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Background: Spinal cord injury (SCI) is one of the most debilitating disorders
throughout the world, causing persistent sensory-motor dysfunction, with no effec-
tive treatment. Oxidative stress and inflammatory responses play key roles in the
secondary phase of SCI. Naringenin (NAR) is a natural flavonoid with known anti-
inflammatory and antioxidative properties. This study aims at evaluating the effects
of intrathecal NAR administration on sensory-motor disability after SCI.

Methods: Animals underwent a severe compression injury using an aneurysm
clip. About 30 minutes after surgery, NAR was injected intrathecally at the doses
of 5, 10, and 15 mM in 20 pL volumes. For the assessment of neuropathic pain
and locomotor function, acetone drop, hot plate, inclined plane, and Basso, Beat-
tie, Bresnahan tests were carried out weekly till day 28 post-SCI. Effects of NAR on
matrix metalloproteinase (MMP)-2 and MMP-9 activity was appraised by gelatin
zymography. Also, histopathological analyses and serum levels of glutathione (GSH),
catalase and nitrite were measured in different groups.

Results: NAR reduced neuropathic pain, improved locomotor function, and also at-
tenuated SCl-induced weight loss weekly till day 28 post-SCI. Zymography analysis
showed that NAR suppressed MMP-9 activity, whereas it increased that of MMP-2,
indicating its anti-neuroinflammatory effects. Also, intrathecal NAR modified oxida-
tive stress related markers GSH, catalase, and nitrite levels. Besides, the neuropro-
tective effect of NAR was corroborated through increased survival of sensory and
motor neurons after SCI.

Conclusions: These results suggest intrathecal NAR as a promising candidate for
medical therapeutics for SCl-induced sensory and motor dysfunction.

Key Words: Anti-Inflammatory Agents; Catalase; Glutathione; Inflammation; Ma-
trix Metalloproteinase; Motor Disorders; Naringenin; Neuralgia; Nitrites; Oxidative
Stress; Pain; Spinal Cord Injuries.
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INTRODUCTION

Spinal cord injury (SCI), as an enfeebling central ner-
vous system disorder affecting around 2.5 million people
throughout the globe, results from trauma, degeneration,
and diseases. It impairs main sensory-motor, autonomic,
and reflex functions, and thus significantly affects life ex-
pectancy and quality as well as health expenses [1]. Up to
around 60% of patients with SCI experience neuropathic
pain which is secondary to the nervous system lesion.
Neuropathic pain is regarded as a substantial detriment to
the life quality of SCI patients [2].

Two phases ensue from SCI, the first being related to
direct cell death as a result of traumatic injury that affects
the local cells and the secondary phase originating from
cellular and molecular events such as inflammation which
exacerbates the injuries caused by the primary damage
[3]. This secondary phase is characterized by increased
blood-brain/spinal cord barrier permeability, apoptosis of
neuronal and glial cells, neurotransmitter accumulation,
and mitochondrial dysfunction which give rise to oxida-
tive stress and neuroinflammation [4,5]. This phase can
last for months and even years and lead to sensory-motor
dysfunction. Although the accurate mechanisms perti-
nent to secondary injury have not been fully elucidated,
oxidative stress and inflammation are considered to be
key underlying mechanisms accounting for debilitating
post-SCI complications [6,7]. Current therapeutic strate-
gies to reduce pain and improve motor function include
palliative approaches and surgical decompression which
are associated with low efficacy in most SCI patients [8,9].
In spite of recent advances, there is still no effective and
definite therapy to improve sensory-motor function and
ameliorate other SCI complications. Therefore, finding
novel therapeutics for these patients is of high importance.

Naringenin (NAR, 4’,5,7-trihydroxyflavanone) is a flavo-
noid abundantly found in grapefruit and other citrus fruits
[10]. This compound is widely consumed by humans and
is, because of its good bioavailability, easily detected in the
serum following intake [11]. Along with its anti-inflamma-
tory and antioxidant features and low toxicity, NAR pos-
sesses the potential to be employed as a therapeutic agent
[12]. Previous studies have pointed to the analgesic and
neuroprotective properties of NAR in neuropathic pain
models and neurodegenerative disorders. NAR has shown
therapeutic potential in multiple models of inflammatory
pain [13-17]. It has been shown that NAR attenuates the
pain-like behavior caused by inflammatory stimuli as ace-
tic acid, carrageenan, complete Freund’s adjuvant, forma-
lin, and phenyl-p-benzoquinone [12]. NAR can attenuate
mechanical allodynia and thermal hyperalgesia as well as
inhibit glial cell activation and the expression of inflam-
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matory mediators [13].

The present study aimed at exploring the impacts of
NAR on the modulation of sensory-motor dysfunctions
and histopathological changes in relation to its antioxi-
dant and anti-inflammatory capabilities.

