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Abstract  
Aim: To determine the potential musculoprotective 

effects of thymoquinone (TQ) on valproic acid (VPA)-

induced muscle damage. 

Materials and Methods: Twenty-one male Spraque-

Dawley rats were randomly separated into 3 groups (n = 

7): Control, VPA, VPA + TQ. Oral VPA (500 

mg/kg/day) and TQ (50 mg/kg/day) were given to the 

rats for a period of 14 days. On the 15th day, soleus 

muscle tissues were taken for evaluating the expression 

levels of the Alpha-actinin-3 (ACTN3) and Myosin 

heavy chain 7 (MYH7) genes and histological analysis.  

Results: The VPA + TQ group showed significantly 

higher ACTN3 and lower MYH7 gene expression, and 

decreased NADPH oxidase-4 (NOX4) and caspase-3 

(CAS-3) levels than the VPA group. Also, 

histopathological changes were decreased in the VPA + 

TQ group in comparison with the VPA group.  

Conclusion: VPA-induced soleus muscle damage was 

alleviated due to the antioxidant and antiapoptotic 

effects of TQ. TQ may be beneficial in treating soleus 

muscle damage caused by VPA.  

Keywords: Thymoquinone; Valproic acid; Apoptosis; 

Toxicity; Soleus muscle damage.  

Öz 

Amaç: Çalışmada timokinonun (TQ) valproik asit 

(VPA) kaynaklı kas hasarı üzerindeki potansiyel 

koruyucu etkilerinin belirlenmesi amaçlanmıştır. 

Gereç ve Yöntem: Yirmi bir erkek Spraque-Dawley 

sıçan rastgele 3 gruba ayrıldı (n = 7): Kontrol, VPA, 

VPA + TQ. Sıçanlara 14 gün süreyle oral VPA (500 

mg/kg/gün) ve TQ (50 mg/kg/gün) verildi. Onbeşinci 

günde, Alfa-aktinin-3 (ACTN3) ve Miyozin ağır zincir 

7 (MYH7) genlerinin ekspresyon düzeylerinin 

belirlenmesi ve histolojik analiz için soleus kas dokuları 

alındı. 

Bulgular: VPA + TQ grubunda, VPA grubuna göre 

önemli ölçüde daha yüksek ACTN3 ve daha düşük 

MYH7 gen ekspresyonu ile düşük NADPH oksidaz-4 

(NOX4) ve kaspaz-3 (CAS-3) seviyeleri gözlendi. 

Ayrıca VPA + TQ grubunda VPA grubuna göre 

histopatolojik değişikliklerin azaldığı da görüldü.  

Sonuç: TQ'un antioksidan ve antiapoptotik etkileri 

nedeniyle VPA kaynaklı soleus kas hasarını hafiflettiği 

ve kas hasarını tedavi etmede faydalı olabileceği 

sonucuna varılmıştır.  

Anahtar Sözcükler: Timokinon; Valproik asit; 

Apoptoz; Toksisite; Soleus kas hasarı.
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Introduction 

For more than a century after its discovery, 

valproic acid (VPA) has been one of the most 

effective antiepileptic drugs (AEDs).1 It is 

increasingly prescribed for the prophylaxis or 

the treatment of bipolar and schizoaffective 

disorders, social phobias, neuropathic pain, 

and migraine headaches.2 VPA has a wide 

range of effects, including pre- and post-

synaptic effects, facilitation of GABAergic on 

glutamatergic transmission, and regulation of 

ionic currents.1 Although VPA is widely used, 

its therapeutic action mechanism is not fully 

known. However, the multisystemic side 

effects of VPA include hepatotoxicity, 

teratogenicity, hyperammonemic 

encephalopathy, mitochondrial toxicity, 

neurological toxicity, hypersensitivity 

syndrome reactions, and metabolic and 

endocrine adverse events.3  

VPA, a histone deacetylase (HDAC) 

