMPA receptor, which
is the leading cause of the induction of oxidative stress and
ultimately damaged the neuronal [8, 9]. Previous research
suggests that inflammation and oxidative stress are the best
approaches to treat the disease [6, 8, 9]. The researcher
continuously tries scrutinizing the neuroprotective agent
for the treatment of I/R injury in the brain. It is well known
that an inflammatory reaction plays a significant role in the
pathogenesis of I/R injury. Moreover, the researcher is
targeting the inflammatory reaction to treat /R injury [10,

11]. During I/R injury, shortage of blood flow results in
energy failure that promotes a metabolic complex series,
ultimately inducing neuronal cell death [10, 12]. The ensu-
ing cascade of events induces a reduction in adenosine
triphosphate (ATP) and mitochondrial dysfunction, which
further start the generation of free radicals and boost the
lipid peroxidation [10, 12]. Various published pieces of
literature suggest that oxidative stress plays an imperative
role in neuronal cell death after I/R injury [13, 14]. Oxida-
tive metabolism is necessary for brain survival and is also
linked with the continuous generation of ROS. During the
physiologic conditions, reactive oxygen species (ROS) reg-
ulation is managed via the endogenous antioxidant defense
system and maintains homeostasis [13, 15]. Any distur-
bance in the homeostasis resultants causes oxidative stress,
which is a significant factor for the initiation of apoptosis
and inflammatory reaction leading to neuronal injury. Brain
tissue is susceptible to oxidative injury; moreover, it is
believed that the pharmacological alteration of oxidative
injury is one of the best approaches to treat cerebral
ischemic-reperfusion disease [13, 16, 17].

Inflammation is the primary cause of injury to the
blood-brain barrier and causes brain injury during ischemic
stroke. In most cases, the inflammatory reaction is induced
via necrotic or microglia cells secreting pro-inflammatory
cytokines or cytotoxicity like active oxygen factors [11—
13]. Toll-like receptors (TLRs) are the necrotic factor that
secretes from necrotic cells and contributes to the promo-
tion of inflammatory reactions. Besides, their downstream
factor (p38 mitogen—activated protein kinase (MAPK))
also contributes to protection against cerecbral damage
caused by alteration of TLR4. NF-kB also plays an impor-
tant role to boost the inflammatory reaction and the level of
NF-«kB boosted during I/R injury [18, 19]. The antioxidant
and anti-inflammatory potential of fisetin has been ob-
served in the previous investigation, and we also know that
oxidative stress and inflammatory reaction play an impor-
tant role during I/R injury.

Flavonoids, commonly found in the various plant
species, are low molecular weight polyphenolic phytocon-
stituents and they possess various pharmacological effects
such as antitumor, neuroprotective, cardioprotective, anti-
inflammatory, and antioxidant effect [20, 21]. Fisetin
(3,3",4',7-tetrahydroxyfavone) is a flavonoid, commonly
present in cucumber, grapes, persimmon, strawberry, and
onion. Previous study suggests that fisetin is involved in
controlling the oxidative stress reaction via scavenging the
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free radicals and reducing the production of lipid perox-
idation [20]. It also suppressed the inflammatory reaction
via the reduction of cytokines and inflammatory mediators.
Fisetin also exhibited chemotherapeutic agent, neuropro-
tective effect, and anti-inflammatory effects in rodents.
Fisetin having excellent free radical scavenging activity
due to its hydrophobic nature can easily enter into the cell
membrane and deposit into the cells to exerts its antioxi-
dant, neuroprotective, and neurotrophic effects [20, 21].
Fisetin showed the neuroprotective effect via reducing the
inflammatory reaction and reactive gliosis during alumi-
num chloride (AlCl;)-induced neurotoxicity. As literature
suggests, fisetin has excellent antioxidant and anti-
inflammatory property against various diseases [20, 21].
Due to its antioxidant and anti-inflammatory nature, in this
experimental study, we attempt to examine the neuropro-
tective effect of fisetin against I/R injury in rats and cell
lines and to investigate the mechanism of action.

MATERIAL AND METHOD

Cell

Human neuroblastomas (SH-SY5Y) were obtained
from the American Type Culture Collection, Manassas,
VA, USA.

