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Protective effect of valproic acid on ischemia-
reperfusion induced spinal cord injury in a rat
model
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University, Afyonkarahisar, Turkey, *Department of Biochemistry, School of Medicine, Afyonkarahisar Health
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Purpose: This study aims to determine the anti-inflammatory, antioxidant, and anti-apoptotic effects of valproic
acid (VPA) on rat spinal cord tissue in ischemia-reperfusion (IR) injury model created by abdominal aorta
occlusion.

Materials and Methods: Sprague Dawley rat (male sex) weighing 190-260 g divided into four experimental
groups: control only underwent laparotomy, sham group, pre-IR injury (200 mg/kg dose), and post-IR injury
(300 mg/kg) VPA. We measured serum levels of TNF-a, IL-6, IL-15, IL-18, Total Oxidant Status (TOS) and
Total Antioxidant Status (TAS), and serum Oxidative Stress Index (OSlI) ratio, and tissue expression of Bax
and Bcl2, Caspase3, and Bax/Bcl2 ratio.

Results: Serum IL-18 was higher in the sham than the control group(P = 0.001), and there were declines in
the pre-IR treatment (P = 0.002) and the post-IR treatment when compared to sham (P = 0.001). Despite
these reductions, IL-18 expression levels in both the pre- and post-IR treatment groups were higher than
in the control group (P=0.001 & P=0.003). The favorable effects of pre-IR VPA administration on
immunohistochemical biomarkers were superior to post-IR VPA administration.

Conclusions: Comparative analyses between prophylactic VPA administration and post-IR interventions
revealed congruence in their anti-inflammatory and anti-apoptotic ramifications. VPA can reduce spinal cord
IR injury in an aortic occlusion model of rats.

Keywords: Inflammation, Spinal cord, Ischemia-reperfusion injury, Valproic acid

Introduction

Spinal cord stroke is an infrequent health issue in emer-
gency settings and accounts for 0.3-1% of all strokes,
but it leads to increased fatality and disability (1).
Ischemia of the spinal cord (ISC) can occur in various
clinical conditions. However, the most common
causes are aortic pathologies such as thoracoabdominal
aortic aneurysms with or without dissection (2, 3).

Ischemia-reperfusion (IR) injury is a momentous unfa-
vorable outcome in aortic surgery due to cross-clamp-
ing and de-clamping, and it can cause postoperative
sequelae like paraplegia (4).

Macrophages and neutrophils release oxygen free
radicals (FRs) during IR injury. The FR formation,
causing lipid peroxidation and calcium influx into
neurons, can result in cell death (5, 6). FRs, which
lead to the peroxidation of cell membrane lipids and
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create further FRs in a self-replicating cycle, can inter-
cede with the destructive consequences of IR (7).
Inflammation is a reasonable pathway in spinal cord
IR injury. Upregulation of different proinflammatory
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cytokines probably contributes to spinal cord IR injury
(8). This injury triggers such pathways including inter-
leukins. They have neuroprotective and degenerative
effects on cells following injuries. IL-6 and TNF-« are
multifunctional cytokines mainly secreted by neurons
and glial cells, and play a vital role in neuronal develop-
ment and differentiation (9, 10). Analyzing main inter-
leukins and oxidative stress markers in a combination
can give physicians to understand efficiency of neuro-
protective drugs.

Valproic Acid (VPA) suppresses the production of
proinflammatory and pro-apoptotic substances in
animal studies (11, 12). Although VPA’s neuro-protec-
tive effect on traumatic ISC was apparent, its protective
effects on IR are unclear. Specifically, it remains uncer-
tain if suppressing oxidative stress or neutrophil infiltra-
tion is the prime mechanism through which VPA acts
(13). The absence of clinical or animal trials in
current literature spotlighting VPA’s potential thera-
peutic role in spinal cord IR injury leaves a gap in
understanding. In this study, we designed a transient
ISC model in rats to compare a prophylactic VPA
administration and a post-injury single-dose treatment
to determine the neuroprotective mechanisms related
to decreased inflammation, oxidative stress, and apop-
tosis. Thus, we aimed to determine VPA’s anti-inflam-
matory, antioxidant, and anti-apoptotic effects on rat
spinal cord tissue in an IR-injury model created by
abdominal aorta occlusion.