inhibitor, affects various critical events related 

to gene transcription, such as cell cycle control, 

differentiation, DNA repair, and apoptosis.4 

HDACs are enzymes removing acetyl groups 

from the amino acid lysine in histone or 

nonhistone proteins.5 HDACs are highly 

important as targets for therapeutic 

intervention in the treatment of cancer, 

neurodegenerative disease, diabetes, and 

muscle degenerative diseases.6,7 The level of 

acetylation of proteins in muscles is stabilized 

by histone acetyltransferases (HATs) and 

HDACs, and this balance is disrupted in 

muscle wasting.8  

VPA causes the generation of reactive 

oxygen species (ROS), and ROS are 

byproducts of cellular metabolism produced in 

mitochondrial oxidation.9,10 Overproduction of 

ROS can directly damage DNA, proteins, and 

lipids, or alter their signaling pathways by 

affecting transcription factors. Enzymatic and 

non-enzymatic antioxidant mechanisms are 

needed to inhibit ROS.11 On the other hand, 

thymoquinone (TQ) is a free radical scavenger 

and a molecule that has various activities both 

biologically and medically, such as antitumor, 

anti-inflammatory, and antioxidant activities.12 

Skeletal muscle fiber size, with the ability 

to significantly alter the amount of force, is 

influenced by a wide variety of physiological 

inputs such as nutrient levels, activity levels, 

cytokines, levels of various growth hormones, 

and other secreted factors.13 Skeletal muscle 

which has a heterogeneous phenotype 

depending on its anatomical location and 

function in each organism is characterized by 

the ratio of fast and slow twitch fibers in a 

muscle.14 Fibers of skeletal muscle vary in 

their metabolic, electrical, and contractile 

characteristics. There are four main types of 

fibers in limb muscles and the mammalian 

trunk, which are called I, IIA, IIX, and IIB, 

from the slowest to the fastest.15 While Type I 

fibers are slow twitch fibers, and Type IIA IIX 

and IIB fibers are fast twitch fibers.16 In 

plantaris and soleus, ACTN3 (Alpha-actinin-

3) and MYH7 (Myosin heavy chain 7) are fast 

and slow specific genes, respectively. Slow-

twitch skeletal muscles can withstand high 

energy expenditure, glucose uptake, stress, and 

fatigue.17 Fast-twitch skeletal muscles 

represent explosiveness, strength, and high 

capacity for phosphate separation and lactate 

formation, but are more strenuous.18 Many 

studies have shown that there are changes in 

skeletal muscle phenotypes and properties 

regarding many stimuli, for example, 

unloading, exercise, and gene mutation and 

that the stimuli do not entirely induce the 

transition from fast twitch to slow twitch in 

muscle fiber phenotype, and this occurs due to 

the epigenetic variations of the muscle types.19  

Alpha (α)-actinins, located in the Z line of 

skeletal muscle and forming actin-actin cross-

links, have two isoforms; ACTN2 and 

ACTN3.20 ACTN3, expressed in type II 

muscle fibers, is a gene that encodes the alpha-

actinin-3 protein.21 ACTN3 is a special gene 

that affects muscle strength and fiber type 

distribution and changes muscle function by 

interacting with the signal protein calcineurin 

during growth.22 ACTN3 expression is limited 

to fast glycolytic muscle fibers, and its 

deficiency reduces glycogen phosphorylase 

activity, resulting in a shift of energy use 

towards more oxidative pathways.23 A muscle 

rich in slow-twitch fibers is characterized by 

higher blood flow, maximum oxygen uptake, 

and lower peripheral resistance during exercise 

and rest.24 The MYH7 gene is expressed in 
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slow-twitch type I skeletal and cardiac 

muscle.25 MYH7 is expressed by slow fibers 

encoding myosin heavy chain (MyHC-1), 

which are rich in mitochondria and have 

oxidative metabolism and fatigue resistance.26 

Studies have reported that VPA inhibits by 

interacting with N-acetyl glutamate synthase 

expressed in mitochondria.27 Myosins are 

responsible for establishing the work-energy 

balance which is important for lifelong 

homeostasis and heart function. 

Morphological and metabolic abnormalities in 

myosins promote adverse clinical outcomes. In 

this case, it is thought that treatment with 

natural antioxidants such as TQ may limit 

adverse clinical outcomes, especially in 

patients with hypertrophic cardiomyopathy, by 

improving re-stabilization, contraction, and 

metabolic phenotypes. 

TQ which is a fundamental component of 

the essential oil of Nigella sativa seeds has 

numerous pharmacological effects including 

anti-microbial, anti-tumor, anti-inflammatory, 

immunomodulatory, anti-histaminic, and 

antioxidant effects.28  

Studies have shown that TQ has a 

therapeutic effect on preventing and treating 

diseases such as overgrowth and migration of 

smooth muscle cells, pulmonary arterial 

hypertension, and restenosis.29 TQ has 

protective effects against muscle tissue 

damage caused by lower extremity ischemia-

reperfusion due to oxidant damage 

mechanisms, radical scavenging, and 

antioxidant effects.30 In this study, we aimed to 

examine the potential protective effect of TQ 

against muscle damage induced by VPA. 

Materials and Methods 

Chemicals 

VPA (purity > 98 %) (Cas No: 99-6-1), TQ 

(purity > 98 %, St. Louis, MO) (Cas No: 490-

91-5) and the other chemicals were bought 

from Sigma Aldrich.  

Animal experiments 

Twenty-one adult male Sprague-Dawley 

rats that weighed approximately 200-300 g 

were included. The rats were maintained on a 

12:12-hour light-dark cycle at a controlled 

temperature of 21 °C and were allowed access 

to food and water freely. Approval was 

obtained from the Animal Experiments Local 

Ethics Committee by the Guidelines for the 

Care and Use of Laboratory Animals (Protocol 

No. #2021/10). 

Experimental design 

During treatment, the rats were separated 

into 3 groups of 7 animals each randomly as 

follows: control group (saline solution), VPA 

group (500 mg/kg), VPA + TQ group (500 

mg/kg VPA and 50 mg/kg TQ). VPA (500 

mg/kg) and TQ (50 mg/kg) doses were given 

by using gavage once a day for 14 days. In 

VPA + TQ group, TQ was given to the rats 30 

min prior to the VPA treatment. The 

administered VPA and TQ doses were taken 

from the previous studies.31,32,33 

At the end of the 14th day, the rats were 

euthanized with an intraperitoneal injection of 

ketamine and xylazine under anesthesia. 

Soleus muscle tissues were rapidly removed 

and washed with ice-cold saline and split into 

two parts; one fixed in 10% neutral formalin 

for histopathological assessment and the other 

preserved at -80 °C until the analysis of gene 

expression. 