MATERIALS AND METHODS
1. Animals

Totally, 35 male Wistar rats (weight: 230-270 g) were ob-
tained from Kermanshah University of Medical Sciences
(KUMS) and fed ad libitum from seven days prior to the
experiments. They were maintained at room temperature
(22°C + 2°C) and under standard conditions including 12
h/12 h light/dark cycles and a relative humidity of 60%.
This study was accomplished as per the National Institutes
of Health Guidelines on the care and use of laboratory ani-
mals confirmed by KUMS (IR.KUMS.REC.1399.381). We
tried to utilize the minimum number of rats in the study
and all surgeries were performed under aseptic condi-
tions.

2. Experimental groups

The animals were divided randomly into five groups with
each group consisting of seven rats. The first group (Sham)
underwent laminectomy without compression injury.
The second group (SCI) consisted of animals undergoing
laminectomy and compression injury followed by treat-
ment with 5% dimethylsulfoxide (DMSO), as a vehicle. The
remaining three groups were NAR-treated groups (NAR),
which received intrathecal injections of NAR at the doses
of 5, 10, 15 mM, just 30 minutes post-injury. Behavioral
tests were carried out before surgery (day 0) and on days
7, 14, 21, and 28 after surgery. Animals were anesthetized
on day 28 using an intraperitoneal (i.p.) injection of a ket-
amine/xylazine mixture (100/20 mg/kg), and blood sam-
ples were taken for assessment of matrix metalloprotein-
ase (MMP)-2 and MMP-9 activity and also measurement
of glutathione (GSH), catalase, and nitrite levels. Finally,
spinal cord sections were obtained for histopathological
evaluations.

3.SCI

All rats were deeply anesthetized by i.p. injection of ket-
amine/xylazine (60/10 mg/kg). Then, surgical sites were
shaved and disinfected using 70% ethanol. By means of a
micro rongeur (Fine Science Tools, Foster City, CA), lami-
nectomy was performed at the T8-T9 level. The injury to
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the T8-T9 region of the spinal cord is the most commonly
injured site during human accidents. Therefore, we made
an in vivo model of SCI in rats through T8-T9 compression
[2,3,18]. Accordingly, an aneurysm clip (Aesculap, Tuttlin-
gen, Germany) was closed (closing force 90 g) for 1 minute
around the spinal cord, rendering all rats paraplegic, a
complete paralysis of the lower half of the body with in-
volvement of both legs. During such compression SCI both
sides of the spinal cord was simultaneously compressed.
This produces paralysis with sensory functions in rats;
something like Grade B of the American Spinal Cord Inju-
ry Association (ASIA) Impairment Scale in human (sensory
function, but not motor function). Following sham or SCI
surgery, skin and muscles were sutured, and animals were
allowed to recover. To rehydrate and avoid the infection
of the urinary tract, rats were given saline (2 mL, twice a
day, subcutaneous) and cefazoline (40 mg/kg, twice on
the surgery day, i.p.), respectively. Twice a day, the urinary
bladder of the animals was manually evacuated until the
recovery of the bladder-emptying reflex.

4. Intrathecal NAR injection

For intrathecal NAR injection, we followed the method of
Mestre et al. [19] with some changes. NAR (Sigma-Aldrich,
St. Louis, MO) was dissolved in DMSO (5%, as vehicle) to
final concentrations of 5, 10, 15 mM. Just 30 minutes after
SCI surgery on the anesthetized animals, NAR or the ve-
hicle were intrathecally injected in 20 pL volumes using a
25 uL Hamilton microsyringe at the L5-L6 spine level over
10 seconds. The needle was kept for a few more seconds to
prevent the outflow of NAR or vehicle. The correct site of
injection was corroborated by the tail reflex.

5. Behavioral assessments

1) Acetone drop test for cold allodynia

The animals were located in acrylic cages over a wire mesh
grid in order to have access to the paws. After acclimatiza-
tion for 45 minutes, 100 pL of acetone was applied, from a
2 cm distance, to test the cold stimulation reaction of the
hind paw. In the case of hind paw withdrawal, a response
was recorded. The responses scores were 0, 1, 2, 3, 4, and 5
which correspond respectively to: 0) no reaction, 1) a star-
tled response (with no paw withdrawal), 2) brief paw with-
drawal, 3) prolonged paw withdrawal (for 5-30 seconds), 4)
repetitive and prolonged withdrawal (for 30 seconds), and
5) flinching/licking [20]. Cold allodynia was tested by an
observer in a blinded manner.
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2) Hot plate test for heat hyperalgesia

To assess heat hyperalgesia, the hind paw of rat was ther-
mally stimulated [21,22]. Rats were accustomed to the
room for 1 hour followed by testing for baseline latency to
paw licking or jumping. Analgesia was evaluated by a hot
plate apparatus (45°C-52°C, Harvard Apparatus, Holliston,
MA) [2]. Animals were placed on an analgesia meter and
the latency to the start of pain-related behaviors, such as
paw licking, was recorded. The mean time obtained from
three repeats of the experiment (5 minutes intervals) was
considered as the animal’s withdrawal latency. To prevent
tissue injury, a 60 seconds cut-off was used.

