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Neuroprotective potential of fisetin in an experimental model
of spinal cord injury: via modulation of NF-xB/IkBa pathway
Jing Cui®*, Jingshi Fan®*, Huanxia Li?, Jinku Zhang® and Jianzhou Tong?

Aim To evaluate neuroprotective efficacy of fisetin
against the experimental model of spinal cord injury (SCI).

Materials and methods SCI was induced in male
Sprague-Dawley rats by placing an aneurysm clip
extradurally. Rats were treated either with vehicle or fisetin
for 28 days after SCI.

Results Treatment with fisetin significantly attenuated
SCl-induced alternations in mechano-tactile and

thermal allodynia, hyperalgesia and nerve conduction
velocities. SCl-induced upregulated tumor necrosis
factor-alpha, interleukins, inducible nitric oxide synthase,
cyclooxygenase-ll, Bcl-2-associated X protein and
caspase-3 mRNA expressions in the spinal cord and these
were markedly reduced by fisetin. Spinal nuclear factor
kappa B and nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor-alpha protein levels
were also significantly downregulated by fisetin.
Hematoxylin and eosin staining of spinal cord suggested
that fisetin significantly ameliorated histological
aberrations such as neuronal degeneration, necrosis and
inflammatory infiltration induced in it.

Introduction

Traumatic spinal cord injury (SCI) is a devastating neu-
rophysiological disorder leading to sensory and motor
dysfunction, which significantly affects the quality of life
for patients [1,2]. Sometimes severe SCI may also cause
loss of urinary, bladder, sexual and bowel functions [3].
Increased construction, mining and transportation indus-
trialization, automobile accidents and sports injuries often
contribute to SCI, and young adults with age >40 years
are at high risk for such SCI [1,2]. The report suggested
that approximately 500 000 people suffer from SCI annu-
ally, with an estimated global annual incidence of 40-80
cases per million population in most of the countries [1].
Cumulative evidence documented that almost 80% of
SCI patients experienced pain, whereas almost 30% of
patients reported their pain as severe [4]. Unfortunately,
due to high treatment costs, SCI associate with a notable
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Conclusion Fisetin exerts neuroprotection via
modulation of nuclear factor kappa B/nuclear factor

of kappa light polypeptide gene enhancer in B-cells
inhibitor-alpha pathway by inhibiting release of
inflammatory mediators (inducible nitric oxide synthase
and cyclooxygenase-Il), proinflammatory cytokines

(tumor necrosis factor-alpha and interleukins), apoptotic
mediators (Bcl-2-associated X protein and caspase-3).
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economic burden with care costs of more than $7 billion
per individual per year [5].

A promising experimental strategy for the develop-
ment of safe and effective treatment against SCI largely
remains a major unmet need for these neurodegenera-
tive deficits. With advancements and rapid development
in the pharmaceutical sciences, emerging gene therapy,
drugs and surgical methods have shown their ability to
promote spinal nerve regeneration in SCI treatment.
Methylprednisolone, which is the only FDA-approved
glucocorticoid, which is a widely implemented agent in
clinical practice for the management of acute SCI [6]. On
the other hand, an inexpensive and noninvasive tech-
nique of high-frequency electrotherapy such as trans-
cutaneous c¢lectrical nerve stimulation gains significant
attention to treat pain in SCI. Though such physical ther-
apy is most commonly used and cost-effective but pro-
vides symptomatic relief in a fraction of patients. In view
of this, the surge of safe and effective treatment for SCI
is presently the utmost.

Animal models play a vital role in understanding the
underlying mechanism and development of effective
therapeutic moieties for various maladies, including SCI
[7]. Thus various animal models have been developed
to determine mechanisms of motor dysfunctions, which
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include compression, contusion, transection and excito-
toxicity models [8]. However, compression-induced SCI
is well-accepted, frequently used worldwide and argu-
ably the most prominent experimental animal model
for understanding the mechanism of motor and sensory
recovery by therapeutic moiety during SCI [8,9]. To
mimic clinicopathological characteristics of SCI, the com-
pression model implemented various technique which
includes clip compression, calibrated forceps compres-
sion and balloon compression; however, clip compression
at the thoracic level the more closely related in terms
of functional and histological features of human SCI
amongst all [8,9]. Clip compression is a simple, well-es-
tablished, reproducible and inexpensive method for the
induction of SCI [9].

