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OBJECTIVE Ischemia-reperfusion (I/R) injury of the spinal cord following thoracoabdominal aortic surgery remains the
most devastating complication, with a life-changing impact on the patient. Thymogquinone (TQ), the main constituent of
the volatile oil from Nigella sativa seeds, is reported to possess strong antioxidant, antiinflammatory, and antiapoptotic
properties. This study investigated the effects of TQ administration following I/R injury to the spinal cord.

METHODS Thirty-two rats were randomly allocated into 4 groups. Group 1 underwent only laparotomy. For Group 2,
aortic clip occlusion was introduced to produce I/R injury. Group 3 was given 30 mg/kg of methylprednisolone intraperito-
neally immediately after the I/R injury. Group 4 was given 10 mg/kg of TQ intraperitoneally for 7 days before induction of
spinal cord I/R injury, and administration was continued until the animal was euthanized. Locomotor function (Basso, Be-
attie, and Bresnahan scale and inclined plane test) was assessed at 24 hours postischemia. Spinal cord tissue samples
were harvested to analyze tissue concentrations of malondialdehyde, nitric oxide, tumor necrosis factor—a, interleukin-1,
superoxide dismutase, glutathione-peroxidase, catalase, and caspase-3. In addition, histological and ultrastructural
evaluations were performed.

RESULTS Thymoquinone treatment improved neurological outcome, which was supported by decreased levels of oxi-
dative products (malondialdehyde and nitric oxide) and proinflammatory cytokines (tumor necrosis factor—a and interleu-
kin-1), increased activities of antioxidant enzymes (superoxide dismutase, glutathione-peroxidase, and catalase), as well
as reduction of motor neuron apoptosis. Light microscopy and electron microscopy results also showed preservation of
tissue structure in the treatment group.

CONCLUSIONS As shown by functional, biochemical, histological, and ultrastructural analysis, TQ exhibits an impor-
tant protective effect against I/R injury of the spinal cord.
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ScHEMIC spinal cord injury is a major cause of delayed apoptosis are the major secondary injury mechanisms con-
Iparaplegia, occurring in up to 14% of patients who tributing to neuronal cell death and hampering the neurore-
undergo thoracoabdominal aortic interventions.'> Low pair process subsequent to the ischemia-reperfusion (I/R)
blood flow during aortic cross-clamping and the reperfu- state.!” Unfortunately, proven effective therapy for neuro-
sion state following the procedure induces neuronal cell protection following I/R injury is presently not available.
injury. Injury-induced oxidative stress, inflammation, and Nigella sativa is a flowering plant known as the black

ABBREVIATIONS BBB = Basso, Beattie, and Bresnahan; CAT = catalase; ELISA = enzyme-linked immunosorbent assay; GSH-Px = glutathione-peroxidase; IL-1 = inter-
leukin-1; IP = inclined plane; IQR = interquartile range; I/R = ischemia-reperfusion; MDA = malondialdehyde; MP = methylprednisolone; NO = nitric oxide; SOD = superoxide
dismutase; TNFo. = tumor necrosis factor-ot; TQ = thymogquinone.
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seed and is commonly used as a natural food additive.
Traditionally, these seeds have been used for the preven-
tion and cure of many ailments in the Middle East and
Southeast Asia; in recent years, this annual herb has
gained more interest for potential medical use.® N. sativa
has been shown to be rich in polyunsaturated fatty acids®
and phospholipids and contains a number of active ingre-
dients, such as thymoquinone (TQ), hydro-TQ, and nigel-
lone.*® The active ingredients of N. sativa have beneficial
effects against many diseases, including inflammation,
hypertension, diabetes, headache, fever, and gastrointes-
tinal disturbances.*

Modern pharmacological and toxicological studies have
demonstrated that TQ, the most abundant and bioactive
constituent of oil extract of N. sativa, exerts antioxidant
effects,”” antiinflammatory effects,!® and antitumor activ-
ity."” There is growing interest in the therapeutic potential
of TQ in different research fields. In a previous study by
Hosseinzadeh et al., TQ treatment attenuated lipid peroxi-
dation and induced a neuroprotective effect against cere-
bral I/R injury in rat hippocampus.?' Also, in experimen-
tal models of Parkinson disease and acrylamide-induced
neurotoxicity in rats, TQ afforded neuroprotection partly
due to the attenuation of lipid peroxidation.*** Consider-
ing such beneficial effects as those mentioned above, we
investigated and evaluated the efficacy of TQ in I/R injury
of the spinal cord.

Methods

Experimental Groups

The experimental protocol was performed in accor-
dance with the guidelines of European Communities
Council Directive of November 24, 1986 (86/609/EEC), on
the protection of animals for experimental use. All experi-
mental procedures were conducted with the prior approval
of the animal experimental ethics committee of Ankara
Education and Research Hospital. Thirty-two male Wistar
albino rats with a mean age of 8 months, weighing 250 =
30 g, were kept in polycarbonate cages. Rats were allowed
free access to food and tap water. The rats were kept in
cages in which the temperature was maintained at 25°C
both day and night. Animals were randomly assigned into
4 groups, each consisting of 8 rats as follows.

