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Abstract. – OBJECTIVE: One of the most 
pronounced phenomena of spinal cord injury 
(SCI) pathology is various changes caused by 
oxidative stress due to secondary damage. In re-
cent years, it has been understood that valproic 
acid (VPA) has neuroprotective properties other 
than its clinical effect. The aim of this study is to 
investigate whether there is a change in antiox-
idant activity and trace the element level due to 
SCI-induced secondary damage, and to examine 
whether VPA has an effect on this change.

MATERIALS AND METHODS: Experimental-
ly, spinal damage was induced in a total of six-
teen rats by compressing the infrarenal and iliac 
bifurcation parts of the aorta for 45 minutes and 
these rats were equally divided into SCI (control) 
and SCI + VPA groups. The treatment group was 
injected with VPA (300 mg/kg) intraperitoneally 
once following SCI. In addition, the motor neuro-
logical functions of both groups after SCI were 
evaluated with the Basso, Beattie, and Bresnah-
an (BBB) locomotor rating scale and Rivlin’s an-
gle of incline test. The spinal cord tissues of both 
groups were homogenized and the supernatants 
were separated for biochemical analysis.

RESULTS: The results showed that SCI signifi-
cantly reduced catalase (CAT), glutathione perox-
idase (GPx), total antioxidant status (TAS), mag-
nesium (Mg), zinc (Zn) and selenium (Se) levels 
and increased total oxidative status (TOS), oxida-
tive stress indices (OSI), chromium (Cr), iron (Fe), 
and copper (Cu) in damaged spinal cord tissue. 
In particular, the administration of VPA prior to 
the significant increase in the effect of SCI-sec-
ondary damage turned these negative findings 
into positive. 

CONCLUSIONS: Our findings show that the 
spinal cord tissue damaged during SCI is pro-
tected against oxidative damage thanks to the 
neuroprotective property of VPA. Furthermore, 
it is an important finding that this neuropro-
tective mechanism contributes to the mainte-
nance of the level of essential elements and an-
tioxidant activity against SCI-induced second-
ary damage.
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Introduction

Spinal cord injury (SCI) is a life-threaten-
ing event that results in multiple organ damage 
and sometimes permanent physical deformities 
for both humans and animals. The mechanisms 
underlying organ damage are not fully known. 
However, local complications that usually begin 
with primary damage, followed by the secondary 
damage with a series of biochemical reactions, 
are thought to be the underlying reasons1. At the 
beginning of biochemical changes in secondary 
damage prone to treatment, ion imbalance is 
followed by oxidative stress and inflammation. 
When left untreated, ionic imbalance plays a very 
important role in reactions leading to the death of 
spinal cord cells2. Valproic acid (VPA) shows that 
it has potentially anti-oxidation and anti-inflam-
matory properties and prevents complications 
such as oxidative stress after ischemia/reperfu-
sion3. When we examine all the studies, we can 
say that the studies on the effect of VPA on ion 
imbalance after SCI are quite limited. However, 
there are studies in which there are various mech-
anisms underlying the prevention of oxidative 
stress with the application of VPA4. For example, 
inhibition of VPA-mediated histone deacetylases 
(HDACs) is a protective effect against motoneuro-
nal death in amyotrophic lateral sclerosis, which 
develops as a result of oxidative stress. DNA-his-
tone relationships are very important both in 
terms of chromatin structure and gene regulation. 
The inhibition of HDACs by VPA leads to his-

European Review for Medical and Pharmacological Sciences 2023; 27: 3892-3905

M. ULAS1, O.G. ARGADAL2

1Department of Physiology, Faculty of Medicine, Firat University, Elazig, Turkey
2Department of Brain and Neurosurgery, Kastamonu Training and Research Hospital, Kastamonu, Turkey

Corresponding Author: M. Ulas, MD; e-mail: ulasmustafa39@gmail.com

Trace element, antioxidant and oxidant levels 
in spinal cord injury: different perspective 
on the effects of valproic acid



Trace element, antioxidant and oxidant levels in spinal cord injury

3893

tone acetylation. This condition can increase the 
relaxation of the tightly wound DNA structure 
and the access of transcription factors, thereby 
leading to the realization of gene transcription5. 
In addition, neurogenesis activation by VPA 
treatment can create a highly protected microen-
vironment in the neuronal structure as a result of 
the expression of the growth factor brain-derived 
neurotrophic factor  (BDNF) in young neurons6. 
A recent study7 reported that VPA and retinoic 
acid treatment combinations are compatible, and 
that retinoic acid promotes neurogenesis of spinal 
cord ependymal cells (SCECs, plays an important 
role in SCI recovery) and reduces astrocytic dif-
ferentiation. In this way, VPA has been shown8 to 
have neuroprotection and neurogenesis effects in 
brain damage and ischemia/reperfusion injuries. 
This results in the development of healthy prolif-
erating neurons and motor abilities. 