In recent years, plant flavonoid has emerged as a poten-
tial therapeutic moiety for the management of various
diseases [9-13]. Fisetin (3,3",4’,7-tetrahydroxyflavone)
is one such plant flavonoid that occurs naturally in vari-
ous vegetables and fruits, including strawberries, apples,
onions and cucumbers [14,15]. The number of evidence
using renovate strategies has evinced its pharmacologi-
cal potential, including antioxidant, anti-inflammatory,
anticancer, antiasthmatic, antiulcer, antihyperlipidemic,
anticonvulsant, cardioprotective, neuroprotective,
nephroprotective and hepatoprotective effects [14-29].
Conversely, the cumulative evidence suggesting the
ameliorative potential of fisetin against various maladies
occurred through inhibition of nuclear factor kappa B
(NF-xB) transcriptional activity [17,18,25,30,31]. Recent
studies have demonstrated that fisetin exhibits its potent
anti-inflammatory property via inhibition of release of
various inflammatory [cyclooxygenase- II (COX-II)] and
proinflammatory mediators [tumor necrosis factor-alpha
(I'NF-a) and interleukins (ILs)] [31,32]. Additionally,
fisetin maintains neuronal function via modulation
of multiple pathways, including upregulation of Nrf2
expression, attenuation of caspase-3 expression and mod-
ulation of concentrations of brain monoamines [33,34].
Nevertheless, its neuroprotective potential against trau-
matic injury has not been established. Thus, the present
investigation was aimed to evaluate the possible mech-
anism underlying the neuroprotective role of fisetin
against the experimental model of SCI by assessing var-
ious behavioral, biochemical and molecular parameters.

Methods

Animals

Adult male Sprague-Dawley rats were obtained from
the Hebei University Animal center. They were main-
tained at 24 = 1°C, with a relative humidity of 45-55%
and 12:12 h dark/light cycle. The animals had free
access to standard pellet chow and water throughout the
experimental protocol. All experiments were carried out
between 09:00 and 17:00 h. All the experimental proto-
col number [HBBD (2020) 12-DS] were approved by the
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Baoding First Central Hospital. All procedures were per-
formed in accordance with laboratory guidelines.

Drugs and chemicals

Fisetin was purchased from Sigma-Aldrich (St. Louis,
Missouri, USA) (purity: 298%). All other chemicals
were purchased from S.D. Fine Chemicals, Mumbai,
India. Methylprednisolone was obtained as a gift sam-
ple from Symed Pharmaceutical Pvt. Litd. Total RNA
Extraction kit and one-step quantitative RT-PCR kit
was purchased from MP Biomedicals India Private
Limited, Mumbai, India.

Preparation of drug solutions

Fisetin was suspended in a 1% aqueous solution of
dimethyl sulfoxide (DMSO). An appropriate stock
solution was prepared to administer a selected dosage
of 10, 20 and 40 mg/kg orally for four weeks [15,19].
Methylprednisolone was administered to rats intraperito-
neally at a dose of 30 mg/kg for 4 weeks [9].

Induction of spinal cord injury and drug treatment
schedule

The animals were fasted for 12 h before surgery,
humanely restrained and anesthetized with an intraperi-
toneal injection of thiopental sodium (40 mg/kg of body
weight). The rectal temperature of rats was maintained
at 37-38°C throughout the operative procedure. The
animals were positioned in the prone position and sur-
gery was performed under sterile conditions. A complete
single level (T, ) laminectomy was performed through a
2-cm incision with the aid of a dissecting microscope. SCI
was induced by the extradural application of a temporary
ancurysm clip with a constant closing force on the spinal
cord for 60 s [9]. After removal of the clip, the skin inci-
sion was closed and the animal was allowed to recover
fully from anesthesia and returned to the cage. The rats
were monitored continuously with bladder palpation at
least twice daily until spontaneous voiding resumed.

The animals (# = 15 in each group) were divided into
the following eight groups, each consisting of eight rats.
Fisetin was prepared in three different dosages (10, 20
and 40 mg/kg) with 1% aqueous solution of DMSO and
administered to animals orally for four weeks.

Group 1: Normal group: The spinal cord was not injured.
Animals received only vehicle (10 g/kg of 1% aqueous
solution of DMSQO, postoperatively).

Group 2: Sham group: The spinal cord of animals was
exposed but notinjured. They received only vehicle (10 g/
kg of 1% aqueous solution of DMSO, postoperatively).

Group 3: SCI control group: The spinal cord of animals
was exposed and injured by a clip compression method.
They received a vehicle (10 g/kg of 1% aqueous solution
of DMSO, postoperatively).

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



298 NeuroReport 2021, Vol 32 No 4

Group 4: Methylprednisolone treated group: The spinal
cord of animals was exposed and injured by a clip com-
pression method. They were treated with methylpredni-
solone (30 mg/kg, intraperitoneally for 4 weeks).

Group 5: Fisetin: (10 mg/kg) treated group: The spinal
cord of animals was exposed and injured by a clip com-
pression method. They were treated with fisetin (10 mg/
kg, postoperatively for 4 weeks).