Materials and methods

Study design

This animal trial proceeded harmoniously to the
Reporting of In-Vivo Experiments on Animal-
Research (ARRIVE) guidelines at the Center of
“Experimental Animal Research and Application”.
The study has the approval of the University Animal
Experiment  Ethics (Approval  date:24/06/2015,
Approval number: 49533702/79). The study was con-
ducted following the Basic & Clinical Pharmacology
& Toxicology policy for experimental and clinical
studies (14).

The current research used thirty-two male sex rats
weighing 190-260 g (Sprague-Dawley). The animals
were acclimated in environmentally controlled cages
and were fed on an ad libitum basis. They were random-
ized equally into four experimental groups. We defined
the first experimental group as the control, and the
animals in this group underwent laparotomy without
being exposed to ischemia. The second group was the
sham group, in which the animals were left untreated
after experimental ISC. We treated the third group
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with a 200 mg/kg dose of VPA (Depakin, Sanofi,
Turkey) by intraperitoneal injection twice a day for
one week before exposure to ischemia. The fourth
group was administered a single dose of 300 mg/kg
VPA by intraperitoneal injection 90 min after ischemia.

While three animals died after exposure to ischemia
(22, 34, and 54 min after) and before intraperitoneal
injection in the fourth group, we did not experience
any animal loss in the other groups. Autopsies were per-
formed on these three dead animals, but the cause of
death could not be determined. As a result, eight
animals in the first three groups and five in the fourth
group could be included in the analysis.

Experimental procedure and rat characteristics
The subjects were observed in spontaneous respiration
without needing respiratory support during anesthesia.
All the rats fasted 12 h before the surgery and were
anesthetized with 40 mg/kg of ketamine-intramuscular
(Ketalar-Eczacibasi, Turkey). Five minutes after the
premedication with a S5mg/kg dose of xylazine
(Rompun-Bayer, Turkey). The amount was repeated
as a cocktail of 25 mg/kg of ketamine and 5 mg/kg of
xylazine when necessary. Following anesthesia, rats
were tied to the operating table by their extremities to
prevent the contamination of the surgical area with
possible sudden movements.

Afterward, intravenous 100U/kg of heparin
(Nevparin, Mustafa Nevzat, Turkey) was administered
for anticoagulation. Three minutes after anticoagula-
tion, aortic vascular clamps were placed first on the
distal and proximal abdominal aorta of the subjects in
groups 2, 3, and 4. After 30 min of clamping, reperfu-
sion was applied for 24 h. Clamping was not used for
group one (control group). Following the bleeding
control, the abdominal muscles and skin were closed
in two layers with 3/0 silk suture material. The rats
were fed typically after the recovery period from
anesthesia, which lasted approximately two hours fol-
lowing surgery. After 24 h following the surgical pro-
cedure, tissue and blood samples were collected for
histopathological and biochemical examinations under
second ketamine anesthesia. Consequently, the spinal
cords of the subjects were obliterated, and the rats

were euthanized by intracardiac injection of potassium
chloride (KCI).

Biochemical analysis

The automatic colorimetric measurement method
measured the Total Oxidant Status (TOS) and Total
Antioxidant Status (TAS) (15). Hydrogen peroxide cali-
brated TOS measurement, given as pumol H,O, Equiv/
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L. Serum TAS value was expressed as mmol Trolox
Equiv/L. Oxidative Stress Index (OSI) is calculated by
the ratio of TOS to TAS [OSI = (TOS/TAS)] (16). To
determine cytokines, we saved the serum samples at
—80°C. Cytokine levels were determined by a
Microplate  Spectrophotometer  (Epoch,  Biotek,
Agilent Tech., USA) using specific ELISA kits (E-
Bioscience, Vienna, Austria). We followed the manufac-
turer’s instructions for ELISA protocols.

Histopathological evaluations

Samples were fixed in 10% formalin and sectioned at
5 um thickness. These sections were placed on polylysine
slides. Immunohistochemical analysis utilized Bcl2,
caspase3, and Bax primary antibodies.
Deparaffinization involved heating, xylene immersion,
and progressive rehydration. Antigen retrieval was
achieved by microwave boiling in Citrate Buffer. After
washing with phosphate buffer, sections underwent per-
oxidase removal, staining blockage, and overnight incu-
bation with primary antibodies. The following day,
sections were washed and exposed to the UltraVision-
HRP kit as a secondary antibody and later stained
using AEC chromogen. Counterstaining was done with
Mayer’s hematoxylin. A light microscope (Nikon E-600
Eclipse) assessed motor neuron staining in the spinal
cord. Immunopositive cells were counted in five fields
under 20x magnification using image analysis software.

