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ABSTRACT

AIM: To investigate the effects of cerebrolysin on inflammation, oxidative stress, apoptosis, and neurologic recovery in the setting
of an experimental rabbit model of spinal cord ischemia/reperfusion injury (SCIRI).

MATERIAL and METHODS: Rabbits were randomly divided into five groups: control, ischemia, vehicle, methylprednisolone (30
mg/kg), and cerebrolysin (5 ml/kg) group. The rabbits in the control group underwent only laparotomy; the other groups underwent
spinal cord ischemia and reperfusion injury for 20 minutes. Neurologic examination after 24 hours was based on the Modified Tarlov
scale. Myeloperoxidase activities, catalase and malondialdehyde levels, and caspase-3 concentrations were determined in serum
and tissue samples. Serum xanthine oxidase levels were studied and histopathological and ultrastructural changes were examined.

RESULTS: After SCIRI, serum and tissue myeloperoxidase activities, malondialdehyde levels, caspase-3 concentrations, and serum
xanthine oxidase activities were increased (p<0.01-0.001). Catalase levels were significantly diminished (p<0.001). Cerebrolysin
treatment correlated with reduced myeloperoxidase and xanthine oxidase activities, malondialdehyde levels and caspase-3
concentrations; and with increased catalase levels (p<0.001, for all). The cerebrolysin group showed improved histopathological,
ultrastructural, and neurological outcomes.

CONCLUSION: For the first time in the literature, the current study reports anti-inflammatory, antioxidant, antiapoptotic, and
neuroprotective effects of cerebrolysin in a SCIRI rabbit model.
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B INTRODUCTION infection, and tumor. Sensory, motor and/or autonomic
dysfunctions occur in patients as a result of cord damage,
depending on the neuronal function of the affected cord
area. While the damage occurs primarily after injury, it is also
seen due to reoxygenation and free radical formation when
recirculation is introduced in a cord that has been ischemic for
a time (23). This is defined as reperfusion injury or ischemia-
reperfusion injury.

filum terminale in the spinal canal. It is an important
anatomical structure in the protection and distribution
of spinal cord roots, which are involved in nerve signal
transmission from the brain to the body (7). The spinal cord
may be damaged for reasons that include trauma, ischemia,

The spine extends from the foramen magnum to the
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Nearly 43,000-47,000 patients die every year from the
thoracoabdominal aortic aneurysms (19). The 5-year survival
rate is 13%-50% in aortic aneurysms treated with thoracic
endovascular aneurysm repair (TEVAR) or open surgery (19).
In the descending thoracic aorta, TEVAR'’s risk of cord tissue
ischemia is 4 - 7%, which is between 2% and 28% in open
surgery (18,19). Decompression after abdominal aortic surgery
eliminates spinal cord ischemia, cerebrospinal fluid (CSF)
drainage provides reperfusion by reducing CSF pressure,
and antiedema treatments reduce spinal cord pressure (34).
It has been observed that the neurological picture worsens
in some patients during decompression due to spinal cord
compression; this is explained by the damage caused by
oxidative stress and free radicals attending spinal cord
reperfusion where ischemia has been prolonged (80). After the
interactions of local metabolites and oxidative stress at the
membrane level on the damaged tissue and with increased
vascular permeability due to ischemia, apoptotic activity
may be triggered, leading to cell death (85). Rehabilitation
after secondary injury is prolonged, as reperfusion ischemia
significantly increases morbidity in these patients.

In this study, cerebrolysin (CER), a neurotrophic peptide mixture
that mimics brain-derived neutrophic factor (BDNF); ciliary
neurotrophic factor (CTNF); glial cell line-derived neutrophic
factor (GDNF); and free amino acids related to the treatment
protocols of dementia and vascular stroke were investigated
in spinal cord ischemia and reperfusion injury (SCIRI) in an
experimental rabbit model. Possible ameliorating CER effects
in reperfusion damage and oxidative stress were investigated
using oxidative stress, inflammation, and apoptosis markers
in tissue and serum. Histopathological changes and electron
microscopic ultrastructural changes were also examined (47).