Group 6: Fisetin: (20 mg/kg) treated group: The spinal
cord of animals was exposed and injured by a clip com-
pression method. They were treated with fisetin (20 mg/
kg, postoperatively for 4 weeks).

Group 7: Fisetin: (40 mg/kg) treated group: The spinal
cord of animals was exposed and injured by a clip com-
pression method. They were treated with fisetin (40 mg/
kg, postoperatively for 4 weeks).

The parameters of behavioral tests were recorded by
an observer blind to the treatment on day -2, 0, 3, 7, 14,
21 and 24. Food intake and water intake were recorded
after placing animals in the metabolic cages (‘Techniplast,
Pontremoli, Italy).

Behavioral test

Evaluation of Basso-Beattie-Bresnahan score

The Basso—Beattiec—Bresnahan (BBB) locomotor rating
scale ranges from 0 to 21, where zero reflects no locomo-
tor function, and 21 reflects a normal performance; the
rating was used to evaluate the effect of fisetin on func-
tional recovery after SCI [9].

Evaluation of allodynia and hyperalgesia
Mechano-tactile allodynia (nonnoxious mechanical stim-
uli) was assessed by the electronic Von Frey hair appa-
ratus (I''C, Woodland Hills, California, USA) [35,36].
Mechanical nociceptive threshold, an index of mech-
ano-hyperalgesia, was assessed by using Randall-Selitto
paw pressure apparatus (UGO Basile SRL Biological
Research Apparatus, Italy) [37]. Motor incoordination was
evaluated by a Rota-Rod apparatus (25 rpm) [37]. Radiant
heat hyperalgesia of the left hind paw was assessed using
the radiant heat lamp source. Spinal thermal sensitivity
was determined by the tail immersion test, as described
previously [38].

Determination of motor and sensory nerve conduction
velocity

The recording of motor nerve conduction velocity
(MNCV) and sensory nerve conduction velocity (SNCV)
was measured according to a previously reported method
[38]. MNCV and SNCV were recorded by stimulating
the sciatic and tibial nerves by 200 ps square wave pulse
delivered through a pair of monopolar needle electrodes
(1.0-1.5 mA, 2.0 mV/D) using a stimulator (Weltronics,
Pune, India). Responses were recorded from the

plantar muscles utilizing a data acquisition system (AD
Instrument Pvt. Ltd., LabChart 7.3, Bella Vista, NSW,
Australia).

Biochemical estimations

All animals were sacrificed at the end of the study, that
is, 4th week, and the lesioned part of the spinal cord dor-
sal horn of each rat was immediately isolated and stored
at —80°C for biochemical and RT-PCR analysis. Another
lesioned portion of the spinal cord dorsal horn of three
rats from each group was isolated and fixed for histo-
pathological evaluation.

Determination of spinal cord TNF-a, IL-1, IL-6,

iNOs, COX-Il, BDNF, Bax, Bcl-2 and caspase-3 mRNA
expression by qRT-PCR

The mRNA expressions of TNF-a, interleukin-1 (IL.-1
beta), interleukin-6 (IL.-6), inducible nitric oxide syn-
thase (iNOS), COX-II, brain-derived neurotrophic factor
(BDNF), B-cell lymphoma 2 (Bcl-2), Bcl-2-associated
X protein (Bax) and caspase-3 were analyzed in spinal
cord tissue using qRT-PCR according to the method
described elsewhere [9]. The spinal cord samples were
treated with a DNase to completely remove gDNA.
Nucleic acid purity was assessed by measuring the Az(,o/
A, ratio by spectrophotometer with RNA ratio between
1.8 and 2.1. The reverse transcription was achieved using
RT Kit (MP Biomedicals India Private Limited), accord-
ing to the manufacturer’s instructions. All reactions took
place for 1h at 37°C in a final volume of 40 jl containing
1 pg total RNA in the presence of 20 units RNase inhib-
itor, 1 pg random hexamers, 4 pl 10x buffer R'T, 0.5 mM
dN'TPs and eight units reverse transcriptase. The qPCR
was carried out using SYBR Green I in 96-well plates each
with a total volume of 20 pl. Each well contained 5 pl
of a 100-fold dilution of cDNA, 10 pl of iQ Sybr Green
Supermix (2x qPCR mix contains dN'T'Ps, 50 U/ml i'Taq
DNA polymerase, 6 mM MgClZ, SYBR Green I, enhanc-
ers, stabilizers, 20 nM fluorescein), 2 pl of each primer
1-3 pM and 1 pl water. All Cq values for each gene were
rescaled to the lowest Cq value as an internal control,
converted these rescaled Cq logarithmically into linear,
relative quantities taking into account the gene-specific
amplification efficiency [relative quantity = (1 + effi-
ciency) A (quntcmal control _ Cqsampk)].