Variables and outcomes

There are three primary outcomes of the study. The first
one is the difference in the distributions of TNF-q, 1L-
18, IL-6, and IL-18. The second is the change in oxi-
dative stress status, which we evaluated using TAS,
TOS, and OSI, and the last is the difference in immuno-
histochemical parameters (Bax, Caspase;, Bcl,, and
Bax/Bcl, ratio) among the groups.

Statistical analysis

The SPSS software v22 performed the statistical analy-
sis, and GraphPADv9.2 software was used to draw
detailed graphs showing group comparisons.
Descriptive statistics were presented as mean and stan-
dard deviation (SD). All data were subjected to tests for
normality. Data that did not exhibit a normal/Gaussian
distribution were analyzed via a non-parametric equiv-
alent. Before the difference analysis of the measurement
data, the Kolmogorov—Smirnov test was performed to
test the homogeneity of the data distribution.
According to the test results, the Independent Sample
T-test was used in the double-group difference analysis
of the normally distributed data, and the Mann—
Whitney U test was used for comparing numeric

variables between groups. Box-plot graphs were used
for visual comparisons of biomarkers. A value of p <
0.05 was set as a statistically significant level.

Results

Comparisons of serum cytokine levels between the
study groups are shown in Table 1 and Fig. 1. The
IL-18 level in the sham group was significantly higher
than the control (P =0.001). Similarly, IL-18
expression levels in the pre- and post-IR treatment
groups differed notably from the control (P = 0.001 &
P =0.003). IL-1B and IL-6 expression levels showed
no significant variations between the sham, treatment
groups, and control. However, TNF-a levels in the
sham and treatment groups showed significant
changes compared to the control, but no marked differ-
ence was observed between the treatment and the sham
groups.

The serum TOS in the sham group was higher than in
the control group (P = 0.012). Noteworthy differences
were observed in the TOS levels of the pre-and post-
IR treatment groups compared to the sham, although
these weren’t significant. The pre-IR treatment
group’s TOS was similar to the control, reflecting the
effectiveness of prophylactic VPA. The serum TAS in
the sham was lower than the control (P = 0.001). The
pre-and post-IR treatment groups showed an increased
TAS level compared to the sham, with significant vari-
ations (P =0.020 & P = 0.040). The oxidative stress
markers are detailed in Table 2 and Fig. 2. The OSI
levels, another oxidative stress marker, significantly
increased in the sham group compared to the control
(P =0.001). The pre- and post-IR treatment groups
exhibited a marked decline in OSI ratio compared to
the sham, with significant reductions (P = 0.029 &
P =0.047). The OSI ratio in the pre-IR treatment
group was in line with the control, suggesting the effi-
cacy of the prophylactic VPA administration.

Immunohistochemical markers, as presented in Table
3 and Fig. 3, demonstrated an increase in the numbers
of Caspase3(+) and Bax(+) neurons and the Bax/Bcl-2
ratio in the sham group compared to the control (p <
0.001). The Bcl-2(+) neuron number in the sham was
notably lower than the control (p < 0.001). The pre-
IR and post-IR treatment groups showed variations in
these markers compared to the sham and control,
with the pre-IR VPA administration displaying more
favorable results than the post-IR VPA administration.

Discussion

The main focus of the study research was the potential
role of VPA in aortic surgeries. Our findings suggest

The Journal of Spinal Cord Medicine 2023
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Table 1 Distribution of serum cytokine levels.

Pre-IR Post-IR
Cytokines Control Sham treatment treatment
IL-18, pg/ml 58.31 = 16.4 316.59 + 53 134.17 + 41 114.7 = 36.6
IL-1B, pg/mi 220 + 20.3 348 + 163.4 269 + 104 220 + 45.48
IL-6, pg/mi 90.64 = 5.25 97.74 = 7.89 97.83 +£9.68 97.42 + 9.56
TNF-a, pg/ml 26.89 + 7.92 35.73 = 5.67 32.97 = 1.49 32.74 £ 2.37

Abbreviations. IL: Interleukin, TNF: Tumor Necrose Factor, IR: Ischemia reperfusion. Mann-Whitney U test was used for comparing

numeric variables between groups.
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Figure 1 Comparison of serum (a) IL-18, (b) IL-1B, (c) IL-6 and
(d) TNF-a.

that VPA should be considered for prophylactic use
before aortic surgery to mitigate the risk of IR injuries.
The drug seems to have multifaceted effects, attributed
to its anti-inflammatory, antioxidant, and anti-apopto-
tic properties. Furthermore, the outcome variables were
chosen based on their relevance to the IR injury
mechanism.