Animals in Group 1 (n = 8) underwent sham opera-
tions. Rats underwent the surgical procedure but the aorta
was not occluded. Nonischemic spinal cord samples were
obtained after 24 hours to determine normal spinal cord
morphology and baseline biochemical values.

Rats in Group 2 (n = 8) underwent spinal cord I/R inju-
ry, as described below. Spinal cord samples were removed
24 hours after injury. Rats received an intraperitoneal
dose of 1 ml physiological saline (0.9% NaCl) as vehicle
for 7 days before I/R injury induction, and administration
was continued until the animal was euthanized.

Group 3 (n = 8), the methylprednisolone (MP) group,
was similar to Group 2, but 30 mg/kg MP acetate (Mus-
tafa Nevzat) was injected intraperitoneally immediately
following aortic clamping and reperfusion.

Group 4 (n = 8), the TQ group, was also similar to
Group 2. However, rats received 10 mg/kg/day of TQ (Sig-
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ma Aldrich) intraperitoneally for 7 days before spinal cord
I/R injury induction. Administration was continued until
animals were euthanized.

Surgical Procedure

Spinal cord I/R was performed using the previously
described method.” The rats were anesthetized by an in-
traperitoneal injection of 10 mg/kg xylazine (Rompun;
Bayer) and 50 mg/kg ketamine (Ketalar; Parke Davis), and
allowed to breathe spontaneously. Body temperature was
maintained at 37°C + —0.5°C, supported with a thermal
pad and a heating lamp, and continuously monitored dur-
ing the surgical procedure.

The animals were placed supine. Using a transperitone-
al approach, the aorta was isolated from the beginning of
the left renal artery down to the aortic bifurcation. Heparin
(200 U) was administered intravenously 5 minutes before
occlusion. The aorta was then cross-clamped from a point
just inferior to the left renal artery to the aortic bifurcation
by using 2 bulldog clamps. After the occlusion, the pulsa-
tion of the femoral artery disappeared. The clamps were
closed for 30 minutes because ischemic duration of less
than 20-30 minutes is rarely associated with neurological
deficit incidence, and when occlusion exceeds 40—60 min-
utes, all of the pathological reactions rise disproportion-
ately.* Following ischemia, clips were removed and return
of the aortic pulse was verified. The wound was closed in
layers after the operation.

Following the injury, bladder massage was performed
twice to stimulate autonomic urinary reflex. Twenty-four
hours postsurgery, after scoring neurological functions,
rats were euthanized with an injection of high-dose (200
mg/kg) pentobarbital (Nembutal; Oak Pharmaceuticals).
Next, spinal cord segments between L-4 and L-6 were
rapidly removed and immediately extracted on ice and di-
vided into 3 equal parts for histopathological examination,
transmission electron microscopic observation, and bio-
chemical analysis. Cranial (L.-4) and middle (L-5) parts
were obtained for light and electron microscopic evalua-
tion, respectively. The caudal parts (L-6) were snap-frozen
in liquid nitrogen without additives and then transferred
to a tissue-archiving freezer (-80°C) and stored at —80°C
until biochemical analysis.

Neurological Evaluation

The severity of hindlimb motor dysfunction after spinal
cord I/R injury was determined for each animal in an open
field test. A 21-point grading scale was used, according
to an efficient and accurate scoring system described by
Basso et al.’ The Basso, Beattie, and Bresnahan (BBB) lo-
comotor rating scale is used to analyze the animal’s activ-
ity in limb joints, coordination in forelimb/hindlimb move-
ment, weight support, and trunk position, and standardizes
locomotor outcome measures across laboratories. At 24
hours after reperfusion, the animals were evaluated for
hindlimb motor function by an independent observer who
was blinded to the protocols and the group assignment.’

Histopathological Evaluation
The lumbar spinal cord (L-4) was stored at 4°C in 10%
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phosphate-buffered formalin for 48 hours. After dehydra-
tion in the graded ethanol, the spinal cord was embedded
in paraffin. Coronal sections, each 5 um thick, of the spi-
nal cord (L-4 segment) were cut from the paraffin blocks
using a microtome and stained with H & E.

All sections were examined under a light microscope
(Olympus BH-2; Olympus Corp.) by 2 pathologists; these
pathologists were blinded to the origin of the samples.
Four different parameters (neuronal degeneration, cellular
edema, hemorrhage/congestion, and inflammation) were
analyzed for histological changes. A semiquantitative
scoring system, ranging from O to 3, was used to grade his-
topathological changes as follows: 0 = normal, 1 = mild,
2 = moderate, and 3 = severe. Interrater and intrarater re-
liability for neuronal degeneration, cellular edema, hem-
orrhage/congestion, and inflammation were evaluated by
calculating the coefficient of kappa (k) and 95% Cls, with
K < 0 indicating no agreement, 0—0.20 slight, 0.21-0.40
fair, 0.41-0.60 moderate, 0.61-0.80 substantial, and 0.81-1
almost perfect agreement. The pathological score for each
spinal cord was calculated by averaging the scores of these
4 parameters. The specimens of the groups with I/R injury
were compared with sections of the sham group, members
of which did not suffer from ischemic injury.