Cell Culture

PC12 cells were used for the ischemia/reperfusion
(I/R) method. Dulbecco’s modified Eagle’s medium
(DMEM) was used for the culture of the PC12 cells along
with fetal bovine serum (10%) in the air (95%) and carbon
dioxide (CO,) (5%) and the culture medium replaced every
day. For induction of the /R model, the SH-SY5Y cells
were plated into culture dishes and re-culture for the next
24 h. After that, the cells were treated with fisetin for the
next 24 h and finally the medium was changed with
glucose-free DMEM in the hypoxia incubator (95% N,
5% CO,) for 4 h. After induction of the ischemia, the
culture medium (glucose-free DMEM) was changed and
incubated again for the next 20 h (induction for reperfu-
sion) under standard culture conditions.

Cell Viability

For the estimation of cell viability, the PC12 cells
were seeded into the 96-well plates at a density of 1 x
10* cells/well and the cell was treated with different con-
centrations of fisetin for 24 h and finally subjected to the
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I/R. MTT solution (20 1) was mixed into each well and
finally maintained for 4 h at 37 °C. The microplate reader
was used for the estimation of optical density at 490 nm.
The cell survival ratio was presented in the percentage via
comparison with the control.

Cell Apoptosis

For the estimation of the apoptosis rate, the PC12
cells were treated with the fisetin for 24 h before subjected
to the I/R. After that, the cells were washed with phosphate
buffer saline (PBS) and treated with a FITC apoptosis
assay kit (Sigma Aldrich, USA) following the manufac-
turer’s instruction. Cell apoptosis assay has been presented
as percentages of total cell counts.

LDH Leakage

LDH assay kit (Institute of Biological Engineering of
Nanjing Jiancheng, Nanjing, China) was used for the esti-
mation of LDH leakage. Briefly, the culture medium was
collected and cells were frayed in PBS and the cell mem-
brane was broken to secrete the LDH in the cells and finally
centrifuged the cells to get the clear cell samples. The LDH
leakage was estimated from the ratio between the LDH
levels in cell content and culture medium.

15-Hydroxyeicosatetraenoic Acid (15-HETE) Level

ELISA kit was used for the estimation of the 15-
HETE level in the cell supernatants. Briefly, pure rats 15-
HETE capture antibody. After that, the standard sample of
15-HETE was added to the plates and incubated at 37 °C
for 8 hr. After the formation of the antibody-antigen en-
zyme-labeled antibody complex, 3,3',5,5'-tetramethylben-
zidine (TMB) (substrate) was mixed into the cell and
washed with PBS and the acid was added after 15 min to
stop the reaction and final absorbance was estimated at
450 nm using the enzyme standard instrument.

Cytokines

Culture and serum supernatants were collected for the
determination of cytokines. Cytokines and inflammatory
mediators including IL-1, COX-2, TNF-«, ICAM-1, IL-6,
iNOS, IL-1f3, and PGE, were estimated using the enzyme-
linked immunosorbent assay (ELISA) kits by following the
manufacturer’s protocol (Institute of Biological Engineer-
ing of Nanjing Jiancheng, Nanjing, China)
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In Vivo Study
Experimental Rodent

For the current experimental protocol, Sprague-
Dawley (SD) rats (810 weeks old; 220 + 30 g; males)
were used. The SD rats were procured from the animal
house and kept under polyethylene cage under standard
laboratory conditions (temperature, 20 £ 5 °C; relative
humidity, 70%; 12/12 h day/light cycle). In the complete
experimental study, the rats received the standard food diet
and tap water.

Experimental Protocol

For the induction of occlusion of the middle cerebral
artery (MCAO), the rats have been divided into the follow-
ing groups (Table 1). For the induction of MCAO, the rats
were anesthetized using the chloral hydrate and the middle
cerebral artery (MCA) was successfully separated and
occluded via monofilament nylon suture for 2 h. All test
and model control group rats underwent the same protocol,
and the normal control rats undergo the same protocol
except for arterial occlusion. The rats were anesthetized
after successful induction of the reperfusion (20 h), and
blood samples were collected by puncturing the retro-
orbital plexus. At the end of the protocol, all group rats
were euthanized and their brain tissues were successfully
removed [18].