SCI, caused by factors including temporary 
vascular clamping, is exposed to the effects of 
ischemia due to such reasons as low blood flow 
and limited anaerobic metabolic capacity. Reper-
fusion-induced reactive oxygen species (ROS) 
following ischemia can lead to the triggering of 
oxidative stress, numerous oxidant mechanisms, 
inflammation and an increase in the apoptot-
ic mechanism, and further tissue damage9. Re-
cent research10 has focused on the sequence of 
occurrence of biochemical changes, such as ion 
imbalance, oxidative damage and inflammation, 
leading to brain cell death due to brain ischemia. 
Therefore, ion imbalance plays an active role in 
the initiation of ischemic events such as cere-
bral ischemia and the formation of other oxidant 
mechanisms. SCI-induced ischemia/reperfusion 
stimulates the production of ROS and reactive ni-
trogen species (RNS). The increase of these types 
of reagents causes damage to elements of the 
cell membrane such as lipids, proteins, and nu-
cleotides (DNA). The reaction of ROS with long-
chain unsaturated fatty acids brings about the fur-
ther spread of oxidative damage and disruption of 
membrane permeability, which eventually result 
in cell death11. The characteristics of the structure 
of the spinal cord, such as its high composition of 
polyunsaturated fatty acids and its limited anti-
oxidant capacity, make it very vulnerable to oxi-
dative stress after injury12. According to the men-
tioned findings, agents with neuroprotective and 
neurogenic effects, such as VPA, are promising in 
the treatment of such injuries due to the ability to 
minimize the effects of secondary damage after 
SCI. The body can limit normal ROS production, 

but it has developed a complex antioxidant system 
to limit the production that occurs beyond this 
limit for various reasons (such as SCI). 

One of the most important mechanisms of this 
system is antioxidant enzymes, while the other is 
non-enzymatic antioxidants. Enzymatic antioxi-
dants in the body protect organs such as the spinal 
cord and brain that are prone to oxidative damage 
that CAT, being one of the strongest members of 
the defense barrier, has the function of catalyzing 
the reduction of hydrogen peroxide radicals, thus 
reducing the tendency of brain and spinal cord 
tissues to oxidative damage. Similarly, GPx is an 
enzyme that is responsible for the breakdown of 
hydrogen peroxide, harmful to the mitochondria, 
down to water, and is important and essential in 
the protection of the cell. It is known14 that both 
CAT and GPx activity is stable in the defense of 
ROS attacks. On the contrary, the reduced activi-
ties of these two antioxidants have been reported15 
to damage the brain and spinal cord tissue. 

The authors reported15 that it is very important 
to maintain the levels of several trace elements 
necessary both for the spinal cord to preserve nor-
mal functions and for SCI. In addition, these ele-
ments have an important role in the functioning of 
enzymatic antioxidants, which prevent oxidative 
damage that allows the spread of secondary dam-
age developing after SCI. For example, Se, which 
is necessary for the function of GPx, prevents the 
oxidation of the cell bodies of neurons thanks to 
its antioxidant properties, thus allowing it to re-
main healthy. Cu and Zn, which have antioxidant 
properties such as Se, are important metalloen-
zymes found in living organisms16. They are pres-
ent in the structure of CAT, one of the antioxidant 
enzymes, and thanks to their anti-inflammatory 
and antioxidant properties, they protect organs 
containing long-chain unsaturated lipids from 
oxidation. Also, the element Cu at normal levels 
is present in the biologically active part of super-
oxide dismutase (SOD)17. However, an excessive 
increase in Cu triggers oxidative stress and thus 
serves as a significant function in the etiology of 
various neurodegenerative disorders18. The human 
body needs the element Cr, just as it needs other 
trace elements against oxidative damage that de-
velops after neurodegenerative trauma. The re-
quired amount of Cr is used for the functions of 
all cells. Nonetheless, the amount of Cr exceed-
ing the required amount triggers the production 
of ROS, which initiates oxidative damage19. The 
use of trace elements necessary for the body with-
out exceeding the required amount increases their 
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bioavailability. For example, the amount of Fe re-
quired for normal biochemical and physiological 
functions of the cell can also be used in the treat-
ment of various diseases. However, in a previous 
study20, it was reported that an excessive amount 
of Fe causes oxidative damage to cell building 
elements, such as lipids, proteins, by triggering 
the production of highly reactive hydroxyl radi-
cals (Fenton reaction). Like other elements with 
innate antioxidant and anti-inflammatory abilities 
(Se, Zn), magnesium has become the center of at-
tention. The Mg mineral, which is a cofactor of 
many enzymes, contributes to the stability of the 
cell membrane by reducing the effects of oxida-
tive stres21.

Current opinions about the mechanism of 
SCI-secondary damage and the effect of VPA on 
ion balance and oxidative stress/antioxidant ca-
pacity are limited and controversial. This study 
was designed both to investigate the effects of 
VPA on SCI and trace elements/antioxidant sys-
tem and to clarify the current limited and contro-
versial issues.

Materials and Methods

Animal Treatment and Induction of SCI
In total, sixteen male Wistar albino rats (220 to 

230 g) were included in this study. The rats were 
purchased from Veterinary Control Institute An-
imal Experiments, Elazig, Turkey. To ensure the 
physiological conditions of the animals, the rats 
were housed in stainless steel cages under con-
trolled ambient conditions. The humidity was con-
trolled in the range of 40-60% and the tempera-
ture was controlled at 18-23°C and maintained 
at 12:12 h light-dark cycle for 2 days. SCI was 
created by cross-compression of the aorta for 45 
minutes after dissection on the iliac bifurcation in 
all rats. The rats were randomly divided into two 
groups of 8 as follows: SCI (control) group [rats 
were injected with a single dose of normal saline 
(1.0 ml) intraperitoenally], SCI+VPA group (De-
pakin® 200 mg/1,000 μL solution, Sanofi Dogu, 
Istanbul, Turkey, only a single dose of 300 mg/
kg of VPA was injected intraperitoneally into rats 
throughout the experiment). 

