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ABSTRACT
AIM: To investigate the histological and biochemical neuroprotective effects of secukinumab (SEC) on cerebral ischemia–reperfusion
(IR) injury in Sprague–Dawley male rats.
MATERIAL and METHODS: A total of 28 Sprague–Dawley male rats were randomly and equally divided into the following four
groups: Sham, SEC, IR, and IR+SEC groups. Bilateral common carotid arteries were simultaneously separated and blocked for 15
minutes using two vascular mini clips in the IR and IR+SEC groups. The surgical procedure was similarly repeated in the Sham and
SEC groups, but the carotid arteries were not clipped. Secukinumab was administered intraperitoneally to the SEC and IR+SEC
groups once a week after the surgical procedure. Rat brain tissues were collected for biochemical analysis and histopathological
examination 14 days after surgery.
RESULTS: Cerebral IR caused abnormal changes in oxidative stress parameters by increasing the malondialdehyde (MDA) level
and by decreasing the glutathione (GSH), catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD) levels. IR
also induced histopathological alterations, such as vascular congestion, hemorrhage, and cell infiltration in the rat brain tissues.
Secukinumab treatment significantly decreased the MDA levels and increased the GPx, GSH, CAT, and SOD levels. In addition,
secukinumab partially prevented histopathological alterations in the brain tissues. The percentage of immunohistochemically
Caspase-3-positive cells was high in the IR group; however, SEC decreased the density of cells stained with Caspase-3.
CONCLUSION: IR injury was found to cause oxidative and histopathological changes in rat brain tissues, and secukinumab
treatment ameliorated these pathological effects. Therefore, secukinumab may be useful to prevent and treat oxidative stressinduced brain damage in patients with ischemic stroke.
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INTRODUCTION

schemic stroke is a major cause of death with high morbidity
and mortality rates (19). Cerebral artery occlusion results
in disturbed blood flow and neural death, which can be
prevented by early reperfusion (8). However, reperfusion that
occurs after ischemia leads to cerebral edema or hemorrhage,
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causing brain damage. This pathological disorder is known
as cerebral ischemia/reperfusion (IR) damage (28). During
an ischemic stroke attack, the stranglehold of glucose and
oxygen provision causes an influx of calcium that activates
mitochondrial passage and triggers cell death (31). Owing
to the overproduction of reactive oxygen species (ROS)
and cytochrome C released by mitochondria, caspases are
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activated and cause apoptotic cell death (11). ROS play
a role in the pathogenesis of neuronal cell death in chronic
neurodegenerative diseases and acute central nervous system
damage (24). The antioxidant capacity of tissues constitutes
the primary endogenous defense mechanism against damage
caused by ROS (13).
Antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx), which
act together with glutathione (GSH), protect against ROS
production and lipid peroxidation in tissues (9). Li et al.
suggested that oxidative stress plays an extremely pivotal
role in the pathogenesis of cerebral IR injury and theaflavin
attenuates neuronal injury in the rat model (16). A few
studies have reported that rats with cerebral artery occlusion
presented with increased ROS and malondialdehyde (MDA)
levels and significantly reduced antioxidant activity (16,35).
Wang et al. showed that impairment in the antioxidant defense
system caused oxidative damage to brain lipids, proteins, and
DNA, leading to neuronal cell death and brain dysfunction (34).
Guo et al. demonstrated that protocatechualdehyde produced
neuroprotective activity by protecting against cerebral IRinduced oxidative damage in rats (12). Therefore, it is evident
that the protection of the cerebral antioxidant system is
effective for alleviating cerebral IR damage caused by ROS.
Secukinumab is a high affinity human immunoglobulin G1
monoclonal antibody that selectively binds and neutralizes
interleukin-17A and is effectively used in a number of immunemediated inflammatory diseases, including psoriasis and
ankylosing spondylitis (23). Interleukin-17A, an effective and
potent proinflammatory cytokine, is considered to play a
specific role in delayed phase of the inflammatory response and
I/R injury (33). Camargo et al. suggested that anti-interleukin-17
can potentially attenuate and/or modulate inflammatory
responses and oxidative stress pathways (7). Therefore, the
present study aimed to investigate the neuroprotective effects
of secukinumab on cerebral IR-induced oxidative damage in
rats. For this purpose, we evaluated the ameliorating effects
of secukinumab on oxidative stress both biochemically and
histologically.
█

MATERIAL and METHODS

Animals and Experimental Protocol
This study was approved by the Institutional Animal Care and
Use Ethics Committee on Animal Research of Inonu University
(Protocol no. 2016/A-93) and was conducted according to
National Institute of Health guidelines for the care and use of
laboratory animals. Spraque-Dawley male 28 rats (8-10 weeks
old, 230-250 g) supplied by İnönü University Laboratory Animal
Research Center were housed in sterile polypropylene cages
and fed an ad libitum diet consisting of standard commercial
food pellets and water. All rats were housed on a 12:12 hour
light: dark cycle at 55 ± 5% humidity and 22 ± 1°C ambient
temperature. Rats were distributed into the following 4 groups
(n=7 in each group). Groups in the study are as follow; 1)
Sham group: Saline was administered intraperitoneally (i.p) to
the rats once a week after the surgical procedure. 2) IR group:

The experimental IR model was created by surgical procedure
in the rats and then i.p saline was administered once a
week. 3) Secukinumab (SEC) group: Secukinumab (3 mg/kg,
Verxant; Farmavona, Turkey) was administered i.p to rats once
a week after the surgical procedure (6). 4) IR+SEC group: The
experimental IR model was created by surgical procedure in
the rats and then i.p SEC (3 mg/kg) was administered once a
week.
On the 15th day of the study, the rats were euthanized under
anesthesia (i.p, 10 mg/kg xylazine and 90 mg/kg ketamine)
and the tissues of the rats were collected for biochemical
analysis and histological examination.
Surgical Procedure
To create a universal cerebral ischemia, Yonekura et al.’s
method was applied (37). The rats were anesthetized, and
then cervical midlines of the rats were dissected. In the IR and
IR+SEC groups of rats, bilateral common carotid arteries were
simultaneously separated and blocked for 15 minutes using
two vascular mini clips. The surgical procedure was similarly
repeated for rats in the Sham and SEC groups, but their carotid
arteries were not clipped. After the surgical procedure, all rats
were kept in the operating room to awaken from anesthesia.
Biochemical Analyses
Oxidative parameters of brain tissues were determined by
spectrophotometric methods. The reduced glutathione (GSH)
level was analyzed by the method of Sedlak and Lindsay (30).
It was measured at 412 nm and expressed as nanomoles
per milliliter of tissue. The activity of superoxide dismutase
(SOD) was analyzed by the method of Sun, Oberley, and Li
(32). It was determined at 560 nm and expressed in units
per milligram of protein. The activity of catalase (CAT) of the
tissues was measured by Aebi’s method (3). It was expressed
as kU per milligram of protein. The activity of glutathione
peroxidase (GPx) was measured in accordance with the
procedure described by Paglia and Valentine (26). It was
stated in units per milligram of protein. The level of MDA,
an end product of the peroxidation of polyunsaturated fatty
acids, was calculated in order to detect lipid peroxidation (10).
It was estimated at 532 nm and expressed in nanomoles per
milligram protein. The protein content of the brain tissue was
determined in accordance with the Lowry method (22). Bovine
serum albumin was employed as a standard ingredient.
Histopathological Examination
Brain tissues were fixed in 10% formalin, embedded in
paraffin, and evaluated by light microscopy (Leica DFC280).
Paraffin-embedded specimens were cut into 5 µm thick
sections, mounted on slides, and stained with HematoxylinEosin (H-E). Tissue sections examined by the microscope
were evaluated with the Leica Q Win Image Analysis system
(Leica Micros Imaging Solutions Ltd., Cambridge, UK).
Thick sections were mounted on poly-l-ysine-coated slides
for immunohistochemical analysis. Rehydrated sections
were transferred to citrate buffer (pH 7.6) then heated in a
microwave oven for 20 minutes. The sections were cooled
at room temperature for 20 minutes and washed with
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showed normal histological appearance in the Sham and SEC
groups (Figure 1). In the IR group (Figure 2), some histological
alterations in the brain tissue were observed. In this group,
vascular congestion in the pia mater (thin black arrows)
(Figure 2A, B, E), cytoplasm shrinkage and extensively dark
pyknotic nuclei in the neurons of the cerebral cortex (Figure
2D), hemorrhage (Figure 2C), and cell infiltration (Figure 2A,
B, E) were observed. In contrast, SEC treatment significantly
attenuated the harmful effects. Histopathological damages
were significantly decreased in the IR+SEC group (Figure 3).
A small amount of cell infiltration (Figure 3B) and congestion
(Figure 3A, B) in the pia mater was observed.

phosphate buffered saline (PBS). The sections kept in 0.3%
H2O2 for 7 minutes were washed again with PBS and then
incubated with primary rabbit-polyclonal Caspase-3 antibody
(Abcam, Ab4051) for 2 hours. They were then rinsed in PBS
and incubated for 10 minutes each at room temperature with
biotinylated goat antipolyvalent and streptavidin peroxidase,
respectively. Staining was completed with chromogen +
substrate and slides were counterstained with Mayer’s
hematoxylin for 1 minute, respectively, rinsed in distilled water,
and dehydrated.
For apoptotic cell determination, the Caspase-3 kit was
employed in the examination based on the manufacturer’s
instructions.