B MATERIAL and METHODS
Experimental Groups

Rabbits for experimental use were taken care of according
to the European Communities Council Directive, September
22, 2010 (2010/63/EU). This study was approved by Saki
Yenilli Laboratory Animals Facility Committee of Animal Ethics
(10/03/2019).

Thirty-two adult male New Zealand white rabbits were divided
into the five groups randomly (weight range 2800-3750 g):

1. Control (Sham) group (n=8): Laparotomy only.
Laminectomy alone was applied without any treatment for
tissue sampling.

2. Ischemia group (n=8): Transient global spinal cord ischemia
was applied via 20-min clipping and clip removal.

3. Vehicle group (n=8): Transient global spinal cord ischemia
was applied via 20-min clipping and clip removal.
After occlusion clamp evacuation, 2 cc 0.9% NaCl was
intraperitoneally given.

4. Methylprednisolone (MP) group (n=8): Rabbits received
a single dose of 30 mg/kg MP (Prednol, Mustafa Nevzat,
Turkey) intraperitoneally after occlusion clamp evacuation.
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MP dose was taken from the literature (39,58,79). MP is an
anti-inflammatory and antioxidant agent that has seen long-
term clinical use in spinal cord injury (42). MP maintains
its value as positive control group in experimental SCIRI
studies (29,30).

5. Cerebrolysin (CER) group (n=8): Intravenous injection of
5 ml/kg CER (Cerebrolysin, EVER Neuro Pharma GmbH,
Austria) was given after 20-min clipping and clip removal.
The CER dose was taken from the literature (50,67).

Anesthesia and Surgical Procedures

The rabbits were handled with previously described standards
(40). 70 mg/kg ketamine (Ketalar, Parke Davis Eczacibasl,
Turkey) and 5 mg/kg xylazine (Rompun, Bayer, Turkey) were
applied intramuscularly. Spontaneous inhalation continued.
In this experimental study, the rabbits’ aortic cross-clamping
model was used to create the SCIRI model. All the surgical
procedures were performed as previously published (40).
Ischemia was introduced with a 20-min clamping; once the
clamp was removed, the subjects were reperfused for 24
h. This model is a reliable experimental model with proven
efficacy that forms the basis of many SCIRI studies (29,30).

Spinal cord tissues between the L2-L5 levels were obtained.
Biochemical, histopathological, and ultrastructural examina-
tions were performed. For the biochemical examination, blood
was obtained from the left ventricle. The investigations were
done as previously reported from our group (39).

Serum and Tissue Caspase-3 Concentration

Enzyme-linked immunosorbent assay (ELISA) for serum and
tissue caspase-3 concentration measurement was conducted
according to manufacturer’s guidelines (ELISA kit; Cusabio,
Hubei, China). Methods for this measurement was described
previously (40). The outcomes are presented in ng/mL.

Serum and Tissue Myeloperoxidase Analyses

Competitive inhibition ELISA for serum and tissue myeloper-
oxidase (MPO) activity was conducted (Cusabio, Hubei, Chi-
na). Methods for this measurement was described previously
(40). The outcomes are presented in ng/mL.

Serum and Tissue Malondialdehyde Analyses

Serum and tissue malondialdehyde (MDA) levels were mea-
sured using thiobarbituricacid (TBA) Methods for this mea-
surement was described previously (40). The The outcomes
are presented in nanomoles (nM).

Serum and Tissue Catalase Analyses

Serum and tissue catalase (CAT) levels were determined
according to methods previously published in the literature
(2). The outcomes are presented in IU/mL.

Serum Xanthine Oxidase Analyses

Serum xanthine oxidase (XO) activity was determined as
previously described (53). Methods for this measurement was
described previously (40). The outcomes are presented in
mlU/ml.