Neurological Deficits

The neurological evaluation was performed on all
experimental rats after reperfusion (22 h) and before they
were sacrificed by using the previously reported method
with minor modification [18]. All the neurological findings
were evaluated based on a scoring system (5-point scale).
The neurological finding was estimated via score 0: non-
neurological deficit; score 1: failure to expand forepaw;
score 2: circling to the left; score 3: no motor activity; score
4: do not walk and score 5: depressed the level of con-
sciousness [10-12].

Table 1. List of Experimental Animals

S. No Group Name Treatment
1 I Sham control Saline

2 I MACO control Saline

3 I MACO + fisetin 2 mg/kg
4 v MACO + fisetin 4 mg/kg

5 \Y% MACO + fisetin 8 mg/kg
6 VI MACO + nimodipine 0.4 mg/kg

Brain Water Content

After successful induction of the reperfusion (22 h),
the rats were anesthetized using xylazine and ketamine and
their brain tissues were removed for the estimation of brain
water content [11, 22]. The olfactory bulb and cerebellum
pons were successfully separated and weighed (wet
weight). Drug weight was estimated after drying the tissue
at 120 °C (24 h). The content of brain water was estimated
using the formula below

Wet weight—dry weight

- x 100
wet weight

Brain water content =

Brain Tissue Preparation

After completing the experimental protocol, the rats
were sacrificed using cervical decapitation under anesthe-
sia condition and the brain tissues were immediately re-
moved and homogenized in the phosphate buffer saline
(pH 7) containing ethylenediaminetetraacetic acid (EDTA)
to obtain the homogenate (5% w/v). The homogenate was
centrifuged in the cold at 15,000 rpm at 0 °C for 15 min and
the supernatant collect was to estimate various biochemical
parameters [18].

Na'-K* ATPase Activity

The previously reported method was used for the
estimation of Na™-K" activity [13]. Briefly, the ATPase
activity was estimated in 2 reactions (A and B). For the
reaction A, the reaction mixture contained the brain
homogenate (2.0 mL) and KC1 (0.2 M), MgCl, (0.1 M),
NaCl (1.0 M), and MTris-HCL buffer (0.2 M; pH 7.4).
Reaction mixture B contains the brain homogenate (0.2
mL), MgCl, (0.1 M), ouabain (10 mM), NaCl (1.0 M), and
Tris-HCL buffer (0.2 M; pH 7.4). For the initiation of
enzyme reaction, the 0.2-mL MATP (25 mM) was added
at room temperature (37 °C) and the reaction was termi-
nated by adding trichloroacetic acid (TCA) (1 mL) after 15
min. Finally, the mixture was centrifuged and the superna-
tant was separated (approximately 0.5 mL) for the estima-
tion of inorganic phosphorous.

Antioxidant Parameters

Antioxidant parameters, viz, catalase (CAT), malo-
naldehyde (MDA), glutathione (GSH), glutathione perox-
idase (GPx), glutathione reductase (GR), and superoxide
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dismutase (SOD), were estimated using the previously
published protocol [12, 13, 18].

Mitochondria-Generated ROS

The ROS generated by mitochondria was estimated
using the previously reported method [18].

Cytokines and Inflammatory Mediators

Cytokines including interleukin-1 (IL-1), tumor ne-
crosis factor-oc (TNF-o0), interleukin-6 (IL-6), interleukin-
13 (IL-1f), and inflammatory mediators such as
cyclooxygenase-2 (COX-2), nuclear kappa B factor (NF-
kB), and prostaglandin E, (PGE,) were estimated using the
enzyme-linked immunosorbent assay (ELISA) kits follow-
ing the manufacturer’s protocol (Institute of Biological
Engineering of Nanjing Jiancheng, Nanjing, China). All
cytokines and inflammatory mediators were estimated in
the serum (nanograms per milliliter) and in the brain tissue
(nanograms per milligram).

Statistical Analysis

Statistical analysis was conducted using GraphPad
Prism 5.0 software. The data were presented as mean +
SEM in the current study. Statistical analysis was per-
formed using one-way variance analysis (ANOVA) fol-
lowed by multiple Dennett comparison tests. P < 0.05, P <
0.01, and P < 0.001 were considered to be significant, more
significant, and extreme, respectively.