Anesthesic sedation of all rats before sur-
gery was achieved by intraperitoneally applying 
a mixture of ketamine hydrochloride (Ketalar, 
Parke-Davis Eczacıbaşı Eczacıbaşı, Istanbul, 
Turkey, 50 mg/kg) and xylazine (5 mg/kg, Rom-
pun, Bayer, Istanbul, Turkey). The body tempera-

tures of all rats were measured with a rectal probe 
inserted into the rectum. Rats received oxygen 
through a pediatric face mask at a rate of 200 
mL per minute during the operation. Following 
anesthesia sedation, the rats were left in a supine 
position on special boards for easy surgical in-
tervention, and the operating area was sterilized 
with 10% povidone-iodine (Betadine, Kensuke, 
Istanbul, Turkey) solution and closed with a ster-
ile perforated compress to remain open. Then, the 
intestines revealed by laparotomy incision from 
the midline of the abdomen were removed from 
the right side by placing a warm and wet com-
press. After reaching the retroperitoneal region, 
the abdominal aorta and the inferior vena cava 
were isolated after identification and intermittent 
administration of ketamine hydrochloride was 
continued to maintain anesthesia. Furtheremo-
re, heparin (Sigma-Aldrich Co., St. Louis, MO, 
USA, 100 IU/kg) was administered intraperiton-
ally to keep the active coagulation time (ACT) 
between 200-250 seconds before the abdominal 
aorta was clamped. To monitor ACT at intervals 
of 30 minutes peroperatively, Hemochron Jr sig-
nature plus device (Keller Medical GmbH, Bad 
Soden, Germany) was used. Afterwards, an at-
raumatic microvascular clamp (vascu-statts II, 
Scanlan Int., St. Paul, MN, USA) was placed along 
the infrarenal and iliac bifurcation parts of the ab-
dominal aorta for 45 minutes. The operating room 
temperature was set close to the body tempera-
ture value (36.1±0.7°C). During the experiment, 
aortic systemic blood pressure was maintained at 
60-70 mmHg and heart rate at 168.8±22.2 beats/
min. When the clamp was removed, the reper-
fusion was corrected by the reappearance of the 
lost pulse in the distal aorta. Rats were admin-
istered intraperitoneally with protamine sulfate 
(Sigma Aldrich, St. Louis, MO, USA, 1 mg/kg) 
to antagonize the effect of heparin and warm so-
dium lactate solution (Sigma-Aldrich, St. Louis, 
MO, USA, 10 ml) to control bleeding. In an order-
ly manner, the abdominal muscles and skin were 
closed with a 4-0 silk suture. All rats were given 
cefazolin sodium (Sefazol, Mustafa Nevzat, Istan-
bul, Turkey) intramuscularly, to prevent possible 
bacterial infection, and meloxicam subcutaneous-
ly (5 mg/kg, Melox Ampoule, Nobel Pharmaceu-
tical Industry, and Trade A.Sh., Istanbul, Turkey). 
After a 48-hour spinal cord ischemia procedure, 
all animals were anesthetized (as at the begin-
ning) and sacrificed, and the collected spinal cord 
samples were washed in ice-cold phosphate-buff-
ered saline, placed in glass bottles, labeled and 
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frozen in a deep freezer (at -80°C). The frozen 
sample was weighed and homogenized (Ultra 
Turrax T25, Janke & Kunkel GmbH & Co., KG, 
Staufen, Germany) (1:10, w/v) in 100 mmol/litre 
phosphate buffer (pH 7.4) in an ice bath. The ho-
mogenate was centrifuged (5,000 g for 10 min). 
The supernatant was frozen at -80°C until used 
for biochemical assays. In this animal experiment 
study, experimental procedures and all related 
protocols have been initiated with the prior ap-
proval of the Local Ethics Committee for Animal 
Experiments of the Elazig Veterinary Control In-
stitute (2022/04, EVKEM).

Trace Elements Analysis 
in the Tissue of Spinal Cord

The element levels of the previously frozen 
spinal cord samples were first made ready for 
analysis by the method of burning a pressurized 
microwave oven (Mars 5, CEM Corporation, 
ABD, so that the samples become a clear solu-
tion without sediment inside), and then deter-
mined with the help of an ICP-AES (Inductively 
Coupled Plasma-Atomic Emission Spectrometry, 
Vista AX, Varian Inc., Australia) device. Before 
the measurement, the samples weighed on a del-
icate scale of about 0.5 g were kept in 10% ni-
tric acid for 24 hours, then washed with distilled 
water and placed in special propylene tubes of 10 
ml and numbered. Then, the combustion process 
was initiated by adding 10 ml of 65% nitric acid 
(w/w, Merck, Darmstadt, Germany) to each tube 
(XP-1500, Tetrafluorometaxyl, CEM Corpora-
tion, ABD) and the process was sustained until 
the desired pressure [150 pounds per square inch 
(psi)] and temperature (180ºC) were reached. Af-
ter the combustion process, the cooling process 
was initiated and the cooled tube samples were 
transferred to 25 balloon-shaped tubes. The de-
ionized water (resistance: 18 Ω cm-1, P.Nix UP 
900, Human Corporation, Seoul, Korea) was 
added to 25 ml tubes. After that, the tubes were 
shaken for 10 minutes to homogenize the contents 
and again transferred to 10 ml propylene tubes 
and numbered. During the preparation of the spi-
nal cord samples, NIST 1577b (National Institute 
of Standards & Technology, Gaithersburg, MD, 
USA) was used as a standard reference material to 
test the accuracy of the analyses. Before starting 
the analysis, the ICP-AES device was calibrated 
with single and multiple element solutions (Mer-
ck, Darmstadt, Germany). The Mg, Zn, Se, Cr, Cu 
and Fe levels of the prepared samples were mea-
sured and expressed in µg/g.