Real-time PCR (RT-PCR) analysis 

Frozen muscle tissue (30 mg) was 

homogenized for 1 min in 500 µl of Tissue 

Lysis Buffer (Bioprep-24, Allsheng). Total 

RNA was extracted using the ExiPrepTM 

Tissue Total RNA isolation kit (Bioneer, K-

3325) according to the manufacturer's 

instructions. The quality and the concentration 

of RNA were measured at an absorbance of 

230-260 nm and 260/280 nm through a 

NanoDrop spectrophotometer (Denovix DS-

11). Reverse transcription was transcribed into 

cDNA with the high-capacity AccuPower® 

RT PreMix (Bioneer, K-2041) as per the 

instructions of the manufacturer. SYBR green-

based RT-PCR was performed using SYBR 

green master mix (Hibrigen MG-SYBR-01-

400) to measure the mRNA expression levels 

of ACTN3 and MYH7 genes through the 

ExiCyclerTM96 Real-Time Quantitative PCR 

system (Bioneer). Thermal cycling conditions 

were as follows: 5 minutes at 95 °C, followed 

by 45 cycles of 15 seconds at 95 °C and 25 

seconds at 60 °C. Primer sequences were used 



Effects of TQ on VPA-induced muscle damage.  Azırak S, Taştemir Korkmaz D, Bilgiç S, Sevimli M, Özer MK. 

173 
 

for ACTN3 and MYH7 (Bioneer, S-1001) as 

given in Table 1. 2-ΔΔCt method was used for 

the calculation of the expression levels of the 

genes. For normalization of the genes, 

GAPDH was used. 

Table 1. Nucleotid sequences of primers. 

Name Sequence (5’-3’) 

ACTN3 Forward 5′-GGAATGGGATGATGGAACCTG-3′ 

Reverse 5′-TGCTCTGAGGGACAGTGGAATC-3′ 

MYH7 Forward 5’-GCGGACATTGCCGAGTCCCAG-3’ 

Reverse 5’-GCTCCAGGTCTCAGGGCTTCACA-3’ 

GAPDH Forward 5’-CAACTCCCTCAAGATTGTCAGCAA-3’ 

Reverse 5’-GGCATGGACTGTGGTCATGA-3’ 
 

Histochemical analysis 

Muscle tissues collected from animals were 

fixed in a 10% neutral formaldehyde solution. 

Following the fixation, the tissue samples were 

washed. The washing process was respectively 

as follows: They were dehydrated by passing 

through a series of alcohol, cleared with xylol, 

and embedded in paraffin. From the obtained 

paraffin blocks, sections of 4-5 μm were taken. 

Muscle tissues of each group were stained with 

Hematoxylin-Eosin to make the 

histopathological evaluation. 

Histopathological findings were assessed 

under the topics as follows: Disorganization of 

muscle fibers (loss of striations, increase in the 

connective tissue between muscle fibers), 

findings related to necrosis in muscle fibers 

(irregular eosinophilia in fibers, loss of 

interfiber connections), findings related to 

inflammation (mononuclear cell infiltration). 

For the evaluation of the findings, a modified 

semi-quantitative scoring system was used [(-

): no sign, (+): mild sign (++): moderate sign 

(+++): severe sign].34 Imaging and 

photographs of the samples were obtained 

through a photomicroscope. 

Immunohistochemical analysis 

Caspase-3 (CAS-3) and NADPH oxidase-4 

(NOX4) receptor activity were determined by 

immunohistochemical methods in sections 

taken from muscles. Sections of 4-5 µm which 

were obtained from paraffin blocks were taken 

on a lysine slide. Sections were deparaffinized 

by using xylol and heat. Afterward, sections 

were run through an alcohol series and washed 

with PBS. They were incubated with 3% 

hydrogen peroxide, a non-immune blocking 

solution, primary antibody, secondary 

antibody, and streptavidin peroxidase, 

respectively. DAB marking and nuclei staining 

with hematoxylin were performed. The 

immunoreactivity of histological preparations 

was evaluated according to the degree of 

staining with a modified semi-quantitative 

scale [(-): No staining, (+): Weak staining, 

(++): Moderate staining, (+++): Intense 

staining].34 Sections taken were visualized 

with an imaging-assisted light microscope 

(ECLIPSE Ni-U, Nikon, Tokyo, Japan).  

Statistical analysis 

IBM SPSS Statistics V22.0 was used for the 

statistical analysis. The obtained data are 

presented as mean ± SD. The level of 

normality was assessed through the Shapiro-

Wilk test. Significant differences were 

examined with one-way ANOVA after LSD 

for the data obtained in the inter- and intra-

group comparisons of parametric values in 

genetic parameters. The Mann-Whitney U test 

was applied to calculate the statistical 

significance of the non-parametric values and 

histopathological scores. p≤0.05 values were 

considered statistically significant. 

Results 

Effect of VPA and TQ on expressions of 

ACTN3 and MYH7 genes 

Figure 1 demonstrates the effects of TQ 

treatment against the VPA administration on 

the mRNA expression of ACTN3 and MYH7 

genes level in each study and control group. 