RESULT

Fisetin Protect the PC12 Cells from I/R-Induced Cell
Apoptosis

For examination of the neuroprotective effect of fise-
tin on cell injury caused by I/R, PC12 cells were treated
with different concentrations of fisetin for 24 h and after
that were subjected to the I/R for the next 24 h. LDH
leakage assay and MTT assay were used for the estimation
of the neuroprotective effect of fisetin. Figure 1 shows that
the cell viability was considerably reduced via I/R treat-
ment and fisetin treatment significantly increased cell via-
bility in a dose-dependent manner.

Figure 1b shows the LDH leakage effect. /R showed
increased LDH leakage and fisetin significantly (P <
0.001) reduced the LDH leakage in a dose-dependent
treatment, suggesting that fisetin has allowed PC12 cells
to maintain the integrity of cells.
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Similarly, the apoptosis rate was increased in I/R and
dose-dependent treatment of fisetin significantly (P <
0.001) reduced the apoptosis rate (Fig. 1c).

15-HETE Content

Figure 2 shows the 15-HETE effect. I/R showed
increased 15-HETE and fisetin significantly (P < 0.001)
reduced the level of 15-HETE in a dose-dependent treat-
ment, suggesting that fisetin has allowed PC12 cells to
maintain the integrity of cells.

Effect of Fisetin on Inflammatory Factors in PC12 Cells

To estimate the neuroprotective effect of fisetin on
PC12 cells, the PC12 cells were treated with the fisetin and
subjected to I/R for the next 24 h, and the level of IL-1,
TNF-«, IL-6, PGE,, IL-13, COX-2, IL-10, and NF-kB
were determined using ELISA kits. Figure 3 shows the
increased levels of IL-1, TNF-«, IL-6, PGE,, IL-13, COX-
2, IL-10, and NF-kB in I/R control, and fisetin treatment
significantly decreased the level of IL-1, IL-1f3, IL-6, IL-
10, PGE,, COX-2, and NF-«B.

The effect of ICAM-1 on I/R induced in PC12 cells is
shown in Fig. 4. The I/R group showed an increased level
of ICAM-1, and dose-dependent fisetin treatment signifi-
cantly (P < 0.001) reduced the level of ICAM-1.

Effect of Fisetin on Neurological Parameters

During I/R injury in the brain, the neurological score
increases and a similar result was observed in I/R group
rats. On day 1, the neurological score reached the maxi-
mum level and slightly reduced until day 5. Fisetin-treated
group rats dose-dependently exhibited a suppressed neuro-
logical score. Nimodipine treatment resulted in a decreased
neurological score (Fig. 5a).

Figure 5 b, ¢, d, and e demonstrated the boosted brain
edema, infarct volume, brain water content, and Evans blue
leakage in I/R group rats and fisetin treatment significantly
(P < 0.001) downregulated the level at a dose-dependent
manner.

Effect of Fisetin on Potassium (K+), Sodium (Na*), and
Na"K*ATPase Activity

Figure 6 shows the effect of fisetin on the K*, Na*,
and Na*K*ATPase on I/R control group rats. /R control
group rats demonstrated increased levels of Na* and
Na*K*ATPase and decreased level of K* compared to
other groups. Fisetin-treated group rats showed a down-
regulated level of Na* and Na*K*ATPase and an enhanced



Neuroprotective Effect of Fisetin Against the Cerebral Ischemia-Reperfusion

a5
@R Con
" IR
29T 10- «s« [ |/ReFisetin (20 nmol/l)
3 5 B [ I/R+Fisetin (40 nmol/l)
g3 . @8 I/R+Fisetin (80 nmoVl)
=3 5
8 u?; 0.5 HH 0 I/R+Nim
0.0-
Groups
c
80.
#Hi# @R Con
s & . m IR
e Bl |/R+Fisetin (2 mg/kg)
8 " [ I/R+Fisetin (4 mg/kg)
g 40 BB |I/R+Fisetin (8 mg/kg)
2 0 I/R+Nim (0.4 mg/kg)
§ 20
0_
Groups

b

1495

100+
i @R Con

< 801 IR
= ’ B 1/R+Fisetin (20 nmol/)
g 601 - [ I/R+Fisetin (40 nmol/l)
S Bl 1/R+Fisetin (80 nmol/l)
i e mx W UR+NIm
9 20

o.