Degenerative and ischemic features of motor neurons
were identified by shrunken cellular bodies, disappearance
of Nissl granules, cytoplasmic eosinophilia, and nuclear
pyknosis. According to a previously described method?
to assess the degree of neuronal injury in more detail, the
remaining normal neurons in the ischemic ventral spinal
cord of each animal were counted in 3 sections selected
randomly from the rostral, middle, and caudal levels of the
L-4 segment and then averaged. The number of normal
motor neurons per section in the anterior spinal cord (ante-
rior to an imaginary line drawn through the central canal
perpendicular to the vertical axis) was compared among
these groups.

Ultrastructural Examination

For transmission electron microscopic examination,
the tissue samples were fixed in 2.5% glutaraldehyde for
24 hours, washed in phosphate buffer (pH 7.4), postfixed
in 1% osmium tetroxide in phosphate buffer (pH 7.4) for 2
hours, and dehydrated in increasing concentrations of al-
cohol. Then, the tissues were washed with propylene oxide
and embedded in epoxy resin embedding media. Semi-
thin sections (approximately 2 um in thickness) and ul-
trathin sections (approximately 60 nm in thickness) were
cut with a glass knife on an LKB-Nova (LKB-Produkter)
ultramicrotome. The semithin sections were stained with
methylene blue and examined using a Nikon Optiphot
light microscope. Following this examination, the tissue
blocks were trimmed, their ultrathin sections were cut us-
ing the same ultramicrotome, and they were stained with
uranyl acetate and lead citrate. Following staining, all of
the ultrathin sections were examined using a Jeol JEM
1200 EX transmission electron microscope. The electron
micrographs were taken using the same transmission elec-
tron microscope.

For scoring of myelinated axons, the following scale
was used: O = ultrastructurally normal myelinated axon,

Thymoquinone reduces ischemia-reperfusion injury in spinal cord

1 = separation in myelin configuration, 2 = interruption
in myelin configuration, and 3 = honeycomb appearance
in myelin configuration.? Small, medium, and large my-
elinated axons were scored separately. From every sample,
100 small, 100 medium, and 100 large myelinated axons
were scored. The scoring was performed for 5 samples
from each group.

Biochemical Analyses

On the study day, the tissues were homogenized in
physiological saline solution and centrifuged at 4000g for
20 minutes. Then, upper clear supernatants were removed
for use in the analysis.

Tissue Malondialdehyde Levels

Tissue malondialdehyde (MDA) levels were deter-
mined by a method based on a reaction with thiobarbitu-
ric acid, as described previously by Ohkawa et al.* MDA
concentrations were expressed as nmol/mg protein.

Tissue Nitric Oxide Levels

Tissue nitric oxide (NO) levels were determined via
the method of Miranda et al.** Results are expressed as
nmol/mg protein.

Tissue Tumor Necrosis Factor—a and Interleukin-1 Levels

The tissue tumor necrosis factor—o. (TNFo) and inter-
leukin-1 (IL-1) levels were measured using an enzyme-
linked immunosorbent assay (ELISA) kit (USCN Life
Science, Inc.). The ELISA procedures were performed
according to the manufacturer’s instructions. Results are
expressed as pg/mg.

Tissue Caspase-3 Analysis

The caspase-3 activity was measured using an ELISA
kit (USCN Life Science, Inc.). The ELISA procedures
were performed according to the manufacturer’s instruc-
tions. Results are expressed as ng/mg protein.

Tissue Glutathione Peroxidase, Superoxide Dismutase, and
Catalase Levels

Total (Cu—Zn and Mn) superoxide dismutase (SOD)
(EC 1.15.1.1) activity was determined according to the
method described by Sun et al.** The principle of the
method is based on the inhibition of nitroblue tetrazolium
reduction using a xanthine—xanthine oxidase system as a
superoxide generator. SOD activity was expressed as U/
mg protein.

The glutathione peroxidase (GSH-Px) activity of the
spinal cord was determined by photometric kinetic mea-
surement using a GSH Assay Kit (catalog number 703102,
Cayman Chemical) following the oxidation of nicotin-
amide adenine dinucleotide phosphate spectrophotometri-
cally (Bio-Tek ELx-800) at 340 nm. The GSH-Px concen-
tration was calculated as U/g protein.*

Catalase (CAT) activity was measured by a colorimet-
ric method using a Catalase Assay Kit (catalog number
707002, Cayman Chemical) based on the determination
of the decrease in the hydrogen peroxide decomposition
in a medium by measuring the absorbance changes at 540
nm per minute.”> Activity was expressed as umol/g pro-
tein.
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Statistical Analysis

Data analysis was performed using SPSS for Windows,
version 11.5 (SPSS, Inc.). To determine if the distributions
of continuous variables were normally distributed, we used
the Shapiro-Wilk test. The Levene test was used to evalu-
ate the homogeneity of variances. The data are shown as
the mean = SD or the median (interquartile range [IQR]),
where applicable.