ACTN3 gene expression was decreased 

significantly in the VPA group in comparison 

to the control group, while MYH7 gene 

expression was increased significantly 

(p≤0.05). When the VPA + TQ group was 

compared with the VPA group (p≤0.01) 

(Figure 1), ACTN3 gene expression was 

significantly increased, while MYH7 gene 

expression was significantly decreased. 
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Figure 1. Effects of VPA and TQ on the expression of ACTN3 and MYH7 genes in rat muscle tissue. Each 

group represents the mean ± SD for seven rats. Abbreviations: VPA, valproic acid; TQ, thymoquinone; 

ACTN3, Alpha-actinin-3; MYH7, Myosin heavy chain 7. **** p≤0.0001 ** p≤0.01 

Histochemical Findings 

In the control group, normal muscle tissue 

histology was detected in both transverse and 

longitudinal sections (Figure 2 A,B). In muscle 

fibers in VPA groups; disorganization of 

muscle fibers, irregular eosinophilia in some 

muscle fibers and loss of interfiber connections 

were observed (Figure 2 C,D). While a 

decrease in these findings was observed in the 

VPA + TQ group, nuclear clusters were 

observed in certain areas within the muscle 

tissue, especially in longitudinal sections, 

which can be evaluated in favor of 

mononuclear cell infiltration (Figure 2 E, F). 

Obtained findings are displayed in Table 2. 

Table 2. Histopathological scoring of muscle sections of experimental groups 

Groups Disorganization of 

muscle fibers 

Findings associated with 

necrosis in muscle fibers 

Inflammation-related 

findings 

1 (CONTROL) - - - 

2 (VPA) +++ +++ +++ 

3 (VPA + TQ) - + ++ 

The significance rate as a result of the comparison of the groups 

1 - 2 p = 0.001 p = 0.001 p = 0.001 

1 - 3 p = 0.002 p = 0.002 p = 0.002 

2 - 3 p = 0.003 p = 0.002 p = 0.006 
p≤0.05 were considered statistically significant. The relationships between groups are assessed by Mann-Whitney U test.   
(-), negative score: No structural changes 

(+), 1 positive score: Light structural changes 

(++), 2 positive score: Middle structural changes 
(+++), 3 positive score: Serious structural changes 

Immunohistochemical Findings 

The findings of the evaluation are as in 

Table 3. In the control group, CAS-3 

immunoreactivity in muscle tissue was not 

observed (Figure 3 A,B). Intense labeling with 

CAS-3 was detected in the VPA groups 

(Figure 3 C,D). A weaker labeling rate was 

detected in the VPA + TQ groups (Figure 3 

E,F). In studies with NOX4, no labeling was 

detected in the control groups (Figure 4 A,B). 

While VPA groups were intensely marked 

with NOX4 (Figure 4 C,D), no obvious 

labeling was observed in VPA + TQ groups 

(Figure 4 E,F). 
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Figure 2. Rat muscle tissue section. A) Control group transverse section, B) Control group longitudinal section, C) VPA 

group transverse section, D) VPA group longitudinal section, E) VPA + TQ group transverse section, F) VPA + TQ group 

longitudinal section. HE, scale bar 50 µm, x400. Abbreviations: VPA, valproic acid; TQ, thymoquinone 

Table 3. Immunoreactivity scores for CAS-3 and NOX4 

Groups CAS-3 NOX4 

1 (CONTROL) - - 

2 (VPA) +++ +++ 

3 (VPA + TQ) + - 

The significance rate as a result of the comparison of the groups 

1 - 2 p = 0.001 p = 0.001 

1 - 3 p = 0.002 p = 0.102 

2 - 3 p = 0.003 p = 0.003 
p≤0.05 were considered statistically significant. The relationships between are assessed by Mann-Whitney U test.  

(-), negative score: No staining  

(+), 1 positive score: Light staining 
(++), 2 positive score: Middle staining 

(+++), 3 positive score: Serious staining 
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Figure 3. CAS-3 immunostaining. A) Control group transverse section, B) Control group longitudinal section, C) VPA 

group transverse section, D) VPA group longitudinal section, E) VPA + TQ group transverse section, F) VPA + TQ group 

longitudinal section. Scale bar 50 µm, x400. Abbreviations: VPA, valproic acid; TQ, thymoquinone; CAS-3, Caspase 3. 

Discussion 

VPA is an antiepileptic drug that is 

commonly used and highly effective in adults 

and children.35 Although VPA is generally 

well tolerated, it has been reported to have 

significant side effects that may occur during 

treatment. Hyperammonemic encephalopathy, 

increased liver enzymes, leukopenia, 

thrombocytopenia, and pancreatitis are among 

the side effects of VPA.36,37 Studies have 

shown that the mechanism of 

hyperammonemia in epileptic seizures 

includes muscle contractions as well as 

ammonia production through acidosis.38  
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Figure 4. NOX4 immunostaining. A) Control group transverse section, B) Control group longitudinal section, C) VPA 

group transverse section, D) VPA group longitudinal section, E) VPA + TQ group transverse section, F) VPA + TQ group 

longitudinal section. Scale bar 50 µm, x400. Abbreviations: VPA, valproic acid; TQ, thymoquinone; NOX4, NADPH 

Oxidase-4. 

In this study, ACTN3 and MYH7 mRNA 

were measured by qRT-PCR to determine 

whether VPA administration changes the 

expression of genes involved in fiber type and 

energy metabolism (glycolysis and 

mitochondrial respiration) in skeletal muscle. 