Groups

Fig. 1. Fisetin treatment protected PC12 cells from I/R-induced toxicity. a Cell viability. b LDH. ¢ Apoptosis rate. PC12 cells were treated with fisetin for
24 h and then subjected to I/R. Data were shown as mean + SD. **P < 0.001 versus control group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with I/

R control group.

level of K* compared to I/R control group rats. Nimodipine
treated group rats significantly (P < 0.001) downregulated
the levels of Na" and Na"K*ATPase and enhanced the
level of K* compared to I/R control group rats.

Effect of Fisetin on Nitrate

I/R group rats showed an increased level of nitrate
compared to the control group rats (Fig. 7). Fisetin signif-
icantly (P < 0.001) decreased the level of nitrate in a dose-
dependent manner compared to I/R group rats. Nimodipine
significantly (P < 0.001) reduced the nitrate level com-
pared to I/R control group rats.
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Groups

Effect of Fisetin on ROS Level

Figure 8 shows the effect of fisetin and nimodipine on
the level of ROS. I/R group rats showed a significantly (P <
0.001) boosted level of ROS, and dose-dependent fisetin
treatment decreased ROS levels. Nimodipine significantly
(P < 0.001) decreased the ROS level.

Effect of Fisetin on Carbonyl Content

Figure 9 shows the increased level of carbonyl in I/R
group rats compared to the control group rats. Fisetin and
nimodipine significantly (P < 0.001) suppressed the car-
bonyl level.
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Fig. 2. Fisetin treatment showed the effect of 15-HETE on PC12 cells from I/R injury. PC12 cells were treated with fisetin for 24 h and then subjected to I/R.
Data were shown as mean + SD. #P < 0.001 versus control group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with I/R control group.
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Fig. 3. Fisetin treatment protected PC12 cells from I/R-induced inflammatory response. a TNF-oc. b IL-1. ¢ IL-13. d IL-6. e IL-10. f PGE,. g COX-2. f
NF-kB. PC12 cells were treated with fisetin for 24 h and then subjected to I/R. Data were shown as mean + SD. ##P < 0.001 versus control group; *P <0.05,

**P < 0.01, and ***P < 0.001 compared with I/R control group.

Effect of Fisetin on Antioxidant Parameters

Figure 10 shows the effect of fisetin and nimodipine
on the antioxidant parameter in the serum of I/R group rats.
I/R group rats showed the augmented MDA and 8-OhdG
level and decreased SOD, GR, CAT, GSH, and GPx levels
compared to the control group rats. Dose-dependent

treatment of fisetin significantly (P < 0.001) reduced the
MDA and 8-OhdG level and enhanced SOD, GR, CAT,
GSH, and GPx levels compared to I/R control group rats.
Nimodipine significantly (P < 0.001) upregulated the level
of MDA and 8-OhdG and downregulated the level of SOD,
GR, CAT, GSH, and GPx.
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Fig. 4. Fisetin treatment showed the effect of ICAM-1 on PCI12 cells from I/R injury. PC12 cells were treated with fisetin for 24 h and then subjected to I/R.
Data were shown as mean % SD. " P < 0.001 versus control group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared with I/R control group.

Figure 11 shows the effect of fisetin and nimodipine
on the antioxidant parameter in the brain tissue of 1/
R group rats. I/R group rats showed the boosted
level of MDA and 8-OhdG and reduced levels of
SOD, GR, CAT, GSH, and GPx, and dose-
dependent treatment of fisetin significantly (P <
0.001) decreased the MDA and 8-OhdG level and
increased the SOD, GR, CAT, GSH, and GPx level
at a dose-dependent manner.

Effect of Fisetin on Inflammatory Mediators

Figures 12 and 13 show the effect of fisetin and
nimodipine on the pro-inflammatory level in the serum
and brain tissue of I/R group rats. I/R control group rats
augmented IL-1, IL-13, TNF-«, IL-6, COX-2, PGE,, and
NF-«B level and reduced IL-10 levels compared to control
group rats. Dose-dependent treatment of fisetin significant-
ly (P < 0.001) reduced the levels of IL-1, IL-13, TNF-«,
IL-6, COX-2, PGE,, and NF-kB and increased the level of
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IL-10 compared to I/R group rats. A similar result was
found in the nimodipine group rats.