Histopathological and Transmission Electron Microscopic
Tissue Evaluation

Spinal cord tissues collected 24-h after SCIRI were investi-
gated histopathologically and ultrastructurally as described
previously (38,40,58,73).

Neurological Evaluation

Hindlimb neurological function was evaluated 24 h post-
operatively using the modified Tarlov scoring system (30,40).

Statistical Analysis

All experiments were performed by blind investigators. Data
were analyzed with GraphPad Prism 8.0 statistical software
(GraphPad Software Inc., La Jolla, CA, USA). Normality was
evaluated with histograms. One-way analysis of variance with
post hoc Tukey’s multiple comparison test was employed
(comparisons between all groups) for comparison of the
multiple independent groups. The data were expressed as
means + SEM. Values of p<0.05 were regarded as significant.

B RESULTS
Serum and Tissue Caspase-3 Analyses

Among the control vs ischemia and vehicle groups, a
significant difference existed in mean serum and tissue
caspase-3 concentrations (p<0.001), and significant
caspase-3 concentration increase existed in the damaged
tissue after SCIRI. A significant decrease in serum and tissue
caspase-3 concentration was seen in MP or CER group when
compared with the ischemia group (p<0.001 for both). No
significant difference was observed between the MP and CER
groups, indicating that both treatments prevent apoptosis
following SCIRI (Table ).

Serum and Tissue MPO Analyses

Among the control vs ischemia and vehicle groups, significant

Table I: Biochemical Results by Experimental Group
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differences were obtained in serum and tissue MPO activities
(p<0.01, all), SCIRI raised serum, and tissue MPO activities.
When compared with the ischemia group, either MP (p>0.05
for serum, p<0.001 for tissue MPO) or CER (p<0.001 for serum
and tissue MPO) treatment significantly decreased MPO
activities. Between the MP and CER groups, no significant
differences in serum and tissue MPO activities were observed
(Table I). Overall, increased MPO, marker of neutrofil migration
to injured tissue, showed decreased activities with CER and
MP treatment.

Serum and Tissue MDA Analyses

Mean serum and tissue MDA levels (p<0.001) showed a
significant difference among the control vs ischemia and
vehicle groups, indicating that serum and tissue MDA levels
increased with SCIRI. Comparing the ischemia group and
the MP (p<0.001 for serum p<0.01 for tissue MDA) and
CER (p<0.001 for serum and tissue MDA) groups showed
significantly decreased MDA. Comparing the MP and CER
groups showed no significant difference (Table I). According
to these findings, CER and MP treatment prevented lipid
peroxidation in SCIRI.

Serum and Tissue CAT Analyses

Serum and tissue CAT levels showed a significant difference
among the control vs the ischemia and vehicle groups
(p<0.001, for both), showing that serum and tissue CAT levels
decreased after SCIRI. Compared with the ischemia group
serum, tissue CAT levels were significantly increased in the MP
and CER groups (p<0.001, for both). No significant differences
were shown among the MP and CER groups (Table I). CAT
levels decreased after SCIRI due to oxidative stress, and CER
and MP treatment showed antioxidant activity via increasing
CAT levels.