3) Basso, Beattie, and Bresnahan test for motor activity

To determine the motor behavior, we conducted the Basso,
Beattie, and Bresnahan (BBB) scale method of locomotor
assessment [21]. Briefly, animals’ movements were ap-
praised in a 90 cm” box with surrounding walls of 10 cm
for 5 minutes. The BBB test scores ranged from 0 (for full
paralysis of the hind limbs) to 21 (for normal walking), us-
ing the 21-point BBB scale with all operational definitions
applied as previously described [23]. Each score represents
a specific set of characteristics shown by rats during loco-
motion. The average scores related to both right and left
hind paws, which were used to acquire the average.

4) Inclined plane test for motor activity

The motor efficiency of animals was measured by means
of a wood plane with 60 cm x 40 cm dimensions capable
of inclining at the angle range of 0° (horizontal) to 70°
[24]. Two blinded observers analyzed the biggest angle
on which animals could stay for 5 seconds and the mean
angles at the same time points were determined.

6. Gelatin zymography

Gelatin zymography was employed to assess MMP-2 and
MMP-9 gelatinolytic activity. Sodium dodecyl sulfate-
polyacrylamide gels were copolymerized with 0.1% gela-
tin. Then, serum samples (equivalent to total protein
content of 100 pg as quantified by Bradford assay) were
loaded and electrophoresis at a fixed voltage of 150 V was
carried out using mini-gel slab device Mini Protean III
(Bio-Rad, Hercules, CA). The gel underwent washing in re-
naturation buffer containing 2.5% Triton X-100 (in 50 mM
Tris-HCI) on a shaker for 1 hour. Thereafter, the gel was
incubated at 37°C in incubation buffer comprising of 10
mM CaCl,, 0.02% NaN,, and 0.15 NaCl in Tris-HCI (50 mM)
for 18 hours. The gel was stained in Coomassie blue fol-
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lowed by destaining in acetic acid (5%) and methanol (7%).
Clear bands representing gelatinolytic activity appeared
on the gel. Image] software (National Institutes of Health,
Bethesda, MD) was used to relatively quantify the intensi-
ties of the bands.

7. Nitrite assay

Nitrite levels were measured in serum samples by Griess
assay which determines the concentration of nitrite, as
an inducible nitric oxide (iNOS) byproduct. Therefore,
the assay is indirectly indicative of the nitrite level. Griess
reagents involving sulfanilamide (dissolved in 5% H,PO,)
and naphthyl ethylene diamine dihydrochloride (NEDD;
0.1% in distilled water) solutions were prepared. Con-
cisely, 100 pL of serum sample was mixed with 50 pL of
sulfonamide solution in a 96-well plate and incubated in
the dark for 5 minutes. Then, NEDD solution (50 uL) was
added. The plate was once more incubated in the dark for
5 minutes. Optical density (OD) was read at 540 nm. Con-
currently, different concentrations of sodium nitrite were
used to plot a standard curve.

8. GSH/catalase assay

The changes in the levels of GSH and catalase were mea-
sures to assess the antioxidant levels. This assay is based
on the reduction of GSH (as the reduced form) with 5,
5’-dithio-bis (2-nitrobenzoic acid) (DTNB), known as Ell-
man'’s reagent. This reaction generates oxidized glutathi-
one-TNB adduct (GS-TNB) and the TNB chromophore,
whose maximal absorbance is at 412 nm. TNB formation
rate is proportional to GSH concentration of the sample
[25]. Briefly, phosphate buffered saline (PBS, 50 pL) and
serum samples (40 pL) were mixed in the wells of a 96-well
plate. Thereafter, 100 pL. DTNB was added and the plate
was incubated for 10 minutes at 37°C. Finally, OD of each
well was measured at 412 nm by a plate reader.