According to the findings, decreased muscle 

mass and fiber diameter, inflammation, 

necrosis, and irregularity in muscle fibers were 

observed with decreased ACTN3 and 

increased MHY7 expression and increased 

oxidative enzyme activity with VPA 

application.39 Studies have shown that ACTN3 

deficiency alters skeletal muscle metabolism 

by increasing fatty acid oxidation and 

glycogen storage.40 Studies have reported that 

the absence of ACTN3 causes higher rates of 

muscle breakdown in long-term running.41  
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Some studies have shown that with the 

increase of MYH7 expression in the muscles 

of mice, atrophy, protein synthesis disorder, 

and transition from glycolytic to oxidative 

fibers were detected.42 Specific genes in slow 

twitch muscle are moderately activated, while 

histone modification regulates the genes in 

both fast and slow twitch skeletal muscles.19 In 

a study, it was found that while free carnitine 

levels decreased in serum, red blood cells, and 

muscles of rats given VPA for a period of 28 

days, carnitine levels and carnitine to free 

carnitine ratio increased.30 

VPA treatment increased the expression 

levels of high transcription genes, especially 

MYH7, by increasing H3 acetylation.19 MYH7 

(encoding the β-myosin heavy chain) is 

expressed during fetal stages and shows almost 

no expression after the maturation period.43 

Therefore, the reexpression of MYH7 is 

considered an important indicator of the 

pathological process of cardiomyocyte 

hypertrophy.44 Chronic inflammation and 

oxidative stress cause cardiac hypertrophy due 

to obesity.24 

Hereditary myosin myopathies result from 

mutations occurring in the skeletal muscle 

myosin heavy chain (MyHC) genes.45 It has 

been reported that mutation in the MYH7 gene 

causes severe muscle weakness and skeletal 

deformity.46 Loss of muscle activity in fast-

twitch fibers causes muscle fiber atrophy.19  

When the VPA + TQ group was compared 

with the VPA group (p≤0.01) (Figure 1), 

ACTN3 gene expression was significantly 

increased, while MYH7 gene expression was 

significantly decreased. Supporting the 

findings of this study, previous studies 

reported that mRNA expression of MYH7 was 

significantly reduced by carvacrol treatment in 

mice with T1DM.47 In clinical studies, TQ, the 

main component of N. sativa, has been found 

to have antimicrobial, antioxidant, 

antidiabetic, anti-inflammatory, antitumor, 

therapeutic effects on metabolic syndrome, 

urinary, cardiovascular, neuronal, respiratory, 

gastrointestinal, and reproductive 

disorders.48,49 Studies have shown that TQ 

inhibits vascular smooth muscle cell 

proliferation, ROS formation and induces 

apoptosis.29  

As stated in the histological results of the 

study, VPA treatment caused muscle damage. 

According to the findings obtained, the 

findings related to an irregularity in muscle 

fibers and necrosis in muscle fibers increased. 

In the TQ groups, on the other hand, findings 

related to muscle fiber irregularity and muscle 

fiber necrosis were observed to be significantly 

reduced in comparison with the VPA group. 

TQ use was found to reduce the pathological 

changes within the VPA + TQ group. From the 

histopathological findings, it can be suggested 

that TQ protects the histological structure of 

the muscle against the damage induced by 

VPA. Studies have reported that intramuscular 

VPA administration in dogs causes a very high 

risk of inflammation and muscle damage, with 

mild myonecrosis at low concentrations and 

diffuse myonecrosis at higher concentrations, 

and increased tissue destruction after repeated 

doses.50 Denervation-related effects may result 

from changes in the transcriptional program 

due to increased histone acetylation and 

muscle inactivation. It was observed that H3 

acetylation increased significantly with the 

administration of VPA, an HDAC inhibitör.19 

Previously conducted studies have shown that 

HDAC inhibitors, including VPA, increase the 

differentiation of myoblasts through the 

regulation of myogenic regulatory factors 

(MRF).51  

VPA-induced oxidative stress stimulates 

several signaling pathways, such as the 

activation of CAS-3 and it leads to 

apoptosis.52,53 Excessive ROS generation 

inside the cell causes oxidative stress and 

damage occurs in macromolecules such as 

DNA, RNA, and proteins.54-56 Treatment with 

VPA increases CAS-3 activity in muscle 

tissues and therefore induces apoptosis.57 

Increased immunoreactivity of CAS-3 in the 

group treated with VPA points to the apoptosis 

of muscle tissues. Moreover, the CAS-3 level 

in the muscle tissues of the VPA + TQ treated 

group was significantly lower than the muscle 

tissues of the VPA group. The findings show 

the ability of TQ to prevent and treat muscle 

damage induced by VPA, thanks to its 

antioxidant feature. 

NOX4, a significant marker of apoptosis 

and oxidative stress in muscle tissue, plays a 



Effects of TQ on VPA-induced muscle damage.  Azırak S, Taştemir Korkmaz D, Bilgiç S, Sevimli M, Özer MK. 