Whereas the differences in normally distributed vari-
ables among groups were analyzed using 1-way ANOVA,
the Kruskal-Wallis test was applied to non-normally dis-
tributed data. When the p values from 1-way ANOVA or
the Kruskal-Wallis test statistics were statistically sig-
nificant, the post hoc Tukey honest significant difference
or Conover’s nonparametric multiple comparison test
was used to determine which group differed from other
groups. A p value less than 0.05 was considered statisti-
cally significant.

Results
Neurological Outcome

Neurological examination results of the rats in the sham
group were all normal, according to the BBB score. Ani-
mals in the I/R injury group presented with severe neu-
rological deficits, including complete paraplegia. In the
I/R injury group, the median BBB score was decreased
significantly compared with the sham group (p < 0.001).
Postoperatively, the BBB scores of the TQ group were sig-
nificantly higher than those of the I/R injury group. At 24
hours, the median BBB scores of the I/R injury and TQ
groups were 1.5 (IQR 1.00-2.00) and 7.5 (IQR 7.00-8.75),
respectively (p < 0.001). However, the TQ group exhib-
ited lower median BBB scores than the sham group (p <
0.001). No statistically significant differences were found
between the TQ and MP groups (p > 0.05).

The mean angle recorded in the inclined-plane (IP) test
was significantly lower in the I/R injury group than in the
sham group (p < 0.001). The TQ and MP groups revealed
better angles in the IP test compared with the I/R injury
group (p < 0.001). Nevertheless, the mean angles of the
TQ and MP groups were significantly lower than those of
the sham group (p < 0.001). The BBB and IP scores of the
groups are shown in Table 1 and Fig. 1.

Tissue MDA Levels

Tissue MDA levels of the I/R injury group were signifi-
cantly increased compared with the sham-operated rats
(p < 0.001). The TQ group exhibited a significantly lower
level of tissue MDA compared with the I/R injury group
(p < 0.001). As with the TQ group, there was a statisti-
cally significant difference between the MP and I/R injury
groups (p < 0.001). No significant difference was observed

TABLE 1. Neurological examination results relevant to the study groups

in the tissue MDA level between the MP and TQ groups
(p = 0.928). The levels of MDA in the MP group and the
TQ group were significantly increased compared with the
sham group (p < 0.001 for both).

Tissue NO Levels

The I/R injury group had a significantly elevated level
of spinal cord tissue NO compared with the sham group (p
< 0.001). The TQ group had significantly lower tissue NO
levels relative to the I/R injury group (p = 0.001). The level
of NO in the TQ group was significantly higher than in
the sham group (p < 0.001). No significant difference was
found between the TQ and MP groups (p = 0.421).

Tissue SOD, GSH-Px, and CAT Levels

The highest GSH-Px, SOD, and CAT levels were ob-
served in the sham group. Spinal cord I/R injury caused
a significant decrease in the amount of GSH-Px, SOD,
and CAT, compared with the sham-operated animals (p <
0.001). The levels of tissue GSH-Px, SOD, and CAT were
significantly higher in the TQ group than in the I/R group
(p = 0.001, p < 0.001, and p < 0.001, respectively). MP
treatment also caused a statistically significant increase
in the levels of tissue GSH-Px, SOD, and CAT compared
with the I/R injury group (p = 0.001, p < 0.001, and p <
0.001, respectively). No significant differences were de-
tected in the mean tissue GSH-Px, SOD, and CAT levels
between the TQ and MP groups (p = 0.999, p =0.502, and
p = 0.654, respectively).

Tissue Caspase-3 Levels

The I/R injury group showed significant increases in
the levels of caspase-3 compared with the sham-operated
group (p < 0.001). TQ administration after I/R injury at-
tenuated the levels of tissue caspase-3 (p < 0.001). The lev-
els were not significantly different between the TQ and
MP groups (p = 1.00). However, the caspase-3 levels of the
TQ and MP groups were significantly higher than in the
sham group (p < 0.001).

Tissue TNFa Levels

A significantly higher spinal cord TNFa level was ob-
served in the I/R injury group relative to sham-operated
animals (p < 0.001). TQ administration caused a signifi-
cant decrease in the level of TNFa, compared with the
I/R injury group (p < 0.001). Treatment with TQ did not
decrease TNFa to the level of the sham group; TNFa. lev-
els were significantly different between the TQ and sham
groups (p = 0.027).