Interleukins have neuroprotective and degenerative
effects on cells following injuries. IL-6 is a multifunc-
tional cytokine mainly secreted by neurons and glial
cells, and it plays a vital role in neuronal development
and differentiation (17). It triggers neuronal survival
after injury and causes neuronal death in neurodegen-
erative diseases (9). Another strong interleukin, TNF-
a, is a proinflammatory cytokine that plays a crucial
role in host defense (18). It activates microglia to

Table 2 Distribution of oxidative stress markers.

induce the progressive loss of neurons (19). If so, we
demonstrated a transient ISC model in rats to
compare a prophylactic VPA administration and a
post-injury single-dose treatment to determine the neu-
roprotective mechanisms related to decreased inflam-
mation, oxidative stress, and apoptosis. We created an
experimental IR injury in a rat spinal cord using a
model of occlusion of the abdominal aorta. We found
that it significantly increased serum IL-18 and TNF-«
levels, and VPA administration before or after IR
reduced this IL-18 level but not to pre-ischemic levels.
While the decrease in TNF-a was insignificant, there
was no increase in IL-6 and IL-1B levels of the sham
and the treatment groups compared to the control.
While serum TOS level and OSI ratio increased and
TAS level decreased in the sham group, pre- and post-
IR VPA treatments significantly improved TAS and
OSI levels but not TOS levels compared to the sham.
Pre-IR VPA brought these three parameters to similar
levels with the pre-ischemia period. Finally, there were
increases in apoptosis markers in the sham compared
to the control. Both pre and post-IR VPA adminis-
tration improved compared to the sham group but did
not reach the control.

ISC with subsequent paraplegia is still fatal following
aortic aneurysm or dissection repair. Disruption of
arterial blood flow, trauma to the spinal cord collaterals
during surgery, hypoperfusion of the distal aorta, pro-
longed aortic cross-clamp time, elevated cerebrospinal
fluid (CSF) pressure, and postop-hypotension are all
considered antecedent causes of the injury (20).
Although methods such as intraperitoneal, intrathecal,

Pre-IR Post-IR
Markers Control Sham treatment treatment
TOS, wmol Trolox Eq/L 20,39 + 0,91 23,57 + 4,35 21,01 £ 0,98 22,54 + 3,69
TAS, umol H-02 Eq/L 1,78 = 0,45 0,72 £0,12 1,64 +0,79 1,43 + 0,60
(e8] 12.19 + 3.44 33.34 + 6.43 15.36 + 6.81 17.7 £ 6.05

Abbreviations. OSI: Oxidative Stress Index, TOS: Total Oxidant Status, TAS: Total Antioxidant Status, IR: Ischemia reperfusion. Mann-
Whitney U test was used for comparing numeric variables between groups.
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Figure 2 Comparison of serum (a) TOS, (b) TAS, and (c) OSI between the study groups.
Table 3 Distribution of immunohistochemical marker expression levels.
Pre-IR Post-IR

Markers Control Sham treatment treatment
Caspase-3, npn 225+ 1.04 50.25 £ 9.35 25.75 +9.35 36.25 + 5.37
Bax, npn 4 +3.38 4463 £ 5.95 2213+ 7.62 3213+ 4.12
Bcl-2, npn 4513 £ 5.44 13 +£1.77 28.13 + 3.56 19.88 + 4.02
Bax/Bcl-2 ratio 0.86 = 0.07 3.53 £0.89 0.79 £0.25 1.66 = 0.28

Abbreviations. |R: Ischemia reperfusion, npn: number of positive neurons. Mann-Whitney U test was used for comparing numeric

variables between groups.

or intravenous administered drugs and CSF drainage
have been used for many years to raise distal aortic
flow-perfusion and to minimize spinal cord injury fol-
lowing aortic surgery, none has been able to prevent
the damage and neurological complications, completely
(21).