Measurement of CAT and GPx 
Activities and TAS, TOS and OSI Levels
in the Spinal Cord Tissue

CAT activity in the spinal cord tissue was 
performed with the help of Cayma’s CAT assay 
kit (Cayman Chemical Co, Analysis Ann Arbor, 
MI, USA, Bio-Tek ELx800, Winooski, VT, USA). 
The experimental procedure is based on the reac-
tion of the enzyme with hydrogen peroxide under 
methanol catalysis to produce the formaldehyde 
product. Formaldehyde produced as chromogen-
ic 4-amino-3-hidrazino-5-merkapto-1,2,4-triazol 
entered and interacted with spectrophotometry 
(Thermo Scientific Multiskan Spectrum,  Ann 
Arbor,  MI,  USA) and CAT activity was calcu-
lated in terms of U per milligram protein of wet 
tissue. Cayman’s GPx assay kit (Cayman Chem-
ical Co, Ann Arbor, MI, USA) was purchased to 
detect GPx activity of spinal cord tissue. Briefly, 
GPx’s reduction of hydroperoxides converts re-
duced glutathione reductase to oxidized glutathi-
one, but the oxidation reaction of reduced nicotin-
amide adenine dinucleotide phosphate (NADPH) 
to  nicotinamide adenine dinucleotide phosphate  
(NADP+) causes the oxidized glutathione to con-
vert back to the glutathione reductase form. This 
condition is observed spectrophotometrically (at 
340 nm) as a decrease and it is observed that this 
decrease is proportional to the GPx activity in the 
spinal cord. The results were calculated as units 
per milligram protein (U/mg protein) for spinal 
cord tissue. Total oxidative status (TOS) and to-
tal antioxidant status (TAS) levels were measured 
on Beckman Coulter AU680 analyzer (Beckman 
Coulter, Miami, FL, USA) using commercial kits 
(Rel Assay Diagnostic, Gaziantep, Turkey) based 
on the method developed by Erel22. The experi-
mental procedure of TAS activity in spinal cord 
tissue is the reduction of the dark blue-green 
2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfon-
ic acid) (ATBS) or ABTS radical to the colorless 
form of ABTS by antioxidant molecules. As a 
result, the change in absorption (660 nm) is di-
rectly related to the total antioxidant level. Trolox 
(a water-soluble analogue of vitamin E) was used 
as a calibrator, and the results obtained were ex-
pressed as mmol Trolox Eq/mg protein. The TOS 
activity method, on the other hand, begins with 
the oxidants in the sample oxidizing ferrous io-
no-dianiside complex to ferric ion. The reaction 
is enhanced by glycerol molecules, which are 
abundant in the medium. As a result, iron ions 
form a colored complex in an acidic environment. 
The color intensity measured spectrophotomet-
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rically is related to the total oxidant molecules 
in the sample. Hydrogen peroxide was used as a 
calibrator and the results were expressed as μmol 
H2O2  Eq/mg protein. The oxidative stress index 
(OSI), which is one of the markers of oxidative 
stress, is found by dividing TOS by TAS. First, 
the TAS unit, mmol Trolox Eq/mg protein, is con-
verted to the micromol Trolox equivalent/mg pro-
tein, and then the OSI is calculated, in short, [OSI 
= (TOS, μmol H2O2 Eq/mg protein)/(TAS, mmol 
Trolox Eq/mg protein)].

Protein Analysis in the Tissue 
of Spinal Cord

In this study, a commercial BioRAD DC Pro-
tein Assay Kit purchased from San Francisco, 
CA, USA was used to determine the protein con-
tent. Briefly, the purpose of this experiment was 
to form a blue-colored complex as a result of the 
reaction of the reagent with the protein. The color 
intensity of this blue color complex is in paral-
lel with the protein concentration. At the end of 
the experiment, the protein level was measured 
by Thermo Multiskan Spectrum spectrophotom-
eter (Thermo Scientific, Waltham, MA, USA) at 
the absorption wavelength (595 nm).

Behaviors Evaluation
Motor function recovery of all rats was estimat-

ed using the Basso, Beattie and Bresnahan (BBB) 
scoring method23 with a 21-point open-space loco-
motor scale from 0 (indicating a state of complete 
paralysis) to 21 (indicating normal motor function). 
After SCI, at the 1st, 6th, 12th, 24th and 48th hours, 
the rats’ movements were recorded by two blind 
observers in groups. The movements of both hind 
legs, walking skills, stability, trunk, tail and paw 
position, body coordination and finger span of the 
rats were observed and recorded. Thus, the desired 
BBB score was obtained by taking the average of 
the recorded scores. For the inclined plane test24, 
the rats were placed on a tester with a five-stage tilt 
(a rubber mat with horizontal ridges 3 mm apart, 
fixed to a flat board). Initially horizontally (0°), 
and after each procedure, the upward angle was in-
creased by 5-10°, and thus the maximum angle that 
a rat could maintain for 5 seconds without falling 
until it lost its grip was recorded, and the average 
score of each rat was obtained.

Statistical Analysis
In this study, SPSS v. 21.0 (Statistical Pack-

age for the Social Sciences; IBM Corp., Armonk, 
NY, USA) statistical analysis program was used. 

The experimental data obtained are indicated as 
the mean±standard error of the mean for 8 rats in 
each group. One-way analysis of variance (ANO-
VA) was used for biochemical data, and the Tukey 
post-hoc option was used to assess the changes 
between the groups. p-value below 0.05 was con-
sidered statistically significant.