DISCUSSION

I/R injury is the most common clinical condition of
circulating arrests and also induced neuronal injury in some
areas of the brain such as the hippocampus [15, 18].
Various mechanisms are involved in cerebral ischemia—
induced damage such as free radical injury, inflammatory
response, and calcium overload [14, 15, 18]. The inflam-
matory response has been identified as the main cause of
cerebral ischemia between them [10, 11]. The production
of pro-inflammatory cytokines begins after the onset of
cerebral I/R and results in injury to the tissue, improper
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Groups

cell repair, and dysfunction. Accordingly, targeting the
inflammatory reaction during the ischemia-reperfusion in-
jury is the best approach for effective treatment [16, 18,
19].

In the eukaryotic cells, inflammatory mediator such
as NF- B plays a significant transcription factor which
regulates the pro-inflammatory cytokines and inflammato-
ry mediators. A significant target for reducing the inflam-
matory reaction was found in various diseases [3, 19]. Prior
research suggests that the NF- B level increased during the
brain injury—induced via ischemia [10, 12]. During normal
conditions, NF- B was linked to the inhibitory protein (I B)
and confiscated in the cytoplasm, and during the activation
of NF- B, 1B kinases were also activated and I B phos-
phorylation was initiated, which induced further
proteasome-mediated degradation [10, 12, 18]. During
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Fig. 7. The effect of fisetin on the nitrate level in brain tissue of I/R injury rats. Data were shown as mean + SD. **P < 0.001 versus control group; *P < 0.05,

**P < 0.01, and ***P < 0.001 compared with I/R control group rats.
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the activation of NF- B, NF- B migrated to the nucleus
from the cytoplasm and binds with the binding sequence
to further activate the pro-inflammatory cytokines and
inflammatory mediators such as TNF-«, IL-1, IL-1(3, IL-
6, IL-10, COX-2, and PGE, [10, 12, 18]. This evidence
indicates that NF-kB played a significant role in control-
ling the inflammatory reaction, and suppression of NF-xB
was protective against neurodegeneration and neuroin-
flammation. In the current experimental study, the NF-«xB
level in the brain cells was increased, and fisetin signifi-
cantly reduced the NF-kB level and suggested the anti-
inflammatory effect.

MCAO and ischemia-reperfusion in rats were used in
the current experimental study to estimate the mimics of
some features of human brain pathology [18, 19]. Based on
the result especially the infarct volume and neurological
deficit scores, we can say that the I/R model was success-
fully established. Fisetin successfully reduced the infarct
volume and the dose-dependent neurological deficit score.
We also scrutinized the calcium-binding protein B
(S-100B) and serum neuron-specific enolase (NSE) in the
brain of experimental rats. Both parameters, NSE and
S-100B, were used to estimate the degree of brain injury,
and during I/R, the level of both parameters significantly
increased and dose-dependent fisetin treatment suppressed
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the level. The results suggested the neuroprotective effect
of fisetin against I/R-induced brain injury.

Oxidative stress and inflammatory reaction are well
documented to play a significant role in I/R injury [13, 18,
19]. I/R is involved in the induction of apoptosis and the
accumulation of ROS. Prior research suggests the produc-
tion of free radicals commonly observed in I/R injury and
finally causes oxidative stress [13, 18, 19]. During I/R, the
cascade reactions start such as excitotoxicity, oxidative
stress, and inflammatory reaction and finally induced the
neuronal cell death [10, 12]. Endogenous antioxidant
enzymes including GSH, CAT, GPx, and SOD play an
important role to reduce oxidative stress and play a protec-
tive role in neuronal damage against reactive oxygen
species—induced cell apoptosis [10, 11]. MDA is a lipid
peroxidation parameter and plays an important role to
inhibit lipid peroxidation in the tissue. SOD is the primary
line of endogenous antioxidant enzymes and plays a sig-
nificant role to protect tissue against ROS damage. SOD
catalyzes the O, (superoxide anion) transferred to H,O,
(hydrogen peroxide) and finally reduced the OH (hydrogen
radical) generation. CAT also catalyzes the O, transferred
to H,O, along with SOD and finally reduced the OH
radical generation [10, 11, 23]. As for other endogenous
antioxidant enzymes, GSH directly reacts with the ROS
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Fig. 9. The effect of fisetin on the carbonyl content in brain tissue of I/R injury rats. Data were shown as mean = SD. *#P < 0.001 versus control group; *P <