Consequently, the method of Aebi [26] was used for cata-
lase activity measurement. First, 20 pL of serum samples
were added into 96-well plate wells. Then, 100 pL of hy-
drogen peroxide (H,0,, 65 mM) was added followed by in-
cubation at 25°C for 4 minutes. The reaction was ended by
adding 100 pL ammonium molybdate (32.4 mM). Finally,
ODs were measured at 405 nm using a plate reader. The
difference of ODs (in %) between treatment groups and the
control group was reported in both the GSH and catalase
assay, using the following formula:

Concentration difference (%) =
{(Cotam - Csample)/ Cynam} % 100

In the above formula, sample is SCI or NAR.
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9. Histological analysis

Animals underwent deep anesthesia using i.p. adminis-
tration of xylazine (20 mg/kg) and ketamine (100 mg/kg)
and were then euthanized. Then, 200 mL of PBS (0.1 M)
followed by 200 mL of paraformaldehyde (4%) in 0.1 M PBS
(pH 7.4) were transcardially infused. Spinal cord tissues,
on the order of about 1.5 cm, were removed and processed
in a tissue processor followed by embedding in paraffin.
Afterwards, serial sections of SCI lesion underwent H & E
staining [27], and dehydration with alcohol and xylene was
carried out. For visualization, the light microscope (Nikon
E600; Nikon, Tokyo, Japan) with an optical camera at 40x
magnifications was used. To quantify the mean number
of sensory neurons of the dorsal and ventral horns, Image]J
software (National Institutes of Health) was utilized. The
neural morphology and the shape of the nucleus were
used to determine the survival or damage to the neurons.
The mean numbers of surviving neurons were counted on
the gray matter of the dorsal horns. Repeated measures
one-way analysis of variance (ANOVA) followed by Tukey
post-hoc tests were used for data analysis.

10. Measurement of weight change

The animals were weighed at weekly intervals from the
onset of the study. Animal weight changes in each group
were calculated by the formula that follows:

Weight difference = weight of animal on days after the
surgery - weight of the animal before the surgery.

11. Statistical analysis

Data are expressed as mean * standard error of the mean,
by GraphPad Prism software (version 8.4.3; GraphPad
Software, San Diego, CA), using repeated measures one-
way and two-way ANOVA together with Tukey’s and Bon-
ferroni post-hoc analysis. P < 0.05 was considered to be a
difference of statistically significance.

RESULTS
1. Sensory outcomes

1) Acetone drop test

The results showed that the paw withdrawal reflex in
response to cold stimulus (acetone) in all animals of the
sham group was identical and these rats were unrespon-
sive. The animals of the SCI group developed a drastic
cold hypersensitivity at all evaluated days post-injury
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Fig. 1. Effects of naringenin (NAR) on heat hyperalgesia and cold allodynia following compression spinal cord injury (SCl) in Wistar rats using (A) acetone
drop, and (B) hot plate tests. The data are reported as mean * standard error of the mean (n = 7). Repeated measures two-way analysis of variance fol-

lowed by Bonferroni post-hoc tests were used for data analysis. ***P < 0.001 vs. sham group. ‘P < 0.05, ""P < 0.01, and

Laas

P < 0.001, respectively in the

comparisons between NAR groups with the SCI group. *P < 0.05 vs. NAR 15 mM.

compared to the sham group as indicated by the mean
acetone test score [interaction: F (16, 150) = 7.001, P < 0.001,
times: F (4, 150) = 89.16, P < 0.001, groups: F (4, 150) = 90.60,
P < 0.001]. Treatment with NAR could improve animals’
responses to cold stimulation in comparison to the SCI
group and the best result was acquired following treat-
ment with 15 mM NAR (Fig. 1A).

2) Hot plate test

According to the obtained data (Fig. 1B), paw licking laten-
cy (indicative of pain threshold) in the sham group did not
decrease and remained unchanged from day one to day 28
post-surgery. In addition, SCI resulted in significantly re-
duced paw licking latency (P < 0.001) from day 7 to 28 com-
pared to the sham group. The treatment group receiving
15 mM NAR showed increased paw licking latency from
day 7 to 28 in comparison to the SCI group [interaction: F
(16, 150) = 9.333, P < 0.001, times: F (4, 150) = 107.7, P < 0.001,
groups: F (4, 150) = 103.7, P < 0.001] indicating that NAR
could attenuate SCI-induced thermal hyperalgesia.

2. Motor outcome

1) BBB test

BBB score variation was observed for the sham group
during the 28-day follow up of the animals (score: 21 at
all time intervals) indicating no motor dysfunction after
laminectomy. For the SCI and NAR-treated groups, we
observed a BBB score of about 0 (complete paralysis) on
the first day post-surgery which was significantly different
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from the sham group (P < 0.001). In the treatment groups,
BBB score showed an increasing trend over time so that
the 15 mM NAR-receiving group had the highest differ-
ence compared to the SCI group (Fig. 2A) group [interac-
tion: F (20, 180) = 16.05, P < 0.001, times: F (5, 180) = 227, P <
0.001, groups: F (4, 180) = 226, P < 0.001].