Results

Effect of VPA on TOS and OSI Levels in 
the Spinal Cord Tissue

The study shows the findings of the relation-
ship between the level of oxidative stress (as TOS 
and OSI) in the spinal cord tissue and the second-
er damage induced by SCI. In addition, the ap-
plication of VPA after experimental SCI revealed 
that a decrease in the levels of TOS and OSI com-
pared to the SCI (control) group (p<0.05) may be 
a consequence of the neuroprotective property of 
VPA (Figures 1 and 2).

Effect of VPA on TAS Level and CAT and 
GPx Activities in the Spinal Cord Tissue

Compared to the SCI (control) group, TAS lev-
el, CAT and GPx activities increased significantly 
in the SCI+VPA group (p<0.05, Figures 3-5). In 
SCI rats, the decrease of TAS level and CAT and 
GPx activities due to damage was prevented with 
the administration of VPA. This situation has 
shown that it is a result of the effect of VPA on 
increasing antioxidant activity.

Figure 1. The level of total oxidative status (TOS) in the 
spinal cord tissue (µmol H2O2 Eq/mg  protein). The experi-
mental data obtained are indicated as the mean ± standard 
error of the mean for 8 rats in each group. For biochemical 
data, one-way analysis of variance (ANOVA) was used; dif-
ferences between the groups were measured using the Tukey 
post-hoc option. p-value below 0.05 was considered statisti-
cally significant. &p<0.05 against the SCI (control) group.
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Effect of VPA on Trace Element Levels
in the Spinal Cord Tissue

In the SCI+VPA group levels compared to the 
SCI (control) group, a significant increase in spinal 
cord tissue Mg, Zn and Se were observed (Figure 
6). Administration of VPA to rats with SCI prior 
to SCI-induced secondary injury significantly im-
proved Mg, Zn and Se values ​​by reducing second-
ary injury. Figure 7 shows the findings obtained 
regarding the Cr, Cu and Fe levels in spinal cord tis-

sues. Cr, Cu and Fe levels in the SCI (control) group 
were statistically higher than those in the treatment 
group. However, VPA treatment of SCI rats before 
SCI-induced secondary damage reduced the effect 
of secondary damage and prevented the excessive 
increase in Cr, Cu and Fe levels.

Neurological Function Assessment
 As shown in Figure 8A, compared with the 

rats in the SCI (control) group, the rats with 

Figure 2. The level of oxidative stress indices (OSI) in the 
spinal cord tissue. The experimental data obtained are indi-
cated as the mean ± standard error of the mean for 8 rats in 
each group. For biochemical data, one-way analysis of vari-
ance (ANOVA) was used; differences between the groups 
were measured using the Tukey post-hoc option. p-value be-
low 0.05 was considered statistically significant. &p < 0.05 
against the SCI (control) group.

Figure 3. The level of total antioxidant status (TAS) in the 
spinal cord tissue (µmolTtroloxEq/mg protein). The experi-
mental data obtained are indicated as the mean ± standard er-
ror of the mean for 8 rats in each group. For biochemical data, 
one-way analysis of variance (ANOVA) was used; differences 
between the groups were measured using the Tukey post-hoc 
option. p-value below 0.05 was considered statistically signif-
icant. &p < 0.05 against the SCI (control) group.

Figure 4. The activity of catalase (CAT) in the spinal cord 
tissue (U/mg protein). The experimental data obtained are 
indicated as the mean ± standard error of the mean for 8 
rats in each group. For biochemical data, one-way analysis 
of variance (ANOVA) was used; differences between the 
groups were measured using the Tukey post-hoc option. 
p-value below 0.05 was considered statistically significant. 
&p < 0.05 against the SCI (control) group.

Figure 5. The activity of glutathione peroxidase (GPx) in 
the spinal cord tissue (U/mg protein). The experimental data 
obtained are indicated as the mean ± standard error of the 
mean for 8 rats in each group. For biochemical data, one-
way analysis of variance (ANOVA) was used; differences 
between the groups were measured using the Tukey post-
hoc option. p-value below 0.05 was considered statistically 
significant. &p < 0.05 against the SCI (control) group.
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SCI+VPA showed higher BBB scores at each 
time point, and the differences were statistically 
significant (p<0.05). It was shown that there was 
a significant improvement in neurology function. 
The BBB scores of the SCI rats at 48 hours re-
mained <10 points, whereas the rats treated with 
VPA had scores above 10 points, and the differ-
ences were statistically significant (p<0.05). As 
shown in Figure 8B, giving VPA following SCI, 
the angle of incline of the rats was increased, 
compared with those in the SCI (control) group 
at each time point, and the differences were sta-
tistically significant (p<0.05). These results re-
vealed that only SCI weakened the neurological 
function of rats, and the administration of VPA 
following SCI accelerated the recovery of neuro-
logical function.

Discussion

Our experimental results have shown that oxi-
dative stress due to SCI-secondary damage causes 
a decrease in both elemental levels (Mg, Zn and 
Se) and antioxidant enzyme activity (TAS, CAT 
and GPx). In addition, observation of increase in 
the levels of TOS, OSI, Cr, Cu and Fe revealed 
that the severity of the damage is multifaceted. In 
particular, the administration of VPA to rats with 
SCI before the onset of the actual effect of SCI-in-
duced oxidative stress is important in terms of 
minimizing this effect. Despite limited in num-
ber, the recent researches25 on the neuroprotec-
tive effect of VPA due to its anti-oxidation and 
anti-inflammatory properties have opened a new 
path in the treatment of neurological diseases. 