0.05, #*P < 0.01, and ***P < 0.001 compared with I/R control group rats.
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and plays a co-factor with an enzyme and GPx reduces the
H,0; and lipid peroxide levels in tissue [10]. In the current
experimental study, the I/R group showed increased levels
of MDA and reduced level of SOD, GSH, CAT, and GPx
suggesting the oxidative stress induced in rats suffering
from I/R. Fisetin significantly (P < 0.001) reduced MDA
levels and increased SOD, GSH, GPx, and CAT level and
suggested the antioxidant potential.

Due to the increased level of cytokines into the brain
tissue and circulation, increased leukocytes into the tissue
and circulation, which directly showed the effect to the
accumulation of neutrophils, activated microglia and mac-
rophages, which invade the ischemic region and cause loss
of neuronal cells and brain tissue, can increase the area of
the cerebral infarction [24, 25]. I/R-induced rats showed an
increased level of infarct damage, and dose-dependent
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treatment of fisetin significantly reduced the infarct dam-
age and suggested the brain tissue—protecting effects. Prior
research suggests that the brain swelling commonly found
during ischemic stroke is due to the induction of blood
reperfusion [23, 25]. Except for the portion of the fluid, a
defined tissue mass and new mass tissue increase in the
extracellular region of the brain and cause brain swelling
[17, 19]. The researcher targeted the cerebral infarct area
and brain swelling in the brain tissue to estimate the

potential of drugs tested. Brain tissue swelling was deter-
mined by the ratio of the left and right area and brain
weight, instead of calculating the wet and dry brain weight
[13, 16]. Yuan et al. estimated the cerebral infarct area and
brain swelling in the brain tissue and suggesting the neuro-
protective effect of baicalein against the ischemic/
reperfusion injury [26]. I/R-induced rats showed increased
infarct area and cerebral swelling in the brain area, and
fisetin considerably reduced the infarct area and cerebral
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swelling. Based on the outcome, we can conclude that the
fisetin has the potential neuroprotective effect. Clinically,
ischemic cerebral edema became a prevalent factor in
global I/R injury.

Na*,K*-ATPase is strongly localized in the neuronal
cell membrane and usually retains Na* and K*
concentrations intracellular [13, 27]. During the ischemia,

the level of Na*,K*-ATPase in the brain tissue was
considerably reduced due to decreased ATP content and
enhanced production of the enzymatic inhibitor, which
take part in ionic disorder [28]. Na*,K*-ATPase
dysfunction in the cell membrane triggered depolarization
of the membrane and aggregation of Na* and water in the
cell, which eventually mediated cytotoxic edema in the
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Fig. 13. The effect of fisetin on the cytokines and inflammatory level in the brain tissue of I/R injury rats. a TNF-ot. bIL-1. ¢ IL-13. d IL-6. e IL-10. f PGE,. g
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group rats.

ischemic cell [13]. In this experimental study, fisetin
considerably reduced Na* and K* and finally reduced the
activity of Na*,K*-ATPase by inducing a lower net ion
shift, which resulted in less edema formation. During the
cerebral ischemic reperfusion injury, the levels of pro-
inflammatory cytokines and inflammatory mediators were

considerably boosted due to some pathological stimulus
[13,29].