Western blot procedure

The antibodies for phospho nuclear factor kappa B
(p65-NF-xB ) (E379, ab207297), nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor-alpha
(p-IkBa ) (6A920, ab12134) and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH ) (EPR16891, ab181602)
were purchased from Abcam, Cambridge, Massachusetts,
USA. The protein expressions of p65-NF-xB and p-I«Ba
were estimated in spinal cord tissue according to the
method described elsewhere [39].
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Histopathological investigation

For the histopathological investigation of the spinal cord,
tissue (7 = 3 from each group) were fixed with buffered
10% formaldehyde solution, then embedded in paraffin
and horizontally sectioned at 5 pm. After deparaffin-
ization, samples were stained with hematoxylin and
eosin to verify the morphological assessment of tissue.
Photomicrographs of area containing the spinal cord
lesions were captured under a light microscope (Nikon
E200, Japan) at a magnification of 40x. The severity
of spinal cord damage, including neuronal degenera-
tion, necrosis and inflammatory infiltration, were scored
(0—4) according to the method reported elsewhere
(Toumpoulis, 2003 #69).

Statistical analysis

Data were expressed as mean + SEM. Data analysis
was performed using Graph Pad Prism (Graph Pad, San
Diego, California, USA). Data of behavioral tests were
statistically analyzed using two-way repeated analysis of
variance (ANOVA) followed by Bonferroni’s test, while
data of biochemical parameters were analyzed using one-
way ANOVA and Tukey’s multiple range test was applied
for post hoc analysis. A value of P < 0.05 was considered
to be statistically significant.

Results

Effect of fisetin on spinal cord injury-induced alteration
in body weight, food intake, water intake, urine volume
and urinary protein

There was no significant difference in body weight,
food intake, water intake, urine volume and urinary pro-
tein of normal and sham control rats. However, injury
to the spinal cord leads to marked (P < 0.05) decreased
in body weight, food intake and water intake, whereas
urine volume and urinary protein increased significantly
(P < 0.05) in SCI control rats as compared to normal and
sham control rats. Administration of methylprednisolone
significantly (P < 0.05) attenuated SCl-induced vari-
ations in body weight, food intake, water intake, urine
volume and urinary protein as compared to SCI control
rats. When compared with SCI control rats, fisetin (20 and
40 mg/kg) treatment also effectively (P < 0.05) inhibited
SCI-induced decreased body weight, food intake and
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water intake and increased urine volume and urinary
protein. However, methylprednisolone more effectively
(P < 0.05) ameliorated SCI-induced variations in body
weight, food intake, water intake, urine volume and uri-
nary protein as compared to fisetin treated rats (‘Table 1).

Effect of fisetin on spinal cord injury-induced alteration
in organs weight and sperm count

The testis, seminal vesicle, prostate gland, epididymis,
kidney weight and sperm count were marked (P < 0.05)
decreased whereas urinary bladder weight increased
prominently (P < 0.05) in SCI control rats as compared
to normal and sham control rats. However, the admin-
istration of methylprednisolone noticeably (P < 0.05)
attenuated SCI-induced modification in these organs'
weight and sperm count as compared to SCI control rats.
Treatment with fisetin (20 and 40 mg/kg) also effectively
(P < 0.05) augmented testis, seminal vesicle, prostate
gland, epididymis, kidney weight and sperm count and
decreased urinary bladder weight compared with SCI
control rats. Fisetin treatment showed less improvement
in SCl-induced variations in organ weight and sperm
count as compared to methylprednisolone treated rats.
When compared with normal rats, sham control rats did
not show any noticeable changes in organs weight and
sperm count (Supplementary File 1, Supplement digital
content 1, 4ztp://links.lww.com/WNR/AG14).

Effect of fisetin on spinal cord injury-induced alteration
in mechano-tactile and thermal allodynia as well as
hyperalgesia

SCI resulted in noticeable induction of mechano-tactile
and thermal allodynia as well as hyperalgesia reflected by
marked (P < 0.05) decreased in paw and tail withdrawal
latency and threshold in SCI control rats as compared to
normal and sham control rats. These paw and tail with-
drawal latency and threshold were augmented efficiently
(P <0.05) after the administration of methylprednisolone
when compared with SCI control rats. Treatment with
fisetin (20 and 40 mg/kg) prominently (P < 0.05) increased
paw and tail withdrawal latency and threshold when
compared with SCI control rats. Methylprednisolone
treatment showed more effective (P < 0.05) attenuation
of SCI-induced mechano-tactile and thermal allodynia