Tissue IL-1 Levels
As expected, the levels of IL-1 were significantly in-

Variable Sham IIR MP TQ Global p Value, Variance Analysis*
Median BBB score (IQR)  21.0 (21.00-21.00) 1.5 (1.00-2.00) 8.0 (7.00-9.75) 7.5 (7.00-8.75) <0.001
Mean IP angle (°), £ SD 772 +4.77 36.7+5.23 62.2+6.54 59.7 +6.27 <0.001

* p <0.001 for comparisons between all groups except MP versus TQ.
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FIG. 1. Box and whisker plots representing the BBB scores and IP test results of the study groups. Left: The horizontal lines in the
middle of each box indicate the median; the top and bottom borders of the boxes mark the 25th and 75th percentiles, respectively.
Whiskers above and below boxes correspond to the maximum and minimum values. Right: The circle in the middle of each pair
of whiskers indicates the arithmetic mean; whiskers above and below boxes mark the +1 SD and -1 SD levels, respectively. Figure

is available in color online only.

creased in animals that were subjected to I/R injury (p
< 0.001). The levels of IL-1 were significantly reduced in
animals that received TQ treatment (p < 0.001), whereas
the elevation was significantly higher than in the sham
group (p < 0.001). There was no statistically significant
difference between the TQ and MP groups (p = 0.788).
The biochemical results of the study are shown in Table 2.

Histopathological Evaluation

In the sham group, light microscopic examination re-
sults of the spinal cord samples were normal (Fig. 2A).
The I/R injury group exhibited severe neuronal damage,
as evidenced by neural pyknosis, intense axonal swell-
ing, loss of cytoplasmic features, and cytoplasmic eosino-
philia. In addition, diffuse hemorrhage/congestion and
marked necrosis and edema were observed in the gray
matter. Polymorphonuclear leukocyte, lymphocyte, and
plasma cell infiltration were remarkable in the damaged
portion of spinal cord (Fig. 2B). The spinal cord samples
of the MP and TQ groups appeared to be protected from
the injury, with a greater number of preserved intact motor
neurons (Fig. 2C and D).

When the pathological scores were compared, the I/R
injury group showed statistically higher scores than the
sham group (p < 0.001). The pathological scores of the
TQ and MP groups were significantly lower than in the
I/R group (p < 0.01, for both). However, there was no sig-
nificant difference between the TQ and MP groups (p =
0.719). Additionally, the pathological scores of the TQ
and MP groups were significantly lower than in the sham
group (p < 0.001 for both) (Table 3). Agreement on repeat-
ed pathological scores calculated by averaging the scores
of neuronal degeneration, cellular edema, hemorrhage/
congestion, and inflammation ranged from substantial to
almost perfect agreement, as shown by coefficient of K
values of 0.728 or higher.

The number of normal motor neurons in the anterior
spinal cord of the I/R group was significantly decreased
compared with the sham group (p < 0.001). The TQ and
MP groups’ preponderance of normal motor neurons com-
pared with the I/R group was statistically significant (p
< 0.001 for both). However, the number of normal mo-

tor neurons in the anterior spinal cord of the TQ and MP
groups was significantly lower compared with the sham
group (p < 0.001). The comparison between the TQ and
MP groups did not show a statistically significant differ-
ence (p = 0.992). As a result, both TQ and MP treatment
protected the spinal cord from I/R injury histopathologi-
cally (Fig. 3 and Table 3).

Ultrastructural Examination

In the transmission electron microscopic examination
of the tissue samples of the sham group, ultrastructural
pathological changes were not observed in the gray and
white matter of the spinal cord. The neurons were ul-
trastructurally normal in appearance. The intracellular
organelles, nuclei, and membranes of the neurons were
normal ultrastructurally. The perineuronal tissues did not
show any pathological changes (Fig. 4A).

In the transmission electron microscopic examination
of the tissue samples of the I/R injury group, severe ul-
trastructural pathological changes were found in both the
white and gray matter. Interruptions and separations in
myelin configuration were observed in the small, medium,
and large myelinated axons. However, the ultrastructural
pathological changes were more severe in the large myelin-
ated axons. In the ultrastructural examination of the gray
matter, swollen mitochondria and vacuoles were present
inside the cytoplasm of neurons. Additionally, perineuro-
nal edema was present around the neurons in gray matter
(Fig. 4B).

In the transmission electron microscopic examination
of the tissue samples of the MP group, separations in my-
elin configuration were observed in the large but in very
few of the small and medium myelinated axons. In the
ultrastructural examination of the gray matter, swollen
mitochondria were present inside the cytoplasm of neu-
rons. The rest of the intracellular organelles, nuclei, and
membranes of the neurons were found to be normal ultra-
structurally. Additionally, perineuronal edema was pres-
ent around the neurons in the gray matter (Fig. 4C).

In the TQ group, swollen mitochondria were observed
inside the cytoplasm of neurons in the ultrastructural ex-
amination of the gray matter. Additionally, perineural
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edema was present. In the ultrastructural examination of
the white matter, separations in myelin configuration were
found in the medium and large, and in very few of the
small, myelinated axons. In addition, interruptions in my-
elin configuration were present in a very few of the me-
dium myelinated axons. The ultrastructural appearances
of the myelinated axons of the TQ group were worse than
in the MP group (Fig. 4D).