2) Inclined plane test

Based on the results, sham group rats maintained a nor-
mal angle of stay on the inclined-planed device (55°) at the
evaluated time intervals post-laminectomy which indi-
cates no locomotor impairment after the surgery. Animals
of the SCI group exhibited a decrease in the mean angle of
stay on the device which was significantly different form
that of the sham group at all-time intervals (P < 0.001).
However, treatment with NAR considerably improved the
locomotor recovery of rats from day 7 post-SCI in com-
parison to the SCI group (Fig. 2B) [interaction: F (16, 150) =
8.406, P < 0.001, times: F (4, 150) = 121.8, P < 0.001, groups:
F (4, 150) = 85.50, P < 0.001].

3. Gelatin zymography

The results of evaluating MMP gelatinase activity in dif-
ferent groups demonstrated that MMP-2 activity was sig-
nificantly decreased in the SCI group in comparison to the
sham group (P = 0.006). In addition, the NAR-treated group
(15 mM) showed a significantly higher MMP-2 in com-
parison to the SCI group (P = 0.027). Also, the comparison
of MMP-2 activity among NAR-receiving groups revealed
a statistically significant difference between the 15 mM

Korean J Pain 2022;35(3):291-302



296 Fakhri, et al
A -E1- Sham B -E¥- Sham
-©- SCI -O- SCl
NAR 5 mM NAR 5 mM
o5 - -57- NAR 10 mM 60 - /= NAR 10 mM
<> NAR 15 mM _ <> NAR 15 mM
()]
I S o e o e e L 1 S 55 R
= 20 \“ — P Q\;‘"-"-"-"-EF"—"—"—"—"‘E—"-"-""’-"B‘ 5
X \ o g 501 % ++ R
S 151 k Fi 4+ 2 X
e : S o .Y
g A et /g“ = © 45 N b o=
@ 10 - % e o E s g@
% R\\ ,"A? - —"'@—.—/‘ Tk o 40 .\-\V\A'\'. .-""‘,.;”‘?” ~"/"*** -
m ‘I{\ _,.@,,/ P I *hx o \'\@‘;"/ _-7
5 W N - Qo ) 9
X ‘_""y’,—Q'/ o 8) 35 1 \'T’v—-""’ *kKk
kK %/ - el < ***@
0 T T T T T T 1 30 T T T T T 1
DO D1 D7 D14 D21 D28 DO D7 D14 D21 D28

Days after surgery

Days after surgery

Fig. 2. Effects of naringenin (NAR) on improving motor dysfunction following compression spinal cord injury (SCI) in rats as assessed by (A) Basso, Beat-
tie, Bresnahan (BBB), and (B) inclined plane test. The data are reported as mean * standard error of the mean (n = 7). Repeated measures two-way
analysis of variance followed by Bonferroni post-hoc tests were used for data analysis. ***P < 0.001 vs. sham group. ‘P < 0.05, P < 0.01, and *"'P <
0.001, respectively in the comparisons between NAR groups with the SCI group. *P < 0.05 vs. NAR 15 mM.
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NAR-treated group and the 5 mM NAR-treated group [F (4,
10) = 9.035, P = 0.002]. These findings are illustrated in Fig.
3. Regarding MMP-9, the SCI group showed a significantly
increased MMP-9 activity relative to the sham group rats
(P < 0.001). Besides, NAR (10 and 15 mM) could decrease
MMP-9 gelatinase activity significantly (P = 0.002 and P <
0.001, respectively) in comparison to the SCI group. Also,
the group receiving 15 mM NAR showed a statistically sig-
nificant difference with the groups treated with 5 mM (P =
0.014) NAR, as depicted in Fig. 3 [F (4, 10) = 32.14, P < 0.001].
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4. Oxidative stress analysis

1) GSH/catalase assay

GSH assay results are shown in Fig. 4A. Comparison of
GSH levels between SCI and NAR-treated groups eluci-
dated the capability of NAR in modulating the levels of this
antioxidant so that the GSH level was significantly higher
in the group of animals receiving 15 mM NAR compared

to the SCI group [F (4, 10) = 30.06, P < 0.001].

Serum catalase activity in the SCI and different treat-
ment groups were measured, and the results are presented
in Fig. 4B. Statistically significant differences were found
between the treatment groups and the SCI group that re-
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mained untreated. It was found that treatment with NAR
increased catalase levels in comparison to the SCI group.
The highest effect of NAR on increasing catalase activity
was observed in the group which received 15 mM NAR (P
= 0.006). Additionally, animals treated with lower doses of
NAR, i.e., 1 and 5 mM, also showed increased catalase ac-
tivity compared to the SCI group [F (4, 10) = 53.93, P < 0.001].