Figure 6. A, Magnesium (Mg), (B), zinc (Zn), (C), selenium (Se) levels spinal cord damage and the levels of essential el-
ements in the spinal cord tissue after the administered VPA. The experimental data obtained are indicated as the mean ± 
standard error of the mean for 8 rats in each group. For biochemical data, one-way analysis of variance (ANOVA) was used; 
differences between the groups were measured using the Tukey post-hoc option. p-value below 0.05 was considered statisti-
cally significant. ✭p < 0.05 against the SCI (control) group.
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Figure 7. A, Chromium (Cr), (B), copper (Cu), (C), iron (Fe) levels spinal cord damage and the levels of essential elements in 
the spinal cord tissue after the administered VPA. The experimental data obtained are indicated as the mean ± standard error 
of the mean for 8 rats in each group. For biochemical data, one-way analysis of variance (ANOVA) was used; differences be-
tween the groups were measured using the Tukey post-hoc option. p-value below 0.05 was considered statistically significant. 
✭p<0.05 against the SCI (control) group.

Figure 8. Results of the motor function assessment of the rats. A, BBB scores. B, Angle of incline. ✭p<0.05 vs. SCI+VPA 
group. SCI, spinal cord injury; VPA, valproic acid; BBB, Basso, Beattie, Bresnahan.



M. Ulas, O.G. Argadal

3900

Accordingly, many opinions have been put 
forward about the mechanisms underlying the 
antioxidant property of VPA. For example, one 
of these views5 is that VPA acts as an epigene-
tic regulator by inhibiting histone deacetylases, 
increasing histone acetylation, inducing DNA 
and histone methylation association and gene ex-
pression, and influencing chromatin formation. 
Since extreme ROS production damages many 
cellular components, including DNA, this mech-
anism is very important in terms of both chro-
matin structure and maintenance of gene regu-
lation. In addition, one of the important benefits 
of VPA is that it has an antioxidant effect against 
glutamate-induced excitotoxicity, which plays a 
role in the pathophysiology of some neurological 
diseases, including mitochondrial cellular dam-
age26. A recent animal experiment suggests that 
VPA significantly promotes neurogenesis after 
traumatic brain injury by increasing BDNF (as a 
critical mediator of neuronal plasticity), thereby 
significantly reducing brain injury status27. On 
the other hand, clinically, it was reported28 that 
the serum total antioxidant capacity of epileptic 
children receiving VPA monotherapy was much 
better than the children receiving monotherapy 
with some different epileptic agents. Moreover, 
in vivo studies29 show that administration of VPA 
to alloxane-induced diabetic rats with hepatopa-
thy not only significantly reduced ROS-mediated 
lipid peroxidation, blood lipids, and liver param-
eters, but also significantly increases the anti-
oxidant activity of SOD and GPx. Based on all 
this information given, it is noteworthy that the 
neuroprotection of VPA is associated with its an-
ti-inflammation, anti-oxidation properties and an-
tioxidant potentiating effects. The results of this 
study reveal that the final treatment of rats with 
VPA after experimental SCI significantly reduced 
secondary damage-mediated oxidative stress in 
the treatment group, and the result of this study 
is consistent with the above-mentioned research. 
Traumatic-SCI (applications such as temporary 
vascular clamping) is an important phenomenon 
as it causes ischemia due to impaired blood flow 
and low anaerobic metabolic capacity. The ROS 
produced due to blood supply to the tissue (reper-
fusion) following the ischemia may cause trigger-
ing of oxidative stress, multiple oxidant mecha-
nisms, inflammation and increase in apoptotic 
mechanism, as well as tissue damage30. In a pre-
vious study31, the decrease in antioxidant capac-
ity of the spinal cord, which is affected by isch-
emia-induced ROS-related events, was thought to 

be related to the repair of the damage. As a matter 
of fact, polyunsaturated fatty acid (PUFA) is the 
main component of the cell membrane, and the 
presence of bis-allylic methylene  groups in its 
structure has made it very sensitive to ROS and 
nitrogen, making it the first target of attack. As 
a result, events such as ion imbalance triggered 
by the disruption of ion transport after membrane 
permeability are very important, as they lead to 
cell death. It has been reported32 that the spinal 
cord is particularly prone to ROS attack due to 
excessive PUFA content, high oxygen consump-
tion, high Fe content and poor antioxidant defense 
properties. In another study33, they reported that 
differentially expressed genes (DEGs) can play 
important roles in the development of SCI ac-
cording to functional enrichment analysis. Our 
current data reveal that treating rats with VPA af-
ter SCI before the secondary damage had spread 
significantly increased the antioxidant activity of 
TAS, CAT and GPx. We have seen in our study 
findings that one of the positive effects of VPA on 
spinal cord injury during SCI-secondary injury is 
responsible for the increase in antioxidant enzyme 
activity. Because of the highly active neurochem-
ical events, the need for macro-micro nutrients of 
neural organs such as the spinal cord is very cru-
cial. Similarly, understanding the trace element 
needs and elemental balance of SCI patients is 
important in terms of the etiology of the disease34. 
At the same time, current experimental and clini-
cal research is not enough to reveal the imbalance 
of trace elements in organ tissues, for reasons 
such as SCI35. A recent study36 showed that ion 
imbalance is the most important factor responsi-
ble for ischemia-induced brain death compared to 
oxidative stress and inflammation. Basically, ion 
imbalance is known to occur a short time after the 
ischemic event. This means that ionic exchange 
is the most important factor responsible for neu-
ron death in the ischemia process. Thus, under-
standing the underlying events of trace element 
imbalance during the ischemic event induced by 
SCI-secondary damage, providing clarification of 
the relationship of changes in these elements with 
SCI will contribute to the understanding of the 
pathophysiology of neurodegenerative diseases.