The I/R injury group showed more disruption in the
small, medium, and large myelinated axons compared
with the sham group (p < 0.001). When compared with the
I/R injury group, MP treatment protected axons of all siz-
es from ischemic injury (small myelinated axons, p < 0.01;
medium myelinated axons, p < 0.01; and large myelinated
axons, p < 0.01). Similarly, TQ treatment significantly pro-
tected small and large myelinated axons against I/R in-
jury (p < 0.01 for both). However, scores for the medium
myelinated axons of the TQ group were not statistically
significant compared with the I/R injury group (p > 0.05).
Furthermore, MP yielded better results for the small, me-
dium, and large myelinated axons compared with the TQ
group (p < 0.01 for all sizes of myelinated axons). The
ultrastructural examination results relevant to the study
groups are listed in Table 3.

Global p Value,
Variance Analysis
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

TQ
5.7 (4.50-6.87)11
51.8 (42.37-69.39),**
0.6 (0.49-0.69)1.1
501 + 9.361,**
0.7 (0.58-0.95)1.
4877 £ 116.411 1]
28.9 +3.991 1]
45.3 (35.66-51.20)1

MP
5.0 (4.24-787)1§
51.4 (40.54-63.71)1§
0.5 (0.43-0.69)1,§
50.6 £ 9.781,tt
0.7 (0.58-0.98)1§
482.3 + 125.601§
28.5+ 4.89t§
421 (36.35-50.30)1,§

Discussion

To determine whether TQ treatment resulted in re-
duced secondary damage after I/R injury of spinal cord,
we evaluated the biochemical, histological, and ultrastruc-
tural alterations at 24 hours after injury. The present study
revealed that TQ treatment had a neuroprotective effect,
which was not only pronounced in biochemical tests, but
also significant in the histological and ultrastructural eval-
uations, as well as in neurological outcome. The results of
TQ treatment were also compared with MP administra-
tion.

Steroids have been used in the treatment of acute spinal
cord injury since the 1960s."-* However, because of the
considerable risks and side effects of MP, criticisms from
later studies have caused a debate about the clinical effect
of MP in recovery from spinal cord injury. However, be-
cause of its role in inhibition of lipid peroxidation and its
antiinflammatory and antiapoptotic effects, MP remains a
treatment option until it is supplanted by future evidence-
based therapies. That is why we used MP treatment for
comparison with TQ treatment.

N. sativa is a flowering plant that has been used for cen-
turies as a natural remedy for a number of diseases. Many
active ingredients, such as fixed and essential oils, pro-
teins, alkaloids, and saponin, have been found in the seeds
of N. sativa.* Alpha-hederin (pentacyclic triterpene sapo-
nin) and TQ (2-isopropyl-5-methyl-benzoquinone) are the
2 principal bioactive constituents isolated from the seeds
of this flowering plant.!® Many of the biological activities
have been shown to be due to TQ. A number of studies
have demonstrated TQ’s antioxidant?®*” and antiinflam-
matory effects in the treatment of inflammatory diseases,
cancer,”! atherosclerosis,’**' and diabetes.” Various mecha-
nisms of action have been suggested for TQ, such as inhi-
bition of the cyclooxygenase and 5-lipoxidase pathways;??

IR
9.9 (8.57-12.90)"§
84.4 (71.80-110.02)§,**
0.3 (0.17-0.34) 84

St
0.2 (010-0.25) 81

27.8 £ 728"

941.8 + 144.22* 8
46.6 £ 8.10"8 1
83.1(69.24-94.26)* 81

Sham
2.3(1.57-3.35)" 1,

34.5 (29.75-39.86)" 1.+
0.9 (0.75-1.22)"1.¢

68.2+ 12.97" 1,1
1.4 (0.88-1.91)" 1,1

160.3 % 45.00* 1,1
217 (16.06-26.10)" 1,

205+451" 11

Caspase-3, in ng/mg protein + SD

TNFa, in pg/mg £ SD
IL-1, in pg/mg (IQR)
* Sham versus I/R (p < 0.001).
t Sham versus MP (p < 0.05).
t Sham versus TQ (p < 0.05).
§ /R versus MP (p < 0.001).
1 IR versus TQ (p < 0.001).

Variable
MDA, in nmol/mg protein (IQR)
**|IR versus TQ (p < 0.01).

NO, in nmol/mg protein (IQR)
SOD, in U/mg protein (IQR)
GSH-Px, in U/g protein + SD
CAT, in umol/g protein (IQR)

TABLE 2. Biochemical results relevant to the study groups

tt I/R versus MP (p < 0.01).
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FIG. 2. Representative H & E-stained 5-um spinal cord sections from the experimental groups (original magnification

x200). A: Sham group showing normal spinal cord parenchyma with normal-appearing neurons (hollow arrows). B: I/R group
showing diffuse hemorrhage and congestion (hollow arrowhead), and widespread edema with highly degenerated neurons (black
arrows) in the gray matter. C: MP group showing less hemorrhage and congestion (hollow arrowhead), with fewer degenerated
neurons and more normal neurons (hollow arrows). D: TQ group showing more normal neurons (hollow arrows) and fewer degen-
erated neurons with slight hemorrhage and congestion (hollow arrowhead). Figure is available in color online only.

suppression of the proinflammatory cytokines IL-1f3 and
TNFoi;? as well as augmentation of the antioxidant defense
through preserving the activity of various antioxidant en-
zymes, such as CAT, GSH-Px,! and SOD.* Other proper-
ties ascribed to TQ include its inhibition of nonenzymatic
lipid peroxidation in liposomes and its action as a potent
free radical and superoxide radical scavenger.>*' TQ is a
relatively safe compound, particularly when given orally
or intraperitoneally to experimental animals. A dose of 10

mg/kg was administered intraperitoneally to rats in the
TQ group, which is below the intraperitoneal LD50 for TQ
(57.5 mg/kg) in rats.?