Table 1 Effect of fisetin on SCl-induced alteration in body weight, food intake, water intake, urine output and urine protein level

Treatment Normal Sham SCiI Control Methylprednisolone (30)  Fisetin (10) Fisetin (20) Fisetin (40)

Body weight (g) 22720 +2.37 230.20+0.95 169.00 + 1.93%¢ 219.20 + 1.85%% 176.80 £2.01 189.70 £ 0.92*% 21150 + 1.75*°

Food intake (g) 24.33+0.49 21.33+0.76 10.50+0.62%¢ 20.00 + 0.58*% 13.67 £ 0.92 16.50 + 0.67*® 17.83 + 0.79*®

Water intake (mL) 40.67 £1.75 37.67 £ 0.71 23.00 + 1.21%¢ 35.50 + 1.50*% 23.83+1.35 20.67 + 1.56*% 34.33 + 1.54*%

Volume of urine expressed in 1.17 £0.17 1.67 £ 0.21 517 £ 0.17%¢& 233+ 0.21%% 5.00 £ 0.26 3.33+0.21*% 2.67 +0.21*%
24 h (ml)

Urine protein (mg/ml) 1.66+0.18  2.38+0.16  6.97 £ 0.26"¢ 331+0.16*% 6.63 £ 0.20 487 +0.12*% 3.62+0.14*%

Data are expressed as mean = SEM (n = 6) and one-way ANOVA followed by Tukey's multiple range test.

ANOVA, analysis of variance; SCI, spinal cord injury.
#P < 0.05 as compared with sham group.

4P < 0.05 as compared with normal.

*p < 0.05 as compared with the SCI control group.
$P < 0.05 as compared with one another.
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as well as hyperalgesia when compared to fisetin treated
rats (Fig. 1).

Effect of fisetin on spinal cord injury-induced alteration
in Basso-Beattie-Bresnahan score and motor
coordination

There was no significant difference in BBB score and
motor coordination between normal and sham control
rats. However, SCI caused a marked (P < 0.05) decrease
in BBB score and fall off time in SCI control rats as com-
pared to normal and sham control rats. Administration
of methylprednisolone prominently (P < 0.05) improved
BBB score and motor coordination as compared to SCI
control rats. Fisetin (20 and 40 mg/kg) treatment aug-
mented BBB score and fall off time effectively (P < 0.05)
as compared to SCI control rats. However, SCI-induced
decreased in BBB score and fall off time was more
effectively (P < 0.05) attenuated by methylpredni-
solone treatment as compared to fisetin treated rats
(Fig. 2a, b).

Effect of fisetin on spinal cord injury-induced alteration
in nerve conduction velocities

The nerve conduction velocities (MNCV and SNCV) was
noticeably (P < 0.05) reduced in SCI control rats when as
compared with normal and sham control rats. However,
methylprednisolone treatment effectively increased
(P < 0.05) MNCV and SNCV when compared with SCI
control rats. As compared with SCI control rats, fisetin
(20 and 40 mg/kg) treatment also effectively (P < 0.05)
improved MNCV and SNCV. Methylprednisolone more
prominently (P < 0.05) increased MNCV and SNCV as
compared to fisetin treated rats. MNCV and SNCV did
not differ significantly in normal and sham control rats
(Fig. 2¢, d).

Effect of fisetin on spinal cord injury-induced alteration
in spinal TNF-q, IL-1f, IL-6, iNOs, COX-1l, BDNF, Bax,
Bcl-2 and caspase-3 mRNA expressions

The spinal mRNA expressions of TNF-a, I1L.-1p, 1L.-6,
iNOs, COX-II, Bax and caspase-3 were markedly
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upregulated (P < 0.05) in SCI control rats as compared to
normal and sham control rats. Whereas spinal BDNF and
Bcl-2 mRNA expressions were marked (P < 0.05) down-
regulated (P < 0.05) in SCI control rats when compared
to normal and sham control rats. Methylprednisolone
significantly (P < 0.05) restored SCI-induced variations
in spinal TNF-a, IL-1p, IL-6, iNOs, COX-II, BDNE,
Bax, Bcl-2 and caspase-3 mRNA expressions as com-
pared to SCI control rats. When compared with SCI
control rats, fisetin (20 and 40 mg/kg) administration
efficiently (P < 0.05) downregulated spinal TNF-q,
IL-1B, 1L-6, iNOs, COX-II, Bax and caspase-3 mRNA
expressions whereas markedly (P < 0.05) upregulated
spinal BDNF and Bcl-2 mRNA expressions. Attenuation
of SCI-induced modification of spinal TNF-a, IL-14,
IL-6, iNOs, COX-II, BDNEF, Bax, Bcl-2 and caspase-3
mRNA expressions were more noticeably (P < 0.05) in
methylprednisolone as compared to fisetin treated rats
(Table 2).