2) Nitrite assay

According to our analysis (Fig. 4C), the SCI group had
higher serum nitrite levels relative to the sham group (P <
0.001). Treatment of spinal cord injured rats with NAR was
shown to reduce serum nitrite levels. Although rats receiv-
ing 5 and 10 mM NAR showed decreased serum nitrite,
the differences with the SCI rats without treatment were
not significant statistically (P = 0.250 , P = 0.140). However,
NAR at the dose of 15 mM was found to decrease nitrite
levels significantly [F (4, 10) = 13.54, P < 0.001].

5. Histopathological analysis

Histopathological analysis of the spinal cord sections re-
vealed reduced numbers of both dorsal [F (4, 25) = 46.25, P
< 0.001] and ventral [F (4, 25) = 34.98, P < 0.001] horn neu-
rons in the SCI group in comparison to the sham group.
Besides, treatment with NAR at all three doses was found
to meaningfully increase the number of neurons at both
horns, so that the highest count was observed in rats that
received 15 mM NAR. Also, as demonstrated in Fig. 5, a
statistically significant difference was observed between
the treatment group administered with 15 mM NAR in
comparison to that receiving 5 mM NAR (P,,,, = 0.015,
Pyenira = 0.110).
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6. Body weight changes

Differences in animals’ body weights on days 7, 14, 21, and
21 after surgery were monitored in different groups. The
findings indicated that only the sham group exhibited
a pattern of weight gain on day 7 post-surgery while SCI
and NAR-treated groups showed weight loss. Over time,
though monitoring of body weight showed an increasing
trend, SCI group animals had lower body weight differenc-
es in comparison to the sham group. Additionally, weight
differences in NAR-treated groups showed an increas-
ing trend from day 7 to 28 post-surgery and these groups
had higher weight difference values compared to the SCI
group. The highest weight increase, in comparison to the
SCI group, was observed in the group receiving 15 mM
NAR [interaction: F (12, 120) = 0.774, P = 0.675, times: F (3,
120) = 53.88, P < 0.001, groups: F (4, 120) = 29.87, P < 0.001]
(Fig. 6). This finding indicates that NAR treatment can im-
prove weight gain following SCI injury.

DISCUSSION

The present study unveiled a promising role for NAR,
when administered intrathecally, in counteracting post-
SCI sensory-motor dysfunction in rats. To the best of the
authors’ knowledge, the current study is the first one to
apply intrathecal injection of NAR for exploring its effects
on the amelioration of sensory-motor disabilities, with
respect to some oxidative stress and inflammation associ-
ated markers, following compression SCI. One-time injec-
tion of NAR could reduce pain thresholds as evidenced by
hot plate and acetone drop tests aimed at evaluating heat
hyperalgesia and cold allodynia, respectively. Also, NAR
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Fig. 6. Effects of naringenin (NAR) on body weight changes of rats over
time after clip compression spinal cord injury (SCI). The data are ex-
pressed as mean + standard error of the mean (n = 7). Repeated mea-
sures two-way analysis of variance followed by Bonferroni post-hoc tests
were used for data analysis. ***P < 0.001 vs. sham group. ‘P < 0.05,
P <0.01,and "'P < 0.001, respectively vs. the SCI group.

was shown to improve SCI-induced motor dysfunction
based on the results obtained from the BBB and inclined
plane tests. Besides, due to the critical roles of inflamma-
tion and oxidative stress in mediating post-SCI complica-
tions, as well as being on the way toward gaining more
insights on the possible mechanisms of actions of this nat-
ural compound, the authors evaluated its effects on sev-
eral markers related to inflammation (MMP-2 and MMP-
9) and oxidative stress (GSH, catalase, and nitrite). On the
other hand, as sensory-motor dysfunction is intimately
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Fig. 5. (A) Effects of naringenin (NAR)
on H & E staining of dorsal and ventral
transverse sections of spinal cord on day
28 post-spinal cord injury (SCI) in rats (40x
magnification). (B) and (C) represent the

# mean numbers of survived neurons at

e+ dorsal and ventral horns, respectively. The

+ by data are expressed as mean + standard

- error of the mean (n = 6). Repeated mea-

sures one-way analysis of variance fol-

lowed by Tukey post-hoc tests were used

for data analysis. ***P < 0.001 vs. sham

N Ry RS RS group. P < 0.05, "'P < 0.01, and M#P <

S ‘o& Q@ 6@ 0.001, respectively vs. the SCI group. "P <

& QJ\ QJ\ 0.05 in the comparisons between differ-
A NSNS ent NAR groups.

linked with neuron loss after injury, we also conducted
histopathological analysis for assessing NAR effects on
the number of surviving neurons in the dorsal and ventral
horns. According to our data, NAR could modify the lev-
els of inflammatory and oxidative stress markers in favor
of neuroprotective activity and improvement of post-SCI
complications.