Ischemia-reperfusion injury leaves the spinal cord ex-
posed to oxidative stress, which is accompanied by excess
production of free radicals and antioxidant enzyme con-
sumption.?’ This pathogenic process leads to peroxidation
of lipid and protein composition of neuronal tissues, result-
ing in cytotoxicity, necrosis, and apoptosis. In the present

TABLE 3. Transmission electron microscopy and histopathological results relevant to the study groups

Variable Sham IIR MP TQ p Value
Small myelinated axons 0 (0-0)*1, 115 (110-120)*8 1 30 (26-32)1.8,* 79 (77-81)F 1]** <0.001
Medium myelinated axons 0 (0-0)1, 140 (128-144)*§ 91 (87-93)1,8,* 129 (124-132)t. <0.001
Large myelinated axons 4 (2-7) 1, 169 (167-180)*8.1 115 (113-119)t,§,* 135 (130-142)1 9.+ <0.001
Pathological scores 0 (0-0)t1, I¢ 8§ 7(6-9)1199.2 4 (4-5)11 51 4 (4-5)88, <0.001
No. of normal neurons + SD 47.7 £ 4.5911,11.88 20.7 £ 2.821119,° 35.5 +3.3411 91 35.0 £ 3.218§,° <0.001

* Sham versus I/R (p < 0.01).

1 Sham versus MP (p < 0.01).

1 Sham versus TQ (p < 0.01).

§ I/R versus MP (p < 0.01).

1 IR versus TQ (p < 0.01).

** MP versus TQ (p < 0.01).

11 Sham versus I/R (p < 0.001).
1t Sham versus MP (p < 0.001).
§§ Sham versus TQ (p < 0.001).
19 I/R versus MP (p < 0.001).

2 /R versus TQ (p < 0.001).
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FIG. 3. Whisker plot representing the number of normal neurons in the
study groups. The circle in the middle of each pair of whiskers indicates
the arithmetic mean; whiskers above and below boxes mark the +1 SD
and -1 SD levels, respectively.

study, MDA as a stable product of lipid peroxidation, and
NO levels as an indicator of oxidative damage, were ana-
lyzed. Both spinal cord tissue MDA and NO levels were
significantly increased after I/R injury. TQ and MP treat-
ment decreased the levels of MDA and NO, and the results
were statistically significant when compared with the I/R

injury group. In addition, due to elevated oxidative stress
in the spinal cord, tissue antioxidant SOD, GSH-Px, and
CAT levels were shown to decrease. TQ and MP increased
the antioxidant enzyme levels in the ischemic tissue.
These findings were thought to be evidence of a marked
protection against oxidative stress and significant antioxi-
dant effect of both TQ and MP in rats subjected to I/R
injury. Similarly, Al-Majed et al. reported TQ’s protective
effect in the rat hippocampus against transient forebrain
ischemia-induced damage.®> The study detected significant
decreases in elevated levels of MDA and reversal of the
decreased GSH contents, CAT, and SOD activities to nor-
mal levels after forebrain ischemia with TQ treatment in
rats. The results were consistent with our findings. Fur-
thermore, Mousavi and colleagues investigated the protec-
tive effects of N. sativa and TQ in cultured PCI12 cells as
a model of the pathological process of cerebral ischemia.®
They reported that pretreatment with TQ protected the
pheochromocytoma cell cultures against ischemic insult
through inhibition of intracellular reactive oxygen species
generation.

Both necrosis and apoptosis cause neuronal death fol-
lowing ischemic injury of spinal cord. This pathogenic
process is associated with increased expression of an inter-
leukin-converting enzyme, caspase-3, which is a reliable
marker of apoptotic process activity.”® Apoptotic cells are
exposed to autodigestion by caspase-3 as an end product
of both the external and internal apoptotic cascades. In
the present study, caspase-3 activity was significantly in-