179 
 

role in the dysfunction of muscles.58 Inhibition 

of NOX4 may be a potential substitution to 

treat VPA-induced muscle apoptosis. In this 

study, we found that NOX4 levels increased 

significantly in the VPA group in comparison 

with the VPA + TQ group. This suggests that 

ROS induced by VPA causes oxidative stress 

in muscle tissues. It was confirmed that TQ 

reduces oxidative stress induced by VPA 

through the inhibition of NOX4 level, in line 

with a previously conducted study.59 Besides, 

therapy with TQ reduced ROS generation and 

reduced muscle apoptosis induced by VPA. It 

has been revealed in earlier studies that TQ led 

to the tension of tracheal smooth muscle 

decreasing.60  

Conclusion 

In the study, it was found that TQ blocked 

adverse effects on VPA-induced gene 

expressions, reduced apoptosis of muscle cells, 

suppressed oxidative stress, prevented 

histological changes, and protected rat muscle 

tissues from VPA-induced damage as a result. 

Consequently, TQ is considered a potential aid 

in the prevention and treatment of muscle 

damage when administered with VPA. 

According to the results, it can be suggested 

that TQ may be a promising candidate for 

treating muscle damage. However, further 

studies measured the protein levels of 

associated genes with ELISA and western 

blotting methods are needed to explore the 

clinical applications of TQ. 

Acknowledgment 

We would like to thank the staff of the 

University Experimental Animal Production, 

Application, and Research Center 

Ethics Committee Approval 

Approval was obtained from Animal 

Experiments Local Ethics by the Guidelines 

for the Care and Use of Laboratory Animals 

(Protocol No. #2021/10). 

Authors’ Contributions 

All of the authors contributed at every stage 

of the study. 

Conflict of Interests  

No potential conflicts of interest were 

reported. 

Financial Disclosure 

This study hasn’t received any financial 

support. 

Statements 

These research results have not been 

presented anywhere previously. 

Peer-review 

Externally peer-reviewed 

References 

1. Romoli M, Mazzocchetti P, D'Alonzo R, et al. Valproic Acid and 

Epilepsy: From Molecular Mechanisms to Clinical Evidences. 

Curr Neuropharmacol. 2019;17(10):926-946.  
2. Lheureux PE, Hantson P. Carnitine in the treatment of valproic 

acid-induced toxicity. Clin Toxicol(Phila). 2009;47(2):101-111. 

3. Nanau RM, Neuman MG. Adverse drug reactions induced by 
valproic acid. Clin Biochem. 2013;46(15):1323-1338.  

4. Cornago M, Garcia-Alberich C, Blasco-Angulo N, et al. Histone 

deacetylase inhibitors promote glioma cell death by G2 
checkpoint abrogation leading to mitotic catastrophe. Cell Death 

Dis. 2014; 5(10):e1435.  

5. Yiew KH, Chatterjee TK, Hui DY, Weintraub NL. Histone 
Deacetylases and Cardiometabolic Diseases. Arterioscler 

Thromb Vasc Biol. 2015;35(9):1914-1919.  

6. Falkenberg KJ, Johnstone RW. Histone deacetylases and their 
inhibitors in cancer, neurological diseases and immune 

disorders. Nat Rev Drug Discov. 2014;13(9):673-691.  

7. Moresi V, Marroncelli N, Pigna E, et al. Histone Deacetylase 4 
is crucial for proper skeletal muscle development and disease. 

Italian Journal of Anatomy and Embryology. 2015;120(1):150. 

8. Alamdari N, Aversa Z, Castillero E,  Hasselgren PO. Acetylation 
and deacetylation--novel factors in muscle wasting. Metabolism. 

2013;62(1): 1-11.  

9. Turkyilmaz IB, Sokmen BB, Yanardag R. Alpha-lipoic acid 
prevents brain injury in rats administered with valproic acid. J 

Biochem Mol Toxicol. 2020;34(11):e22580.  

10. Tu C, Allen A, Deng W, et al. Commonly used thiol-containing 
antioxidants reduce cardiac differentiation and alter gene 

expression ratios of sarcomeric isoforms. Exp Cell Res. 

2018;370(1):150-159.  
11. Wells PG, McCallum GP, Chen CS, et al. Oxidative stress in 

developmental origins of disease: teratogenesis, 

neurodevelopmental deficits, and cancer. Toxicol Sci. 
2009;108(1):4-18.  

12. Bimonte S, Albino V, Barbieri A, et al. Dissecting the roles of 

thymoquinone on the prevention and the treatment of 
hepatocellular carcinoma: an overview on the current state of 

knowledge. Infect Agent Cancer. 2019;14:10.  
13. Allen DL, Loh AS. Posttranscriptional mechanisms involving 

microRNA-27a and b contribute to fast-specific and 

glucocorticoid-mediated myostatin expression in skeletal 
muscle. Am J Physiol Cell Physiol. 2011;300(1):C124-137.  

14. Stead CA, Hesketh SJ, Bennett S, et al. Fractional Synthesis 

Rates of Individual Proteins in Rat Soleus and Plantaris Muscles. 
Proteomes. 2020;8(2):10.  

15. Chakkalakal JV, Kuang S, Buffelli M, Lichtman JW, Sanes JR. 

Mouse transgenic lines that selectively label Type I, Type IIA, 
and Types IIX+B skeletal muscle fibers. Genesis. 

2012;50(1):50-58.  

16. Bajek S, Bobinac D, Bajek G, Vranić TS, Lah B, Dragojević 
DM. Muscle fiber type distribution in multifidus muscle in cases 

of lumbar disc herniation. Acta Med Okayama. 2000;54(6):235-

241.  
17. Narkar VA, Fan W, Downes M, et al. Exercise and PGC-1α-

independent synchronization of type I muscle metabolism and 

vasculature by ERRγ. Cell metabolism. 2011;13(3):283-293.  
18. Karlsson J. Metabolic adaptations to exercise: a review of 

potential beta-adrenoceptor antagonist effects. Am J Cardiol. 