Effect of fisetin on spinal cord injury-induced alteration
in spinal NF-kB and IkBa protein expressions

There was no significant difference in spinal NF-kB and
IkBa protein expressions within normal and sham con-
trol rats. However, SCI induction resulted in a noticeable
(P < 0.05) increased in spinal NF-kB and IkBo protein
expressions in SCI control rats as compared to normal and
sham control rats. This augmentation in spinal NF-kB
and IkBa protein expressions was prominently (P < 0.05)
decreased by methylprednisolone treatment as com-
pared to SCI control rats. Fisetin (20 and 40 mg/kg) treat-
ment also efficiently (P < 0.05) attenuated SCI-induced
increased spinal NF-kB and IkBa protein expressions
when compared with SCI control rats (Fig. 3).

Effect of fisetin on spinal cord injury-induced alteration
in spinal cord histology:

Fig. 4a, b showed normal architecture of the spinal
cord from normal and sham control rats without any
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Table 2 Effect of fisetin on SCI- induced alteration in mRNA expressions of TNF-a, IL-1f3, IL-6, iNOs, COX-Il, BDNF, Bax, Bcl-2 and

caspase-3 in the spinal cord of a rat

Parameter Normal Sham SCl control Methylprednisolone (30) Fisetin (10) Fisetin (20) Fisetin (40)

TNF-a/B-actin ratio 0.16+0.03 0.33+0.03 1.46 + 0.02%¢ 0.38 + 0.06*° 1.37 £0.03 0.93 + 0.02*-% 0.69 + 0.05*%
IL-1p/p-actin ratio 0.51 £0.07 0.76 £ 0.08 2.16 + 0.04%4 0.78 + 0.06*% 2.09 £0.08 1,56 + 0.08*% 1.02 + 0.07*%
IL-6/B-actin ratio 0.67+0.04  0.80+0.03 1.49 + 0.05*& 0.86 + 0.06** 1.37 £0.02 1.02+0.05*°  0.92+0.04*
iNOs/f-actin ratio 0.44 + 0.05 0.73 £0.09 2.07 +0.07%¢ 0.78 + 0.06*% 1.92+0.08 1.39 + 0.07*% 0.94 + 0.02*%
COX-ll/B-actin ratio 0.16+0.03 0.28 +£0.02 1.06 + 0.03%¢ 0.52 + 0.05*% 0.96 + 0.04 0.75 + 0.05*% 0.54 + 0.02*%
BDNF/B-actin ratio 1.03 £ 0.09 1.03 £ 0.02 0.28 + 0.04*& 0.98 + 0.06*® 0.44 +0.06 0.71 + 0.05*% 0.91 + 0.06*%
Bax/B-actin ratio 0.39 £ 0.06 0.45 +0.05 1.47 +0.07%4 0.61 + 0.06*% 1.35+0.05 1.11 £ 0.07*% 0.80 + 0.05*%
Bcl-2/B-actin ratio 3.41 £ 0.07 3.08 £ 0.04 0.87 +0.09%4 2.94 +0.10% 1.36 £0.13 1.87 £ 0.16*% 2.79 + 0.08*%
Caspase-3/f-actin ratio 0.36 £ 0.03 0.41 £0.08 1.21 +0.02%% 0.60 + 0.06** 1.06 £ 0.04 0.92 + 0.05*% 0.60 £ 0.03**

Data are expressed as mean £ SEM (n = 4) and one-way ANOVA followed by Tukey’s multiple range test.
ANOVA, analysis of variance; COX-ll, cyclooxygenase-ll; Bax, Bcl-2-associated X; Bcl-2, B-cell ymphoma 2; BDNF, brain-derived neurotrophic factor; iNOS, inducible
nitric oxide synthase; IL-1f3, interleukin-1 beta; IL-6, interleukin-6; SCI, spinal cord injury; TNF-a, tumor necrosis factor-alpha.

#P < 0.05 as compared with sham group.

4P < 0.05 as compared with normal.

*P < 0.05 as compared with the SCI control group.
$pP < 0.05 as compared with one another.