FIG. 4. Transmission electron micrographs of tissue samples. A: Micrograph of a tissue sample from the sham group showing
normal cord ultrastructure with no pathological changes in the gray and white matter of the spinal cord. B: Micrograph of a tissue
sample from the I/R injury group showing separations (asterisks) and interruptions (white arrow) in the myelin configuration of
myelinated axons. C: Micrograph of a tissue sample from the MP group showing perineural edema, swollen mitochondria (black
arrows), and vacuoles inside the cytoplasm of neurons. D: Micrograph of a tissue sample from the TQ group showing a small
amount of perineural edema and separations (asterisk) in the myelin configuration of myelinated axons. Bar = 2 um; m = ultrastruc-
turally normal myelinated axon; n = nucleus of neuron; po = perineural edema; v = vacuoles.
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creased in the ischemic spinal cord samples and the activ-
ity of caspase-3 was significantly downregulated in the TQ
and MP groups. The results of our study revealed that both
TQ and MP treatments significantly inhibited apoptosis in
the injured spinal cord segments. These findings are in ac-
cordance with Galaly et al.,”” who reported that apoptotic
proteins caspase-3 and Bax expressions were reduced to
normal values in gentamicin-induced liver injury with TQ
treatment. Similarly, a recent study by Ullah et al.*® report-
ed that TQ treatment inhibited the apoptotic cascade by in-
creasing Bcl-2 expression and decreasing the activation of
caspase-9 and caspase-3 against ethanol-induced apoptotic
neurodegeneration in prenatal rat cortical neurons.

Postischemic inflammation contributes to the early and
late stages of reperfusion injury and results in the worsen-
ing of neurological outcome. Circulating neutrophil cells
and leukocytes are activated to migrate toward the injured
area, enter the spinal cord, and contribute to ischemic in-
jury by releasing reactive oxygen products, proteases, and
cytokines. Proinflammatory cytokines comprise the early
inflammatory component of the secondary injury cas-
cade.?* TNFa and IL-1 are members of the proinflamma-
tory cytokine family and have a pattern of bimodal release
in response to ischemic injury.*> They are upregulated
through the MAPK pathway early in the inflammatory re-
sponse and trigger the vicious cycle by inducing monocyte
recruitment, macrophage—microglial activation, and neu-
trophil adhesion at the inflammatory site.>

We measured levels of the proinflammatory cytokines
TNFa and IL-1 to evaluate neuroinflammation after I/R
injury. The mean TNFa and IL-1 levels increased in the
I/R injury group compared with the control group. Treat-
ment with TQ and MP significantly suppressed the pro-
duction of TNFa and IL-1, which was probably related
to the antiinflammatory activity of TQ and MP. Tekeoglu
et al. explored the antiinflammatory effects of TQ on ar-
thritis in a rat model. In their study, they confirmed that
TQ treatment was effective in rheumatoid arthritis, with
significantly lower clinical and radiological scores, and
withal, significantly decreased TNFo and IL-1 levels.®
Vaillancourt et al. used TQ to treat human fibroblast-like
synoviocytes isolated from the synovial membranes of
patients with rheumatoid arthritis. They found that TQ
dramatically decreased lipopolysaccharide-induced IL-1f3
and TNFa production.®® Our TNFo and IL-1 measure-
ments are similar to the results given above.

Histopathological examination was performed. Ad-
ditionally, myelin configuration of the axons in the white
matter and ultrastructural changes of the neurons in the
gray matter of the spinal cord were evaluated with a trans-
mission electron microscope to obtain more detailed data
and compare them with biochemical results. TQ and MP
exhibited better histomorphological changes and lower
pathological scores with a higher number of normal motor
neurons compared with I/R injury. Separations and inter-
ruptions in myelin configuration were obvious in all sizes
of axons in the I/R injury group when evaluated with a
transmission electron microscope. Interruptions were ob-
served in only a few of the medium myelinated axons in
the TQ group. However, MP was significantly more effec-
tive in preserving the medium myelinated axons.

Thymoquinone reduces ischemia-reperfusion injury in spinal cord

Both TQ and MP inhibited lipid peroxidation, dem-
onstrated antiinflammatory activity, prevented oxidative
stress and apoptosis, and induced the impairment of lo-
comotor activity, according to the BBB scale and IP tests,
following I/R injury of the spinal cord. MP treatment was
associated with better ultrastructural results than TQ.
However, there were no significant differences in terms of
pathological scores and number of normal motor neurons
in the anterior horn, and there was lack of a significant dif-
ference for biochemical parameters between TQ and MP.
We assume that this discrepancy may be due to the pres-
ence of different pathways affected by TQ.

The results of this study suggest that TQ has beneficial
effects for preserving normal spinal cord morphology, ul-
trastructure, and function by inhibiting apoptosis and re-
ducing inflammation and oxidative stress. However, this
study has some limitations. The dose-dependent and de-
layed biochemical and histopathological assessments can
be additionally investigated to attain stronger results for
further studies. Furthermore, pretreatment with TQ for 7
days before the I/R injury may not properly imitate I/R
injury of the spinal cord under normal circumstances.

Conclusions

This study demonstrated that administration of TQ re-
duced oxidative stress and inflammation and prevented
apoptosis, thereby protecting the spinal cord in rats ex-
posed to I/R injury. Treatment with TQ improves early
functional and biochemical results as much as MP; howev-
er, MP yields better ultrastructural findings and histomor-
phological results. TQ may have the potential to be used in
the prevention of spinal cord I/R injury. Because this was
a pilot study with only 8 animals in each group, functional,
biochemical, histological, and ultrastructural analyses in
rats using current methods and grading scales may not be
sensitive enough to reflect clinically relevant neurological
changes. More investigation is needed to explain the exact
mechanism underlying the neuroprotective activity of TQ
for future clinical development.
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