1985;55(10):48d-58d.  



Azırak S, Taştemir Korkmaz D, Bilgiç S, Sevimli M, Özer MK.  ADYÜ Sağlık Bilimleri Derg. 2022;8(3):170-180. 

180 
 

19. Kawano F, Nimura K, Ishino S, Nakai N, Nakata K, Ohira Y. 

Differences in histone modifications between slow- and fast-

twitch muscle of adult rats and following overload, denervation, 

or valproic acid administration. J Appl Physiol (1985). 

2015;119(10):1042-1052.  

20. Ogura Y, Naito H, Kakigi R, et al. Different adaptations of alpha-
actinin isoforms to exercise training in rat skeletal muscles. Acta 

Physiol (Oxf). 2009;196(3):341-349.  

21. Saunders CJ, September AV, Xenophontos SL, et al. No 
association of the ACTN3 gene R577X polymorphism with 

endurance performance in Ironman Triathlons. Ann Hum Genet. 

2007;71(Pt 6):777-781.  
22. Vincent B, De Bock K, Ramaekers M, et al. ACTN3 (R577X) 

genotype is associated with fiber type distribution. Physiol 

Genomics. 2007;32(1): 58-63.  
23. Berman Y, North KN. A gene for speed: The emerging role of 

α-actinin-3 in muscle metabolism. Physiology. 2010;25(4):250-

259.  
24. Geng Z, Fan WY, Zhou B, et al. FNDC5 attenuates obesity-

induced cardiac hypertrophy by inactivating JAK2/STAT3-

associated inflammation and oxidative stress. J Transl Med. 
2019;17(1):107.  

25. Jandreski MA, Sole MJ, Liew CC. Two different forms of beta 

myosin heavy chain are expressed in human striated muscle. 
Hum Genet. 1987;77(2):127-131.  

26. Honda M, Tsuchimochi H, Hitachi K, Ohno S. Transcriptional 

cofactor Vgll2 is required for functional adaptations of skeletal 
muscle induced by chronic overload. J Cell Physiol. 

2019;234(5):15809-15824. 

27. Aires CC, van Cruchten A, Ijlst L, et al. New insights on the 
mechanisms of valproate-induced hyperammonemia: inhibition 

of hepatic N-acetylglutamate synthase activity by valproyl-CoA. 

J Hepatol. 2011;55(2):426-434.  
28. Samarghandian S, Farkhondeh T, Samini F. A Review on 

Possible Therapeutic Effect of Nigella sativa and Thymoquinone 

in Neurodegenerative Diseases. CNS Neurol Disord Drug 
Targets. 2018;17(6):412-420.  

29. Zhu N, Xiang Y, Zhao X, et al. Thymoquinone suppresses 

platelet-derived growth factor-BB-induced vascular smooth 
muscle cell proliferation, migration and neointimal formation. J 

Cell Mol Med. 2019;23(12):8482-8492.  

30. Hosseinzadeh H, Taiari S, Nassiri-Asl M. Effect of 
thymoquinone, a constituent of Nigella sativa L., on ischemia-

reperfusion in rat skeletal muscle. Naunyn Schmiedebergs Arch 

Pharmacol. 2012;385(5):503-508.  
31. Barrett CE, Hennessey TM, Gordon KM, et al. Developmental 

disruption of amygdala transcriptome and socioemotional 

behavior in rats exposed to valproic acid prenatally. Mol Autism. 
2017;8:42.  

32. Oztopuz O, Turkon H, Buyuk B, et al. Melatonin ameliorates 

sodium valproate-induced hepatotoxicity in rats. Mol Biol Rep. 
2020;47(1):317-325. 

33. Atta MS, Almadaly EA, El-Far AH, et al. Thymoquinone 
Defeats Diabetes-Induced Testicular Damage in Rats Targeting 

Antioxidant, Inflammatory and Aromatase Expression. Int J Mol 

Sci. 2017;18(5):919.  
34. Savran M, Ascı H, Armagan İ, et al. Thymoquinone could be 

protective against valproic acid-induced testicular toxicity by 

antioxidant and anti-inflammatory mechanisms. Andrologia. 
2020;52(7):e13623.  

35. Star K, Edwards IR, Choonara I. Valproic acid and fatalities in 

children: a review of individual case safety reports in VigiBase. 
PLoS One. 2014;9(10):e108970.  

36. Wadzinski J, Franks R, Roane D, Bayard M. Valproate-

associated hyperammonemic encephalopathy. J Am Board Fam 
Med. 2007;20(5):499-502.  

37. Azırak S, Bilgiç S, Taştemir Korkmaz D, Sevimli M, Özer MK. 

Effect of thymoquinone on ameliorating valproic acid-induced 
damage in pancreatic tissue of rats. Cukurova Med J. 

2022;47(1):350-359.  

38. Nakamura K, Yamane K, Shinohara K, et al. Hyperammonemia 
in idiopathic epileptic seizure. Am J Emerg Med. 

2013;31(10):1486-1489.  