Serum XO Analyses

Serum XO activity was significantly increased in the ischemia

Variable Control Ischemia Vehicle MP CER p-value
Serum Caspase-3 (ng/ml) 215.3 £ 31.32¢ 4215+ 55.62>" 403.7 + 54.81° 205.5 +42.2" 210.5 + 34.65" <0.001
Tissue Caspase -3 (ng/ml) 172.5 £ 53.982¢ 642.8 + 153.0*" 626.6 + 116.8° 141.3 £ 75.44" 150.3 + 63.15" <0.001
Serum MPO (ng/ml) 2.39 + 0.46"° 5.49 + 2.34° 5.65 + 1.35° 3.80 + 1.37 3.55+1.33" <0.001
Tissue MPO (ng/ml) 3.02+0.78>°c 5.09 +0.96>"  5.51 +1.46° 2.47 +1.38f 222 +0.77" <0.001
Serum MDA (nmol/g tissue) 2.57 £0.512¢  6.41 £ 1.11af 6.55 + 1.05° 2.51 £ 0.57f 1.91 £+1.34" <0.001
Tissue MDA (nmol/g tissue) 3.73+1.23*° 10.66 +2.88*9 10.98 +3.40°  6.39 + 1.209 5.65+1.06" <0.001
Serum CAT (1U/ml) 156.1 £ 41.972°9 40.47 + 11.90*" 54.88 + 11.23° 112.1 £ 22.62%f 125.0 + 12.99" <0.001
Tissue CAT (IU/ml) 1145 £1.79%°¢ 27.47 +10.80*" 25.79 + 10.92° 111.5+12.82" 122.6 +21.0" <0.001
Serum XO (mIU/ml) 10.13 +£9.202°¢ 61.25 +12.75*7 57.50 + 12.27°  6.00 = 5.78 2.75+2.05"  <0.001

a: Control vs Ischemia (p<0.001), b: Control vs Ischemia (p<0.01), c: Control vs Vehicle (p<0.001), d: Control vs MP (p<0.01), e: Control vs CER
(p<0.05) f: Ischemia vs MP (p<0.001), g: Ischemia vs MP (p<0.01), h: Ischemia vs CER (p<0.001). CAT: Catalase, CER: Cerebrolysin, MDA:
Malondialdehyde, MP: Methylprednisolone, MPO: Myeloperoxidase, XO: Xanthine oxidase.
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and vehicle groups when compared with the control group
(p<0.001). Serum XO activity significantly decreased in the
MP and CER groups when compared with the ischemia group
(p<0.001 for both). No significant differences were shown
among the the MP and CER groups. After SCIRI, increased
XO indicated increased inflammatory state and the CER and
MP treatment exerted anti-inflammatory activity (Table I).

Histopathological Evaluation

The light microscopy results of the control group were normal
(Figure 1A). In the ischemia and vehicle groups, diffuse
hemorrhage and congested areas were seen in the gray matter
24-h after SCIRI, and prominent necrosis and diffuse edema
were seen in the white and gray matter. Polymorphonuclear
leukocytes, plasma cells, and lymphocytes were seen to
have invaded the injured areas. The ischemia group showed
neuronal pyknosis, cytoplasmic eosinophilia, and loss of
cytoplasmic elements (Figure 1B, C). In the MP and CER
groups, spinal cord samples were protected from ischemia
and reperfusion injury (Figure 1D, E). Histopathology scores
of the ischemia group were higher than the control group

(p<0.001, Figure 2), which were significantly lower in the MP
and CER groups compared to the ischemia group (p<0.001 for
both, Figure 2). No significant difference was observed among
the MP and CER groups (Figure 2).

In the ischemia group, the normal motor neuron number was
significantly lower than the control group (p<0.001, Figure 3).
In the MP and CER groups, the normal motor neuron number
was significantly higher than that of the ischemia group
(p<0.001 for both, Figure 3). No significant difference was
seen among the MP and CER groups. Histopathologically,
CER and MP treatments prevented SCIRI (Figure 1D, E).

Ultrastructural Evaluation

In the control group, spinal cord’s gray and white matter was
normal ultrastructurally; neurons, membranes, intracellular
organelles, nuclei, and perineuronal tissues were also normal
(Figure 4 Control-A). All of the small- and medium-sized my-
elinated axons were normal. Only few of the large-sized my-
elinated axons showed mild separations in a small part of the
myelin sheath (Figure 4 Control-B). This may be related with
the delayed tissue fixation.
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Figure 1: Photomicrographs of 5-pym spinal cord tissue sections from study groups. Images are shown with hematoxylin—eosin staining
under a 40x objective. A) Control group, showing normal spinal cord parenchyma. Normal neurons are indicated with black arrows.
B) Ischemia group, showing hyperchromatic degenerated neurons (dotted arrows) on the edematous surface. C) Methylprednisolone
group, showing less degenerated neurons (orange arrows); note the normal neurons (black arrows). D) Cerebrolysin group, showing
less degenerated neurons (orange arrows) and more normal neurons (black arrows). Spinal cord tissue was protected from injury by

cerebrolysin treatment.