Antioxidant and anti-inflammatory drugs have been
studied to prevent aortic ischemia-related spinal cord
injury in animal models (8). In vitro, VPA therapies
reduce glutamate-induced-excitotoxicity and inhibit
lipopolysaccharide-induced IL6-TNFa  production
(10, 12). Additionally, VPA shows protective effects in
vivo against various IR injury models and inflammatory
disease models (6, 22-24). Regrettably, clinical trials
utilizing a variety of preclinical neuroprotective medi-
cines for stroke have been ineffective (25). Although
numerous variables may contribute to the inability to
create new stroke treatments, one of the primary
reasons is the treatment-limiting side effects of current
medications (26). Most of VPA’s adverse effects (i.e.
thrombocytopenia, hyperammonemia, and parkinson-
ism) are dose-dependent; a single-dose treatment
should not result in severe adverse effects (27).

Being a broad-spectrum inhibitor of histone deace-
tylase, VPA provides that it directly inhibits histone
deacetylases (HDACs), reducing the interaction of
histone with DNA (28). Thus, loosening the nucleo-
some structure facilitates the binding of the tran-
scription factor to the DNA. At therapeutic doses,
VPA exhibits neuroprotective and neuroregenerative
properties (29). VPA increases the expression of
Hsp70 (heat-shock protein)in cortical neurons
during ischemia, followed by histone hyperacetyla-
tion (30). VPA inhibits caspase3 activation following
ischemia and optic nerve crush injury (29, 31). VPA
prevented disruption of the blood-brain transition
by inhibiting HDAC and MMP-9 in the ischemic
model (32).

VPA has been researched in IR injury studies in other
tissues outside the nervous system. It may have antiox-
idant and anti-apoptotic properties. Antioxidant, anti-
apoptotic, and anti-inflammatory impacts of VPA
have been shown in acute lung injury induced by the
IR model by Kim et al. (6). According to Zhang et al.
(23), the efficacy of VPA in the rat retina was investi-
gated in the IR model. In this model created with an
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Figure 3 Comparison of expression of (a) Caspase-3, (b) Bax and (c) Bcl-2, and (d) Bax/Bcl-2 ratio between the groups.

increase in ocular pressure, VPA’s protective effect on
the retina in IR damage was demonstrated, and this
activity was mediated by anti-apoptotic properties
(23). In IR injury, FRs are the most important cause
of neuronal loss. Overproduction of FRs will further
aggravate IR injury, inevitably resulting in apoptotic
cascade activation (33).

The anti-apoptotic effect of VPA was investigated in
different trials. The IR model that Zhang et al. created
noticed that VPA adjusted bax and bcl-2 mRNA
expression (34). Our study indicated that bax and bcl2

The Journal of Spinal Cord Medicine 2023

expression decreased in the group given VPA. Our find-
ings on the anti-apoptotic activity of VPA were compa-
tible with the literature. In the IR model made by Wang
et al., created with 60 min cerebral artery occlusion,
VPA was applied for 14 days (35). They demonstrated
the positive effects of VPA on angiogenesis and func-
tional improvement. The retinal IR injury model
created by Zhang et al. reported that VPA application
decreased malondialdehyde levels and increased SOD
and GSH-Px activities (36). Our study aligns with the
literature and supports the claim that increased serum
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TAS levels and decreased OSI VPA have antioxidant
properties.

The study presented some limitations due to the
nature of animal research. It examined the values of
biomarkers at the 24th hour to examine the effects of
VPA in the emergency period, but there may be differ-
ences in the long-term effects. The study enrolled the
biochemical and immunohistochemical parameters
that we thought might be crucial in the pathophysiol-
ogy. Still, other biochemical and immunohistochemical
factors that play a role in spinal cord IR injury may also
be associated with the VPA. The last limitation of the
study is the death of three animals in the fourth group.

Conclusion

The research elucidated VPA’s anti-inflammatory, anti-
oxidant, and anti-apoptotic attributes in the spinal cord
IR process, employing biochemical and immunohisto-
chemical methodologies. Comparative analyses
between prophylactic VPA administration and post-IR
interventions revealed congruence in their anti-inflam-
matory and anti-apoptotic ramifications. However, the
pre-IR treatment manifested superior antioxidant effi-
cacy. Based on our empirical findings, VPA exhibited
therapeutic potential. Advocating its routine adminis-
tration before aortic surgical procedures, especially in
emergencies, could portend a promising strategy for
facilitating spinal cord IR injuries.
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