In the Sham (Figure 4A) and SEC (Figure 4B) groups, cerebellar
cortex showed normal histological appearance. Purkinje cells
showed no histological changes. In the IR group (Figure 4C),
deeply stained, shrunken, and different-shaped Purkinje cells
with pyknotic nuclei were observed. The number of these
degenerative Purkinje cells were decreased in the IR+SEC
group (Figure 4D).

Statistical Analyses
SPSS 18.0 (SPSS Inc., Chicago, IL) was used for statistical
analysis of the means of the groups. One-way analysis
of variance test and Tukey post hoc test were used for the
comparison among multiple groups. When the p-value was
<0.05, the result of statistical analysis was accepted as
significant. All biochemical experiments were performed in
triplicate to ensure the reliability of the results.
█

Immunohistochemically, Caspase-3-stained cells were not
observed in the cerebral cortex in the Sham (Figure 5A) and
SEC (Figure 5B) groups. The percentage of Caspase-3positive cells was high in the IR group (Figure 5C). The density
of Caspase-3-stained cells immunohistochemically was
minimal in the IR+SEC group (Figure 5D).

RESULTS

Biochemical Results
GSH, CAT, SOD, GPx, and MDA levels in the brain tissue are
presented in Table I.

█

DISCUSSION

In this study, we evaluated the antioxidative effects of secukinumab, a recombinant monoclonal antibody, for the management of cerebral IR injury. Oxidative stress is a critically
important pathological process in IR that contributes to neurocyte injury (15). Our findings show that secukinumab treatment markedly alleviates the brain damage of rats subjected
to IR injury and has an ameliorative effect on both oxidative
stress markers and histopathological alterations.

Global cerebral IR caused a significant increase in the MDA
levels when comparing the Sham (p=0.01) and IR+SEC
(p=0.01) groups. Secukinumab treatment remarkably reduced
the MDA level in IR-induced brain injury.
CAT and SOD levels were significantly decreased in the IR
group compared with both the Sham group (p<0.05). GSH and
GPx levels decreased in the IR group but were not statistically
significant as compared to the Sham group. Secukinumab
treatment increased the GSH, GPx, CAT, and SOD levels in
IR-induced brain injury. Secukinumab significantly increased
the CAT and SOD levels (p=0.003, 0.001; respectively) in the
IR+SEC group when compared with the IR group.

ROS products formed in tissues are effectively detoxified by
antioxidant defense systems such as GSH, CAT, SOD, and
GPx. Reactive free radicals interact with unsaturated fatty
acids in the cell membrane and initiate lipid peroxidation,
and lipid peroxides can break down and produce several
secondary products, specifically MDA (25,27). A significant
portion of cell death occurring after brain ischemia is caused
directly or indirectly by oxidative damage to DNA and other

Histopathological Results
In Sham and SEC groups, the brain tissues showed normal
histological appearance. Neurons of the cerebral cortex
Table I: Antioxidant and Oxidant Parameters Values in Brain Tissues

MDA
(nmol/mg protein)

Reduced GSH
(nmol/ml tissue)

CAT
(kU/mg protein)

SOD
(U/mg protein)

GPx
(U/mg tissue)

Sham

8.73 ± 0.48b,c

103.04 ± 8.97c

0.831 ± 0.057b

10.79 ± 0.92b,c

46.39 ± 2.97c

IR

12.61 ± 1.65a,d

102.10 ± 14.52c

0.537 ± 0.067a,c,d

7.76 ± 0.60a,c,d

38.61 ± 10.49c

SEC

11.92 ± 0.58a,d

160.56 ± 7.57a,b,d

0.923 ± 0.096b,d

14.34 ± 1.12a,b,d

69.17 ± 5.38a,b,d

IR+SEC

8.68 ± 1.52b,c

103.32 ± 10.35c

0.727 ± 0.042b,c

11.21 ± 1.45b,c

46.99 ± 5.11c

a: compared with Sham group, b: compared with IR group, c: compared with SEC group, d: c: compared with IR+SEC group. MDA: Malonaldehyde,
GSH: Glutathione, CAT: Catalase, SOD: Superoxide dismutase, GPx: Glutathione peroxidase.
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Figure 1: In Sham (A, C) and SEC (B, D)
groups, brain tissue and neurons showed
normal histological appearance (A, B: H-E; X20,
C, D: H-E; X40).

D

B

C

Figure 2: Vascular congestion in pia
mater (black arrows) (A, B), shrinkage
cytoplasm and extensively dark
pyknotic nuclei in neurons of the
cerebral cortex (D), hemorrhage (C),
cell infiltration (black arrows) (A, B, E)
was observed in IR group (A, B, E; H-E;
X20, C, D: H-E; X40).