It is well documented that early inflammation during
I/R injury is classified via the recruitment of vascular
macrophages and endogenous microglia. Previous studies
suggest that the inflammatory cells exhibited the
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production of pleiotropic mediators such as cytokines,
chemokines, and prostanoids [9]. The alteration in the
production of numerous anti- and pro-inflammatory
includes chemokines in the brain tissue that are the part
of the inflammatory and immune response following
stroke [9]. Linag et al. showed the neuroprotective effect
of umbelliferone against the cerebral ischemia/reperfusion
via suppression of COX-2 and PGE, against the cerebral
ischemia/reperfusion in rats [30]. Previous research has
shown that COX-2 and PGE, contribute to brain injury
through the generation of reactive oxygen species and
prostanoids, while iNOS, which produces a large amount
of nitric oxide, initiates oxidative stress and DNA damage
[11, 18, 29]. The cytokines and inflammatory mediators
are secreted via immune cells and also generated via brain
cells such as neurons and glial cells [16, 19]. The most
effective cytokines and inflammatory mediators linked
with brain inflammation during ischemia are IL-1, IL-13,
PGE,, IL-6, COX-2, IL-10, TNF-«, and NF-kB. Among
all cytokines and inflammatory mediators, TNF-cc and IL-1
could exacerbate the degree of brain injury. Pro-inflam-
matory cytokines such as TNF-« interrupt the blood-
brain barrier (BBB) and therefore encouraged the
infiltration of systemic inflammatory cells into the
damaged brain and start the secretion into the circu-
lation. This reaction boosted the local inflammatory
reaction after cerebral ischemia [13—15]. Peroxisome
proliferator—activated receptor gamma (PPAR-y) ago-
nists are commonly known to reduce the level of
various inflammatory mediators and suppressing the
post-ischemic expression of key inflammatory genes
such as COX-2, PGE,, and TNF-« in brain tissue.
PPAR-y antagonist activates NF-kB and signal trans-
ducer and is an activator of transcription factors and
transcription-1 (STAT1), which play an important
role in the alteration of inflammatory mediators after
cerebral ischemia. In the current experimental study,
I/R showed an increased level of COX-2, PGE,,
TNF-«, and NF- kB and dose-dependent treatment
of fisetin considerably reduced their level and sug-
gested the anti-inflammatory effect. Prior reports sug-
gest that the inflammatory reaction contributes to
stroke-induced morbidities, which can be directly or
indirectly involved in ischemic injury and contribute
to serious side effects such as damaging the brain
tissue [9-11]. NF-kB (a transcription factor) plays a
significant role in the regulation of numerous

Zhang, and Cui

inflammatory genes such as COX-2, IL-6, TNF-«,
and PGE,. The NF-kB is activated during I/R injury
and activated the inflammatory reaction as well as
oxidative stress, which contributed to neuronal death
and deoxyribonucleic acid (DNA) damage [9-11, 15,
17]. Both damages further expand the damage into
the brain tissue and cause strokes. We found in the
current experimental study that cytokines and inflam-
matory mediators IL-1, PGE,, IL-13, IL-6, TNF-«,
COX-2, IL-10, and NF-«kB significantly increased
after the I/R and dose-dependent treatment of fisetin
significantly reduced the level of IL-1, PGE,, IL-1,
IL-6, TNF-&, COX-2, IL-10, and NF-kB in PCI12
cells, brain tissue, and experimental rat serum [18,
19]. Yang et al. showed the neuroprotective effect of
tangeretin against the cerebral ischemia-reperfusion
injury in rats via inflammatory pathway [31]. A
similar result was observed in the current experimen-
tal study. In this experimental study, we have ob-
served that fisetin is attributable to the suppression of
the inflammatory reaction as a result of the down-
regulation of COX-2, PGE,, TNF-«, IL-1, NF-kB,
IL-13, and IL-10 as a mediator of the activation of
PPAR-y.

CONCLUSION

Our results clearly suggest that fisetin exhibits a neu-
roprotective effect against I/R-induced inflammation and
oxidative stress in in vitro and in vivo models. Fisetin
treatment protected the cells from I/R injury inflammation
via the reduction of NF-kB-mediated inflammatory
response. Fisetin significantly reduced the neurologi-
cal defect, infarct volume, and brain edema. Fisetin
exhibited a neuroprotective effect against I/R-induced
cerebral ischemic-reperfusion injury via alteration of
oxidative and inflammatory mediators. The above
finding specifically describes the molecular process
important to the neuroprotective activity of fisetin
and may offer valuable insight into a safer design
of neuroprotective agents against ischemic stroke.
These findings provided some scientific evidence for
the cerebral protective effect of fisetin and suggested
that it is beneficial for treating various inflammatory-
related brain diseases.
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