The trace element Zn is an essential nutrient 
for the body, as it is used in various physiological 
and biochemical functions, and has a role in many 
processes, such as oxidative stress, inflammation, 
wound healing, and DNA damage repair. In addi-
tion, it is an important phenomenon that Zn ion is 
located in many tissues, especially in the spinal 
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cord, brain, muscle, liver and bones, and connects 
to more than 300 enzymes and more than 2,000 
transcription factors for various biochemical 
pathways and cellular functions37. Some evidence 
has shown that an increase in the level of Zn in 
the ischemic cerebral cortex leads to an increase 
in SOD and CAT activities, and there is a posi-
tive relationship between the level of Zn and the 
activity of antioxidant enzymes38. In other stud-
ies39, they have reported that Zn supplementation 
in ischemic/reperfusion models of various organs 
increases the levels of SOD, CAT, GPx, and nu-
clear factor erythroid 2 (Nrf2) but decreases the 
level of MDA, so they have also reported that Zn 
supplementation to prevent ischemia/reperfusion 
damage during surgery or trauma will contrib-
ute to recovery. According to some experimental 
studies40, Zn supplementation to rats contributes 
to the healing of injured spinal cord tissue, as it 
causes regulation of BDNF expression and inhibi-
tion of HDACs. Also, a beneficial property of Zn 
ion is to prevent glutamate neurotoxicity by mod-
ulating glutamate signaling. As a consequence 
of this, it is very important for neuron health in 
that it eliminates the cause of many neurological 
diseases. In this study, SCI-secondary damage 
causes a significant decrease in the level of Zn 
and increased oxidative stress. However, the ad-
ministration of VPA to rats after SCI significantly 
reversed these negative findings. Our findings re-
vealed that the positive effect of VPA on the lev-
el of Zn is a consequence of its neuroprotective 
property.

Mg, one of the intracellular basic cations of 
a living organism, is involved in a large number 
of important stages of cellular and biochemical 
events. For example, it includes various functions 
such as acting as a cofactor in many enzymatic 
reactions, synthesizing DNA and proteins, in-
hibiting oxidative stress, maintaining neuronal 
functions. One of the neurological functions of 
Mg is to prevent the formation of glutaminer-
gic signals that lead to neurotoxicity due to the 
blocking of the calcium channel at the n-meth-
yl-D-aspartate (NMDA) receptor. In addition, 
a study finding41 indicated that Mg plays an im-
portant role in neurological recovery during ce-
rebral ischemia by preventing ROS-induced lipid 
peroxidation. Therefore, Mg deficiency can lead 
to both excessive NMDAR activation and lipid 
peroxidation, slowing neuronal healing. In this 
study, SCI caused a decrease in the level of Mg 
and the spread of oxidative stress in the affected 
spinal cord. Remarkably, it was observed that Mg 

levels increased with VPA administration to rats 
in the SCI group before the secondary damage 
spread. In an in vivo study42, it is revealed that 
there is an inversely proportional relationship 
between the Mg ion level and ROS-induced lip-
id peroxidation during the period of secondary 
damage induced by SCI. Our findings, which are 
parallel to the information given above, show that 
the neuroprotective mechanism of VPA during 
SCI is to provide an increase in the Mg level to 
suppress ROS-mediated oxidative stress, which is 
the greatest indicator of secondary damage to the 
damaged spinal cord.

Selenium ion has important effects that are 
open to many innovations, including regulation 
of the oxidant/antioxidant system, anti-oxidation, 
anti-inflammation, anti-carcinogenic effects. 
Conversely, decreased Se levels disrupt the ox-
idant/antioxidant balance, making antioxidant 
defense powerless, which leads to the spread of 
oxidative damage and further cellular death43. 
Similarly, in our study, low Se level caused by 
SCI triggered oxidative damage to the affected 
spinal cord, which caused the damage to spread 
further; accordingly, it can be concluded that this 
condition is related to a decrease in its antioxidant 
power in proportion to a decrease in the Se level.

The best known antioxidant activity of the Se 
ion is that it inactivates lipid peroxides as part of 
the structure of different types of GPx. In one 
study44, it was reported that Se may have pro-
tective effects against kidney damage caused by 
ischemia/reperfusion. In another study45, they re-
ported that Se supplementation increased SOD, 
CAT, and GPx activities as well as reduced MDA 
levels in rat models with ovarian ischemia/reper-
fusion injury. Therefore, Se supplementation can 
contribute to recovery by preventing possible 
ischemia/reperfusion damage during surgery or 
trauma. These supplements are quite important, 
as they benefit the fulfillment of radical scav-
enging functions as part of the antioxidant sys-
tem. In a clinical study46, it was found that any 
increase in neurotoxically oriented neuron de-
generations is prevented by administering Se to 
epileptic patients, thereby causing a decrease in 
epileptic seizures and subsequent improvement in 
neuronal damage. In this study, we observed that 
VPA, which was given as a protector of neuro-
nal damage, significantly increased the level of Se 
in the spinal cord after SCI. These observations 
suggest that VPA can prevent SCI-induced oxi-
dative stress of spinal cord cells by increasing the 
Se level.
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The amount of Cr at a normal level is suffi-
cient for cellular and biochemical functions in 
the body. However, it is important in terms of ion 
toxicity to reveal that the amount of Cr exceed-
ing the normal level increases the production of 
ROS, which causes the formation of oxidative 
damage. Briefly, it is obvious that the adjustment 
of the elemental balance or the required Cr level 
is an event that plays an important role not only 
in maintaining cellular and biochemical func-
tions, but also in preventing ROS-induced oxida-
tive damage that damages cells. Meanwhile, the 
role of oxidative stress in the change of both Cr 
level and Cr metabolism is of great importance 
in terms of the pathophysiology of events such as 
ischemia. In addition, due to the reduction of Cr 
(III) to Cr (II), an excessive amount of Cr (II) can 
spontaneously participate in the reaction with hy-
drogen peroxide and produce highly reactive hy-
droxyl radicals. The increase in lipid peroxidation 
caused by these reactions has been confirmed by 
research47. On the other hand, it was first shown in 
a study48 that 100% increased Cr level in the study 
of cerebral ischemia-reperfusion in gerbil can in-
crease the level of MDA, which is an indicator of 
oxidative damage. Similarly, our current finding 
shows that SCI-secondary damage leads to an ex-
cessive increase in the amount of Cr in the spinal 
cord. However, we have determined that in rats 
with SCI, VPA administration significantly re-
duces the amount of excessive Cr before the sec-
ondary damage has fully spread. We believe that 
this beneficial effect of VPA is probably due to 
both its chelating and neuroprotective properties, 
namely that it reduces oxidative stress caused by 
excessive Cr levels during SCI, ensuring that ap-
propriate and necessary Cr levels are maintained. 