39. Yang N, Garton F, North K. Alpha-actinin-3 and performance. 
Med Sport Sci. 2009;54:88-101.  

40. MacArthur DG, Seto JT, Raftery JM, et al. Loss of ACTN3 gene 

function alters mouse muscle metabolism and shows evidence of 

positive selection in humans. Nat Genet. 2007;39(10):1261-

1265.  

41. Del Coso J, Valero M, Salinero JJ, et al. ACTN3 genotype 

influences exercise-induced muscle damage during a marathon 

competition. Eur J Appl Physiol. 2017;117(3):409-416.  

42. Tassinari V, De Gennaro V. Atrophy, oxidative switching and 
ultrastructural defects in skeletal muscle of the ataxia 

telangiectasia mouse model. J Cell Sci. 2019;132(5):jcs223008.  

43. Lowes BD, Minobe W, Abraham WT, et al. Changes in gene 
expression in the intact human heart. Downregulation of alpha-

myosin heavy chain in hypertrophied, failing ventricular 

myocardium. J Clin Invest. 1997;100(9):2315-2324.  
44. Marian AJ, Braunwald E. Hypertrophic Cardiomyopathy: 

Genetics, Pathogenesis, Clinical Manifestations, Diagnosis, and 

Therapy. Circ Res. 2017;121(7):749-770.  
45. Oldfors A, Lamont PJ. Thick filament diseases. Adv Exp Med 

Biol. 2008;642:78-91. 

46. Ko JY, Lee M, Jang JH, Jang DH, Ryu JS. A novel de novo 
mutation in MYH7 gene in a patient with early onset muscular 

weakness and severe kyphoscoliosis: A case report. Medicine 

(Baltimore). 2019;98(28):e16389.  
47. Hou N, Mai Y, Qiu X, et al. Carvacrol Attenuates Diabetic 

Cardiomyopathy by Modulating the PI3K/AKT/GLUT4 

Pathway in Diabetic Mice. Front Pharmacol. 2019;10:998. 
48. Abd Al Haleem EN, Hasan WYS, Arafa HMM. Therapeutic 

effects of thymoquinone or capsaicin on acrylamide-induced 

reproductive toxicity in rats mediated by their effect on oxidative 
stress, inflammation, and tight junction integrity. Drug Chem 

Toxicol. 2022;45(5):2328-2340.  

49. Gholamnezhad Z, Havakhah S, Boskabady MH. Preclinical and 
clinical effects of Nigella sativa and its constituent, 

thymoquinone: A review. J Ethnopharmacol. 2016;190:372-

386.  
50. Gallo BV, Slater JD, Toledo C, DeToledo J, Ramsay RE. 

Pharmacokinetics and muscle histopathology of intramuscular 

valproate. Epilepsy Res. 1997;28(1):11-15.  
51. Hagiwara H, Saito F, Masaki T, et al. Histone deacetylase 

inhibitor trichostatin A enhances myogenesis by coordinating 

muscle regulatory factors and myogenic repressors. Biochem 
Biophys Res Commun. 2011;414(4):826-831.  

52. Dash SK, Chattopadhyay S, Ghosh T, et al. Self-assembled 

betulinic acid protects doxorubicin induced apoptosis followed 
by reduction of ROS-TNF-α-caspase-3 activity. Biomed 

Pharmacother. 2015;72:144-157.  

53. Taştemir Korkmaz D, Azırak S, Bilgiç S, Bayram D, Özer MK. 
Thymoquinone reduced RIPK1-dependent apoptosis caused by 

valproic acid in rat brain. Ann Med Res. 2021;28(11):2005-11 

54. Kaarniranta K, Pawlowska E, Szczepanska J, Jablkowska A. 
Role of Mitochondrial DNA Damage in ROS-Mediated 

Pathogenesis of Age-Related Macular Degeneration (AMD). Int 

J Mol Sci. 2019;20(10):2374. 
55. Ishii T, Sekiguchi M. Two ways of escaping from oxidative RNA 

damage: Selective degradation and cell death. DNA Repair 
(Amst). 2019;81:102666.  

56. He LL, Wu XX, Wang YX, et al. Spectroscopic investigation on 

the sonodynamic damage to protein in the presence of eosine B. 
Ultrason Sonochem. 2015;26:93-98.  

57. Han W, Yu F, Wang R, Guan W. Valproic Acid Sensitizes 

Glioma Cells to Luteolin Through Induction of Apoptosis and 
Autophagy via Akt Signaling. Cell Mol Neurobiol. 

2021;41(8):1625-1634. 

58. Kuroda J, Ago T, Matsushima S, Zhai P, Schneider MD, 
Sadoshima J. NADPH oxidase 4 (Nox4) is a major source of 

oxidative stress in the failing heart. Proc Natl Acad Sci U S A. 

2010;107(35):15565-15570.  
59. Lin J, Fang L, Li H, et al. Astragaloside IV alleviates doxorubicin 

induced cardiomyopathy by inhibiting NADPH oxidase derived 

oxidative stress. Eur J Pharmacol. 2019;859:172490.  
60. Al-Majed AA, Daba MH, Asiri YA, Al-Shabanah OA, Mostafa 

AA, El-Kashef HA. Thymoquinone-induced relaxation of 

guinea-pig isolated trachea. Res Commun Mol Pathol 
Pharmacol. 2001;110(5-6):333-345. 

 

 