(a) (b)
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Effect of fisetin on SCl-induced alterations in NF-xB (a) and IxBa (b) protein expressions. Data are expressed as mean £ SEM (n = 6) and ana-
‘Ié/zed by two-way ANOVA followed by Bonferroni's test. *P < 0.05 as compared to SCI control group, ¥P < 0.05 as compared with sham group,
P < 0.05 as compared with normal and *p < 0.05 as compared with one another. ANOVA, analysis of variance; IxBa, nuclear factor of kappa

light polypeptide gene enhancer in B-cells inhibitor-alpha; NF-«xB, nuclear factor kappa B; SCI, spinal cord injury.

necrosis and inflammatory release. Injury to the spinal
cord induced marked (P < 0.05) neuronal degeneration,
necrosis and inflammatory infiltration in SCI control rats
(Fig. 4¢) as compared to normal and sham control rats.
However, methylprednisolone treatment significantly
(P < 0.05) attenuated SCI-induced modification in the
spinal cord (Fig. 4d) as compared to SCI control rats.
Fisetin (20 and 40 mg/kg) treatment also effectively
(P < 0.05) lessened SCI-induced neuronal degeneration,
necrosis and inflammatory infiltration (Fig. 4e, f) when
compared with SCI control rats (Fig. 4g).

Discussion

Spinal cord injury is neurological deficits with debil-
itating pathology that induce a significant burden on a
family of patients with SCI. Evidence-based on exper-
imental studies suggests that SCI characterized by the
presence of biphasic event which initiated with primary
injury through a series of cascade events followed by sec-
ondary damage to the neuronal tissue [5,8]. In the lack
of effective pharmacotherapy for the management of
SCI, the administration of methylprednisolone provide
symptomatic relief from neuropathic pain to some extent
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[40]; however, its high dose causes severe adverse events.
Thus, the development of a safe and effective treatment
remains an unmet need. Research indicated that ther-
apeutic moieties from herbal origin provide some ray
of hope and plant flavonoids, such as fisetin, nowadays
gaining significant attention towards the management of
neurological disorders [14,22,24,33]. In the present inves-
tigation, we have evaluated the potential of fisetin against
experimental model of SCI induced by clip compression
model. Findings of present study suggest that fisetin
exerts its neuroprotective effect orchestrated via modu-
lation of the NF-xB/IxBa pathway, which further inhib-
ited the release of inflammatory mediators (iNOs and
COX-II), proinflammatory cytokines (TNF-a and ILs),
apoptotic mediators (Bax and caspase-3) and clevates
the levels of neurotrophic factors (BDNF) to attenuate
painful allodynia and hyperalgesia during SCI (Graphical
Abstract, Supplement digital content 2, Azp://links.lww.
com/WNR/JAG5).

Researchers have well established the relation between
inflammatory release and various degenerative disorders,
including SCI [33,39]. A primary mechanical injury to
the spinal cord results in inflammatory influx, includ-
ing macrophage adhesion and neutrophil accumulation,
which triggers the secondary injury mechanism and thus
causes the destruction of spinal cords. Thus, inflamma-
tion plays a central dogma role in the induction and main-
tenance of SCI [21,39]. The rapid upregulation in the
T'NF-a expression in the spinal cord immediately after
traumatic SCI has been well reported previously [8,41].
"This enhanced spinal TNF-a expression further induces
the formation of edema, endothelial deterioration and

Fig. 4
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necrosis of the spinal cord [9]. Furthermore, IL.-13 has
been suggested to stimulate the transcription of inflam-
mation enzymes, including COX-2 after spinal cord
injury [39]. Researchers have reported the improve-
ment of locomotor function and reduction of apoptosis
after the administration of IL-1f receptor antagonist
[42]. Additionally, previous reports suggest that the I11.-6
expression sharply upregulated at the early stages of SCI,
thus serves as an important factor for the induction of
astrocytes differentiation of neural stem cells into astro-
cytes [41]. Therefore, the effort has been attempted by
a number of researchers to develop therapeutic moieties
with inhibitory potential against these proinflammatory
cytokines (T'NF-a and ILs) [39,42]. In the present inves-
tigation also the expression of TNF-a, IL-1§3 and IL.-6
was markedly elevated in the spinal cord after SCI, which
was diminished by administration of fisetin by virtue of
its anti-inflammatory potential. A recent report by Zhao
et al. [15] suggested that fisetin exerts its beneficial effect
via inhibition of release of proinflammatory cytokines via
inhibition of NF-kB signaling pathways.