The element Fe, which is required 3-5 G for an 
adult individual, is very important for the cellu-
lar and biochemical functions of the body. In one 
study49, it was shown that excessive Fe levels trigger 
oxidative stress after disturbing the ROS balance, 
causing various adverse events such as neurode-
generation, DNA-induced mutations, and cytotoxic 
reactions. In addition, ischemia reperfusion-induced 
ROS can spontaneously react with Fe to produce 
highly reactive hydroxyl radicals with its participa-
tion in the Fenton reaction, causing more oxidative 
organ damage and even Fe-induced cell death (fer-
roptosis). Recent studies34 have reported that some 
epileptic drugs will have effect of preventing ion 
imbalance or excessive accumulation of ions by re-
storing the imbalance of antioxidant redox systems 
in the nervous organs. In our study, it was shown 

that the administration of VPA to rats with SCI be-
fore SCI-secondary damage significantly balanced 
the excessive amount of Fe in the damaged spinal 
cord. Our findings are consistent with the research 
findings given above. In summary, the fact that VPA 
eliminates radicals participating in the fenton reac-
tion with its neuroprotective effect and prevents ex-
cess Fe amount with its chelation ability confirms 
our research purpose.

Appropriate levels of Cu are involved in a vari-
ety of cellular functions, including the synthesis of 
many neural structures. Various pathological con-
ditions or other causes cause a significant increase 
in Cu level, similar to Fe. The increased level of 
Cu is quite harmful for cells, because it participates 
in the Fenton reaction for the production of highly 
reactive hydroxyl radicals, and thus, causes further 
oxidative stress, and subsequent cell death. In dif-
ferent experimental studies50, it has been reported 
that excessive Cu accumulation in the affected 
brain tissue after cerebral ischemic events occurs 
also in different tissues. In a clinical study51 of epi-
leptic children, increase in the plasma Cu level and 
decrease in the Zn level reveal the existence of a 
relationship between the etiology of epilepsy and 
the level of trace elements. Recently, the discov-
ery that antiepileptic drugs have many beneficial 
properties, except for the treatment of epilepsy, has 
attracted the attention of many researchers35. In our 
study, we showed that the administration of VPA 
to rats with SCI before SCI-secondary damage sig-
nificantly balanced the excessive level of Cu in the 
damaged spinal cord. Our findings are consistent 
with the research findings mentioned above. In 
short, the fact that VPA destroys the radicals par-
ticipating in the fenton reaction with its neuropro-
tective effect and prevents the increase of excess 
Cu level with its chelation ability confirms our re-
search purpose. 

According to many research results52, among 
the most clinically important indicators of SCI are 
motor and sensory complications, which lead to 
many negative effects. The BBB locomotor rating 
scale and Rivlin’s inclined plane test are the most 
important methods used to assess the movement 
recovery of experimental animals after SCI53. The 
results of this study showed that BBB scores and 
oblique plate angles decreased in the SCI (control) 
group. In addition, the administration of VPA to 
SCI rats reversed these negative effects. These 
results showed that the experimental SCI model 
was properly constructed and that VPA contrib-
utes to the improvement of neurological function 
by preventing SCI-induced secondary damage.
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Despite many negative opinions about the neu-
roprotective properties of VPA, the fact that it has 
beneficial properties in recent times has been sup-
ported by this study. VPA is important in terms of 
its neuroprotective property to protect damaged 
spinal cord tissue by activating various positive 
mechanisms. This study is the first to confirm that 
VPA regulates the levels of essential elements in 
the spinal cord during SCI. In conclusion, our 
findings confirmed that VPA is a promising agent 
with neuroprotective and other beneficial proper-
ties, balancing the excessive accumulation of ele-
ments associated with oxidative stress and Fenton 
reaction, increasing antioxidant enzyme activity 
and antioxidant element levels at the appropriate 
level. In summary, after events such as SCI, we 
think that further research is needed to clarify the 
beneficial roles of VPA on both trace element lev-
el and antioxidant enzyme activity. 

Conclusions

Our results show that the application of VPA 
has positive effects on oxidative stress, antioxi-
dant and trace element level after secondary dam-
age caused by SCI. The application of VPA to 
prevent SCI damage can be used as an adjunctive 
treatment option as well as the existing clinical 
treatment, and however, more research is needed 
in terms of the use of different combinations of 
VPA-like agents in the clinical treatment of SCI.
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