1020 | Turk Neurosurg 33(6):1017-1027, 2023



Tonge C. et al: Cerebrolysin in Experimental Spinal Cord Ischemia

Histopathology Score
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Figure 2: Distribution of histopathology score among groups. CER:
Cerebrolysin, I: Ischemia, MP: methylprednisolone, V: Vehicle. a:
Control vs Ischemia (p<0.001), b: Control vs Vehicle (p<0.001), c:
Control vs MP (p<0.001), d: Control vs CER (p<0.001), e: Ischemia
vs MP (p<0.001), f: Ischemia vs CER (p<0.001), g: Vehicle vs MP
(p<0.001), h: Vehicle vs CER (p<0.001).

Figure 3: Distribution of normal motor neuron numbers among
groups. CER: Cerebrolysin, I: Ischemia, MP: methylprednisolone,
V: Vehicle. a: Control vs Ischemia (p<0.001), b: Control vs Vehicle
(p<0.001), c: Control vs MP (p<0.001), d: Control vs CER (p<0.001),
e: Ischemia vs MP (p<0.001), f: Ischemia vs CER (p<0.001), g:
Vehicle vs MP (p<0.001), h: Vehicle vs CER (p<0.001).

Figure 4: Each group’s representative transmission electron micrographs. (Control) Control group, showing ultrastructurally normal
neuronal organelles (A) Slight separation in large myelinated axons (B) (I and V) Ischemia and vehicle groups, showing intracytoplasmic
vacuolization (A) and small, medium, and large axons with separations in myelin configuration (B) (MP) Methylprednisolone group,
showing normal myelin configurations in small myelinated axons (A), Normal intracellular structures (B). (CER) Cerebrolysin group,
showing small, medium, and large myelinated axons with separations in myelin configuration (A), Intracytoplasmic vacuolization (B).
(original amplification = 5000, scale bar = 2 ym, for all). * designates axonal separation, white arrow designates vacuoles.
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Table IlI: Electron Microscopy Results

Myelinated Axon Control Ischemia Vehicle MP CER P

Small-sized 0.0 £ 0.0&P¢ 88.40 + 1.14>¢  88.40 + 1.51>f 0.0 + 0.0¢ 90.200.0 + 1.48%9  <0.001
Medium-sized 0.0 +0.02>c4  109.8 +1.92*¢  109.0 +2.23>"  70.60 + 2.30%¢ 112.0 + 1.58¢%¢ <0.001
Large-sized 5.0 £ 1.58abcd 1242 +2.04%¢ 123.0 + 1.00f 89.0 + 1.58%9 124.8 + 1.30%9 <0.001

a: Control vs Ischemia (p<0.001), b: Control vs Vehicle (p<0.001), ¢: Control vs MP (p<0.001), d: Control vs CER (p<0.001), e: Ischemia vs MP
(p<0.001), f: Vehicle vs MP (p<0.001), g: MP vs CER (p<0.001). CER: Cerebrolysin, MP: Methylprednisolone.

Tarlov Score

c,edg

T d,f,h

a,e,fp,gh

T
Control | V. MP CER

Figure 5: Distribution of Tarlov score among groups. CER =
Cerebrolysin, | = Ischemia, MP= methylprednisolone, V = Vehicle.
a: Control vs Ischemia (p<0.001), b: Control vs Vehicle (p<0.001), c:
Control vs MP (p<0.001), d: Control vs CER (p<0.001), e: Ischemia
vs MP (p<0.001), f: Ischemia vs CER (p<0.001), g: Vehicle vs MP
(p<0.001), h: Vehicle vs CER (p<0.001).