BDNEF is a neurotrophic factor from a family of nerve
growth factor, and earlier reports well documented its
potent role in nerve regeneration [43]. BDNF contributes
to the growth and survival of sensory and motor neurons
in the spinal cord, which contributed to the improve-
ment of the functional locomotor activity after injury [43].
Furthermore, a recent report suggested that normalization
of BDNF expression is also associated with amelioration
of tactile allodynia and motor dysfunction during SCI [39].
Additionally, its importance in the modulation of apopto-
sis and inflammation in the various biological processes

Treatment

Histological score
== Neuronal degeneration =3 Necrosis
wm inflammatory cell infiltration == % Area of lesion volume

Effect of fisetin on SCl-induced alteration in spinal cord histology Spinal cord microscopic image of normal rat (a), sham control rat (b), SCI
control rat (c), methylprednisolone (30 mg/kg) treated rat (d), fisetin (20 mg/kg) treated rat (e) and fisetin (40 mg/kg) treated rat (f). Spinal cord
sections stained with H&E. Images at 40x are typical and representative of each study group. Data are expressed as mean + SEM (n = 3), and
one-way ANOVA followed by the Kruskal-Wallis test was applied for post hoc analysis. *P < 0.05 as compared to SCI control group, *P < 0.05
as compared with sham group, 4P < 0.05 as compared with normal and *P < 0.05 as compared with one another. ANOVA, analysis of variance;

H&E, hematoxylin and eosin; SCI, spinal cord injury.
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has been reported during the experimental study [39,44].
In the present investigation, SCI control rats showed
reduced BDNF expression in the spinal cord, followed
by altered allodynia and motor dysfunction depicting its
important role in neuronal deficit. However, the admin-
istration of fisetin significantly increased BDNF expres-
sion in the spinal cord, which in turn improves allodynia
response. A study by Wang ¢z a/. [45] demonstrated that
fisetin augmented BDNF/TtkB signaling to improve
motor coordination, and the findings of the present study
are in accordance with this researcher.

Primary traumatic injury by compression or contusion
results in secondary injury, which ended in cellular apop-
tosis [42]. During the apoptosis process, genes from Bcl-2
family members, that is, Bax and Bcl-2, play a critical role
in the regulation of mitochondrial apoptosis [46,47]. Bax
is widely recognized as an apoptotic gene, whereas Bcl-2
as an antiapoptotic gene; thus, a balance between then
considered as a determinative factor for cellular apopto-
sis [48]. Additionally, caspase-3 has been suggested as an
important downstream protease during the apoptosis pro-
cess in various neurodegenerative disorders and injuries
[42]. Clinically also apoptosis has been suggested as an
important target and strategy for the management of SCI
[2]. In the present study, clip compression of the spinal
cord resulted in upregulated Bax and caspase-3 mRNA
expression depicting the induction of apoptosis after
SCI. Nevertheless, fisetin treatment balances antiapop-
totic and proapoptotic gene expressions, thus ameliorates
neuronal insult induced in the spinal cord. Previously
also fisetin exerts its neuroprotective effect via antiapop-
totic potential, and the findings of the present study are
in line with this investigation [14].

Evidence reported that spinal cord injury is associated
with several secondary events, including urinary blad-
der, renal and sexual dysfunction [1,3]. Alternation in
the urinary function is the most common and serious
consequence of SCI, which significantly affects the qual-
ity of life of the patient [3,21]. Elevated protein levels
in the urine and increased urinary excretion during SCI
suggest alterations in the functional status of the kid-
ney [3]. Additionally, reduced sperm counts and testis
weight are hallmarks of abnormal semen parameters and
spermatogenesis, which suggested male infertility [9].
In the present study, injury to the spinal cord is associ-
ated with a reduction in the urinary bladder, renal and
sexual function, which is in line with the finding of the
previous study [9]. However, the administration of fisetin
increases sperm count with improvement in the urinary
and bladder outcomes suggesting its possible role in the
improvement of their functions.

Currently, methylprednisolone has been implemented
clinically for the management of acute SCI, which acts
via multiple mechanisms, including anti-inflammatory,

antioxidant, and antiapoptotic pathways [6]. A study doc-
umented that high-dose methylprednisolone was imple-
mented during the treatment of acute SCI clinically;
however, it is associated with severe side effects [40]. A
randomized, placebo-controlled clinical study involving
the herbal preparation containing a number of herbal
moicties, including ginsenoside, ursolic acid, ferulic
acid, glycyrrhizic acid, provides a promising effect in the
improvement of neurological function in SCI patients
without any severe side effect [49]. Fisetin, a plant fla-
vonoid, also initiated a clinical trial against the alleviation
of frailty and inflammation with a dose of 20 mg/kg [50].
Thus, fisetin can be considered as a potential moiety for
further clinical evaluation in the management of spinal
cord injury.

Conclusion

Fisetin attenuated painful allodynia and hyperalgesia
during experimental spinal cord injury, thus exerts its
neuroprotective potential via modulation of the NF-kB/
IkBa pathway to inhibit release of inflammatory medi-
ators (iINOs and COX-II), proinflammatory cytokines
(I'NF-a and ILs) and apoptotic mediators (Bax and
caspase-3).
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