D

E

Turk Neurosurg 32(5):732-739, 2022 | 735735

Oztanir MN. et al: Ischemia-Reperfusion and Secukinumab

A

B

C

Figure 3: The histopathological damages were significantly decreased in IR+SEC group. A small amount of cell infiltration, (B) and
congestion (A, B) in piamater was observed (A, B: H-E; X20, C:H-E; X40).

A

C

B

D

macromolecules (21) and not only caused by the temporary
loss of oxygen and energy supply when the brain is deprived
of blood flow but also from ROS produced through reactions
with incoming oxygen during reperfusion (29). ROS, produced
during cerebral ischemia, changes the expression and
activity of various enzymes, such as SOD, GPx, and CAT, by
excessively consuming endogenous antioxidant enzymes (2).
Our findings showed that IR significantly change the levels of
oxidative stress markers, namely, GSH, CAT, SOD, GPx, and
MDA, in the brain tissue. As shown in Table I, compared with
the Sham group, MDA levels in the brain tissue in the IR group
were significantly increased, and the SOD, GPx, CAT, and
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Figure 4: Purkinje cells in the
cerebellum in all groups. Purkinje cells
in normal histological appearance in
Sham (A), and SEC (B) groups (thin
black arrows). Degenerated Purkinje
cells in the IR group (thin black arrows)
(C). Reduction in the number of
degenerate Purkinje cells in IR+SEC
group compared with the IR group.
Normal Purkinje cells were observed in
the IR+SEC group (thin black arrows)
(A, B, C, D: H-E; X40).

GSH levels were significantly decreased. Conversely, when
compared with IR group, the MDA level in the IR+SEC group
was significantly decreased, whereas the GSH, SOD, GPx,
and CAT levels were increased. Similarly, molecules that shift
oxidant/antioxidant status in favor of oxidants during a cerebral
damage were investigated in the cerebral IR injury model of
rats. Li et al. demonstrated that icariside-II could be alleviated
by reducing brain tissue oxidative stress (18). Bonfante et
al. showed that stanniocalcin-1 reduced brain dysfunction
associated with cerebral IR by decreasing oxidative stress
parameters and brain barrier permeability (5). Yang et al.
reported that mangiferin can play a certain protective role

Oztanir MN. et al: Ischemia-Reperfusion and Secukinumab
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Figure 5: Caspase-3
immunostaining procedure in all
groups. In the IR and IR+SEC
groups, Caspase-3 positively
stained cells were observed.
In the IR+SEC group, positive
stained cells were decreased
compared with the IR group
(Caspase-3; X40. A, B, C, D:
Caspase 3; X 40).

D

in cerebral IR injury by improving the antioxidant capacity of
the brain tissue (36). These results indicate that secukinumab
helps alleviate cerebral IR damage by increasing antioxidant
enzyme activities in the brain tissue, scavenging the ROS, and
reducing lipid peroxidation.
Several experimental studies on IR reported that resveratrol (17)
or ebselen (4) is protective against histopathological changes
by ameliorating the oxidative stress induced by cerebral IR.
As illustrated in Figure 2, we determined that IR injury caused
histopathological changes in the brain tissue such as vascular
congestion, cytoplasm shrinkage, extensively dark pyknotic
nuclei, hemorrhage, and cell infiltration when comparing
Sham with other groups in terms of the histological evaluation
of brain tissues. As shown in Figure 3, these histopathological
damages due to oxidative stress significantly decreased in
the IR+SEC group. Hypoxia/reoxygenation induces extensive
apoptosis of rat cerebral neurons in the IR model (14). In this
study, apoptotic cells were determined using the Caspase-3
activity in the immunohistochemical method. We performed
Caspase-3 immunoblotting and revealed that Caspase-3 was
suppressed with the secukinumab treatment. The antioxidative activity of secukinumab is clearly noted in the brain tissue
pathology. Secukinumab inhibits interleukin 17A, a member

of the cytokine family, and has an anti-inflammatory activity
(20). Abdel-Maged et al. reported that secukinumab had neuroprotective and antioxidant effects besides its anti-inflammatory effects, and showed normal histological structure of the
neurons in the cortex, hippocampus, and striatum in the mice
experimental model of multiple sclerosis (1).
Therefore, the histopathological damage induced by IR in
the brain tissue is considered to be caused by the imbalance
between oxidant and antioxidant status. Our results showed
that secukinumab treatment reversed the oxidative brain
damage. Accordingly, the ameliorating effect of secukinumab
treatment can be considered as an important result because
it reduces oxidative stress and prevents histopathological
damage in the brain tissue.
█

CONCLUSION

The present study demonstrates the therapeutic effect of
secukinumab (3 mg/kg) in the rat experimental model of IRinduced brain injury that causes oxidative and histopathological
damage. Secukinumab has antioxidative and neuroprotective
effects; additionally, its protective effect can reduce the brain
damage of oxidative stress in patients with ischemic stroke.
Turk Neurosurg 32(5):732-739, 2022 | 737737
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