In ischemia and vehicle groups, severe ultrastructural patho-
logical changes were detected both in the gray and white
matter of spinal cord tissues. Vacuoles were seen inside the
neurons’ cytoplasm (Figure 4, | and V-A). Perineuronal edema
was also present. The nuclei and cell membranes were ultra-
structurally normal in neurons. Ultrastructural pathological
changes were observed in the myelinated axons (Figure 4, |
and V-B). Separated myelin configurations were seen in most
of the myelinated axons. In some of the medium and large my-
elinated axons, interrupted myelin configurations were seen.
In large myelinated axons, severe ultrastructural pathological
changes were observed, and these changes were lowest in
small myelinated axons.

The ischemia groups had more pathological changes than
the control group in all sizes of myelinated axons (p<0.001).
Compared with the ischemia group, the MP treatment
protected all sizes of myelinated axons from disruption
(p<0.001), (Figure 4 MP-A-B). There were no difference among
the ischemia and CER groups, so CER was determined
ineffective in protecting myelinated axons (Figure 4 CER-A-B)
(Table 11).
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Neurological Evaluation

In the ischemia group, the mean Tarlov score was significantly
lower than the control group (p<0.001). The mean Tarlov
scores in the MP and CER groups were significantly higher
than those in the ischemia group (p<0.001, for both). No
significant difference in the Tarlov scores among the MP and
CER groups was observed (Figure 5).

B DISCUSSION

During thoracoabdominal surgery, transient spinal cord
ischemia and spinal cord injury is observed due to aortic cross-
clambing (14,69). A large-scale study reported the spinal cord
injury rate as 16%, and approximately half of these cases
remained paraplegic (69). Cellular glycogen and energy stores
are rapidly depleted as the blood flow to the neuronal tissue
decreases, and ischemic pathways that will cause cellular
death are activated (29). Reperfusion after ischemia increases
cellular death due to increased apoptotic activity, oxidative
stress and inflammation (29,30,39). Neuronal damage in
spinal cord ischemia mainly occurs by a sequence of two
mechanisms. Primary damage, blood flow cessation to the
spinal cord resulting in decreased oxygen supply to the tissue,
is irreversible. However, secondary damage, the activation of
metabolic cascades triggered by primary damage, may be
reversible (20). To prevent and treat SCIRI, CSF drainage (56),
hypothermia (15,36), and shunting have been investigated (11)
and several pharmacological agents have been experimentally
studied to treat this damage (29,30,39).

Cerebrolysin is a hydrolyzed cerebroprotein complex contain-
ing free amino acids and neurotrophic substances (43). It is
85% free amino acids and 15% biologically active small pu-
rified neuropeptides (26). Therefore, it contains many neuro-
tropic factors and free amino acids (48). CER has been used
in neurological disease treatments for more than half a century
(9,25,28,83,84). Most of its neuroprotective activity is due to its
similarity to endogenous neurotrophic factors. CER neuropep-
tides cross the blood-brain barrier and penetrate the neurog-
lial tissue after intravenous injection, in contrast to natural en-
dogenous neurotrophic factors (BDNF, CTNF, GDNF) (45,83).
As a neuroprotective agent, CER increases neuronal survival,
neuroplasticity, and neurogenesis (32,83,84). Animal experi-
ments on ischemic brain tissue have shown that it reduces
ischemia volume, prevents brain edema, and provides signifi-
cant protection by increasing neuronal survival (27,54,83,84).
Defined as an effective treatment in ischemic stroke patients,
CER treatment has been used clinically (9,81,82). It has also



been applied in hemorrhagic stroke patients besides ischemic
stroke (6,51). Similarly, CER applied in traumatic brain injury
patients yielded good outcomes (41,76).