Unfortunately, there is still no U.S. Food and Drug Ad-
ministration approved medication for SCI. Since SCI is
associated with intricate pathophysiological mechanisms
bringing about diverse complications, a multi-target treat-
ment is demanded for more efficient management of such
patients [2]. Recent research has underscored the auspi-
cious potential of phytochemicals derived from natural
plants in combating neurodegenerative diseases. Among
various classes of phytochemicals, flavonoids are deemed
to be multi-target therapeutic agents capable of modulat-
ing various pathogenic mechanisms related to neurode-
generation. In this regard, given the capacity of NAR (as a
natural flavonoid) in targeting various signaling pathways
linked with neurodegeneration, this phytocompound
has been the focus of many studies. The neuroprotective
effects of NAR in various models of neurodegenerative
diseases highlight its potential application in the manage-
ment of patients suffering from such unpleasant disorders
[28].

Three key biological phenomena with major contribu-
tions to post-SCI pathological events are: inflammation,
oxidative stress, and apoptosis [18]. Based on our data and
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also previous reports, NAR can ameliorate these processes
and hence these effects of NAR could partly account for its
therapeutic efficacy in the context of SCI. In this regard,
MMPs have been shown to have key roles in the destruc-
tive inflammatory reactions involved in SCI-induced
sensory-motor dysfunctionality [29]. MMPs are capable of
digesting the components of extracellular matrix includ-
ing proteoglycans, collagen, and laminin, and thus their
excessive production and activation can lead to neuronal
damage [30,31].

Apart from SCI, these metalloproteinases have been re-
ported to be implicated in many other central nervous sys-
tem disorders, like multiple sclerosis, stroke, Alzheimer’s
disease, and amyotrophic lateral sclerosis [32-34]. Inflam-
matory cells secrete MMPs, especially MMP-9, which then
penetrate the blood-spinal cord barrier (BSB) [35]. MMP-
2 and MMP-9 impart a key role in the maintenance of BSB
and the blood-brain barrier, and also in the amplifica-
tion of spinal cord inflammation [36]. It has been verified
that these enzymes are involved in the pathology of post-
traumatic injuries so that in a rodent SCI model, 11 MMPs
were found to be considerably upregulated [37]. MMPs,
by digesting the components of basal lamina, disrupt BSB
integrity thereby potentiating demyelination, oxidative
stress, and progressive neuro-inflammatory reactions
[38,39]. Augmented production of MMP-9 after SCI con-
tributes to BSB integrity disruption, resulting in neuro-
inflammatory responses and cell death. MMP-9 is highly
upregulated in glial cells, macrophages, and endothelial
cells following damage to the central nervous system,
while neuronal cells, including motor neurons of the ante-
rior horn, show low levels of MMP-9 activation [40].

Our results indicated that intrathecal injection of NAR
(10 and 15 mM) alleviated MMP-9 expression/activity fol-
lowing SCI in comparison to the control SCI group. MMP-
9 can be activated through reactive oxygen species (ROS)
and pro-inflammatory mediators. For example, tumor
necrosis factor-o (TNF-a) and interleukin (IL)-1f induce
MMP-9 through the nuclear factor-xB (NF-xB) path-
way [18]. Previous studies have demonstrated the anti-
inflammatory and antioxidant effects of NAR through
attenuation of TNF-q, IL-1p, IL-6, iNOS, NF-«xB, and ROS
levels, which could partly account for the observed effect
of this flavonoid on the inhibition of MMP-9 activation.
In this line, in the study of Bai et al. [41] it was elucidated
that pre-treatment with NAR (100 mg/kg) substantially
reduced neurological impairment and the water content of
the brain in a rat model of cerebral ischemia. In that study,
NAR administration resulted in considerably decreased
expression of MMP-9, NF-«B, nucleotide-binding oligo-
merization domain 2, and receptor interacting protein-2.

In contrast, a somewhat different role could be con-
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sidered for MMP-2 in SCI. It has been demonstrated that
MMP-2 activation/expression could improve locomotor
function and wound healing following SCI by regulat-
ing axonal plasticity, glial scar formation, as well as white
matter sparing [42]. From this perspective, increased ac-
tivation of MMP-2 after intrathecal injection of NAR (15
mM) might have contributed to the improved functional
recovery of rats following SCI. Nevertheless, it is worth
mentioning that MMP-2 activity can result in detrimental
effects in the acute phase of SCI, as well. Shi et al. [43], in
2016, explored the protective effects of NAR in rats under-
going SCI with an emphasis on neutrophil mediated neu-
ro-inflammatory mechanisms. In comparison to the pres-
ent study, they administered NAR orally and used 50 mg/
kg and 100 mg/kg doses once daily for 11 successive days
starting from three days before surgery to seven days post-
surgery. They reported that NAR restrained SCI-induced
neutrophil activation by repressing miR-223.