Neurotrophic factors such as BDNF and GDNF have proven
neuroprotective efficacy after SCIRI (13,71). NGF and CNTF
are other molecules with neurotrophic properties in the central
nervous system (61-67). Following cytokine release after
tissue damage, neurotrophic growth factors such as BDNF,
GDNF, NGF, and CNTF are upregulated and increased within
the tissue to provide neuroprotection; however, endogenous
increases alone cannot reach levels that will protect the spinal
cord from degeneration (61-67). To provide neuroprotection,
these neurotrophic factors must be combined and given in
high doses (61-67). CER chromatography revealed 17 different
amino acids and BDNF, NGF, GDNF, CNTF, and insulin-like
growth factor-1 and 2 (48). In traumatic spinal cord injury, CER
has shown a significant neuroprotective effect through these
neurotrophic factors (4).

Apoptosis is the most important cellular death pathway in
multicellular mammalian tissues (17). An important indicator of
DNA fragmentation, caspase-3 levels increase in the tissue and
serum following ischemic spinal cord injury (57). Extracellular
signal-regulated kinase (ERK) mediates axonal growth and
neuron survival (37,72). In cortical, hippocampal, and motor
neurons, ERK 1/2 is activated by BDNF (33,46). ERK inhibition
causes caspase-3 activation and accelerates apoptosis
in spinal cord ischemia (13). Therefore, BDNF infusion is
considered to be antiapoptotic (78). Studies have shown that
CER is antiapoptotic (8,21) and, following cerebral infarction,
shows antiapoptotic properties via Bcl-2/Bax systems (77).
Apoptosis is one of the important pathway for neuronal loss in
SCIRI (60). It has been shown that the caspase-3 mechanism’s
reactivity increases after 15 minutes of ischemia in the spinal
cord (57). Many SCIRI studies have used caspase-3 activation
as a reliable marker of apoptosis (29,30). This study saw
an increase in both serum and tissue caspase-3 activity in
ischemia and vehicle groups following SCIRI, and caspase-3
activation was considered an active apoptosis manifestation.
Following CER and MP treatments, serum and tissue caspase
activities were significantly decreased. From these findings
we can conclude that at a statistically significant level, CER
prevents apoptosis after SCIRI.

SCIRI mrkedly increases reactive oxygen radicals in the tis-
sue, forming one of the leading causes of neuronal causes via
lipid peroxidation, membrane protein destruction, and DNA
damage (12). CER’s binding to free oxygen radicals and anti-
oxidant properties have been reported in the literature (1). CAT,
superoxide dismutase (SOD), and glutathione peroxidase (55)
are the most important endogenous antioxidant mechanisms.
CER activates free radical binding systems by increasing CAT
and SOD activities, preventing mitochondrial damage in nerve
cells (31). In rats with brain damage, CER increases SOD lev-
els (24). CAT reduces oxidative stress by binding oxygen free
radicals (35). CAT activity diminishes in cases of increased
oxidative stress, such as SCIRI (74). In this study and as in
many previous SCIRI studies, both serum and tissue CAT lev-
els decreased due to oxidative stress in ischemia and vehicle
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groups. In both the serum and tissue, CER and MP treatments
increased CAT levels. Thus, CAT levels decrease secondary
to increased oxidative stress in the tissue due to SCIRI, while
CER treatment increases the CAT level via antioxidant activity.

The XO enzyme is another marker of increased oxidative
stress after SCIRI (29,30). In this study, serum XO levels
increased due to oxidative stress in ischemia and vehicle
groups following SCIRI. Compared to the ischemia and vehicle
groups, XO levels were significantly decreased in the CER
and MP groups. Its reduction of serum XO levels is another
indicator of CER’s antioxidant activity.

Lipid peroxidation occurs as a result of excessive production
of free oxygen radicals and causes the fragmentation of
vital components of membrane lipids and deterioration of
membrane permeability (22). Lipid peroxidation decreases
in increased stress conditions like ischemia, acidosis, and
bacterial toxins (3,10,44). Due to its lipid involvement, lipid
peroxidation after ischemia and reperfusion injury is a principal
mechanism of cellular death (59). MDA, the end product of
lipid peroxidation, is an accepted marker for peroxidation
reactions (75). In severe tissue injury, cross-linkage of MDA
with membrane lipids is increased (16). CER has been shown
to reduce MDA level induced by subcutaneous insulin therapy
in the lipid peroxidation model (52). In myocardium (5) and
cerebellum tissue (68), CER has reduced lipid peroxidation.
Following SCIRI, serum and/or tissue MDA levels increases
(29,30). This study found serum and tissue MDA levels
increased in ischemia and vehicle groups when compared
to control group as a lipid peroxidation marker following
ischemia and reperfusion injury. CER and MP treatments
significantly inhibited lipid peroxidation and decreased both
serum and tissue MDA levels. In the light of these data, it was
concluded that CER treatment reduced lipid peroxidation and
cell membrane degradation resulting from SCIRI.

MPO activity shows neutrophil infiltration of damaged areas
(58,70) and increased MPO activity is a marker for inflamma-
tory activity and severity (70). In SCIRI models, serum and/or
tissue MPO levels are preferred as an inflammatory response
indicator (29,30). Many studies have shown CER’s ability to re-
duce neuroinflammation (4,27,49). Similar to previous studies,
this study found serum and tissue MPO activity to increase in
ischemia and vehicle groups after SCIRI. High MPO activity,
an indicator of increased inflammation, was astatistically sig-
nificantly reduced with CER and MP treatments; as a result,
we concluded that both drugs were anti-inflammatory.

Among the study’s ischemia and vehicle groups, light mi-
croscopy revealed significant hemorrhagic areas, conges-
tion, edema, necrosis, and inflammation due to SCIRI in the
tissues included. Significantly degenerated neuron numbers
were increased in both groups, while normal morphological
neuron numbers were decreased. Polymorphonuclear leuko-
cytes, lymphocytes and monocytes infiltrated the damaged
tissue, indicating neuroinflammation. It was observed that tis-
sue morphology was better preserved in the tissues of the
CER and MP groups compared to the ischemia and vehicle
groups, seemingly due to the anti-inflammatory antiapoptotic,
and antioxidant effects of both drugs. The number of neurons
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with normal morphology was higher in both the CER and MP
groups compared to the ischemia and vehicle groups.

To examine the myelin sheaths in greater detail, all groups
were scanned with transmission electron microscopy. In the
ischemia and vehicle groups, clear dissociation was observed
in myelinated axons of all sizes. MP treatment caused im-
provement in myelin detachments of all sizes; no improvement
in ultrastructural structure was observed in the CER group.

Neurological examination showed all subjects in the ischemia
and vehicle groups to be paraplegic secondary to significant
neurological damage. In the CER and MP groups, biochemical
and histopathological improvement were observed and the
spinal cord was protected functionally. Compared to the
ischemia and vehicle groups, the modified Tarlov scores of the
subjects belonging to the CER and MP groups were higher.

Given these findings, we conclude that CER has neuropro-
tective properties, showing antiapoptotic, anti-inflammatory,
and antioxidant activity on SCIRI. There are limitations to this
study. A greater number of subjects and dose-dependent in-
vestigations with different dose ranges and amounts would
have strengthened the study. Drug efficacy can be studied in
long-term by extending the reperfusion time. Finally, possible
neuroprotective mechanisms of CER should be examined in
more detail with other biochemical parameters.

B CONCLUSION

This study, for the first time in the literature, reports that
CER has antiapoptotic, antioxidant, and anti-inflammatory
properties on SCIRI and is significantly neuroprotective. We
believe that CER, long used in humans and shown many times
to be safe, can be used to prevent and treat SCIRI.
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