Oxidative stress and apoptosis play key roles in second-
ary damage from SCI. Compelling evidence over recent
decades has highlighted augmented formation of ROS and
the ensuing oxidative stress as key events concerned with
SCI. Spinal cord neurons and glia are particularly vulner-
able to oxidative stress owing to many factors, such as
their high contents of polyunsaturated fatty acids and low
antioxidant capacities, persuading researchers in this field
to consider oxidative stress as a hallmark of SCI secondary
phase injuries. On such a basis, it can be inferred that oxi-
dative stress could be a therapeutic target in SCI treatment
[6].

In this study, the effects of intrathecal administration of
NAR on serum GSH and catalase (as antioxidant factors),
as well as nitrite (as a kind of ROS) levels after SCI were
investigated. Our findings showed that intrathecal admin-
istration of NAR at the dose of 15 mM could significantly
increase serum GSH levels compared to the SCI group. In
the case of catalase, all NAR-treated groups showed sig-
nificantly higher catalase in comparison to the SCI group.
In addition, treatment with NAR could significantly ame-
liorate serum nitrite level only in the group which received
the dose of 15 mM, while nitrite decrease in other treat-
ment groups was not statistically significant. Also, our
histopathological results point to the neuroprotective and
pro-survival effect of this interesting flavonoid.

In a mechanistic study, it was demonstrated that pre-
supplementation with NAR increased GSH and superoxide
dismutase (SOD) as antioxidant markers. Also, NAR was
shown to alleviate NF-kB-mediated inflammatory media-
tors including IL-1B, cyclooxygenase-2, TNF-q, and iNOS
[44]. Tt has been reported that NAR decreases malondial-
dehyde (MDA), H,0,, and 4-hydroxynonenal in the treated
animals while increasing GSH, catalase, SOD, and gluta-
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thione peroxidase levels [28]. Consistently, NAR treatment
has been shown to enhance Hippocampal GSH, catalase,
SOD, and Nrf2 levels and mitigate Hippocampal MDA level
[45].

Pre-treatment with NAR was shown to reverse methyl
mercury (MeHg)-induced pyramidal cell damage asso-
ciated with decreased alleviated oxidative stress as evi-
denced by increased GSH and glutathione S-tranferase
levels accompanied with a notable decrease of MDA [46].
Chtourou et al. [47], in 2014, reported the neuroprotective
effects of NAR against iron-induced neurotoxicity through
attenuation of ROS and promotion of antioxidant capacity
by increasing GSH, catalase, and SOD. In another study,
NAR treatment following carbaryl-induced toxicity could
improve the survival of mouse neuroblastoma cells, miti-
gated ROS levels and hindered apoptosis via upregulation
of Bcl-2 and inhibition of Bax and caspase-3 [48]. A previ-
ous study has reported pro-survival and anti-apoptotic
impacts of NAR against glutamate-induced cytotoxicity
through upregulation of phosphorylated Akt and ERK in
the treated primary hippocampal neurons of mice. NAR
was demonstrated to actuate brain-derived neurotrophic
factor and also other neuroprotective cytokines to improve
the survival of neurons [49].

Change in body weight is considered as another post-
SCI complication. Patients with SCI experience weight loss
over time that can be due to metabolic alterations, muscle
atrophy and mineral loss [50]. In animal models of SCI, a
prolonged body weight loss following SCI is observed. The
most important reasons for this complication are early
stage hypoplasia, long-lasting changes in the alimentary
system, as well as homeostatic mechanisms related to later
stages. Herein, treatment with NAR could ameliorate SCI-
induced weight loss and promoted the process of weight
gain in spinal cord injured animals. This finding could be
partly ascribed to the improvement by NAR of sensory-
motor performance, attenuation of pain, and other SCI-
induced deficits which made animals able to take food and
water.

In conclusion, the current study addressed the amelio-
rative and neuroprotective effects of intrathecal NAR in
a rodent model of SCI. In this study, intrathecal adminis-
tration of NAR was shown to attenuate SCI-induced neu-
ropathic pain, as well as improve motor dysfunction and
neuronal loss in the spinal cord injured rats. This efficacy
of NAR could be mediated by decreasing MMP-9 activa-
tion, increasing MMP-2 activation, modification of oxida-
tive stress through upregulation of GSH and catalase, and
downregulation of nitrite as well as pro-survival effects
on spinal cord neurons. This study shed more light on the
potential application of NAR in human SCI. However, fur-
ther investigations are required to delineate in more detail
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other responsible mechanisms governing the effects of
NAR and confirm its clinical use for SCI patients as a novel
treatment.
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