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Abstract: Polychlorinated biphenyls (PCBs) are industrial substances which were widely used 

in industrial applications starting from the 1930s until the mid-1970s. Aroclor 1242 (A1242) is a 

commercial PCB mixture with 42% chlorine manufactured by the Monsanto Chemical Company 

in St. Louis, Missouri, USA. Previous studies suggested that PCBs have inhibitory effect on re-

productive function, developmental abnormality, and impaired reproductive ability. PCBs may 

also affect the endocrine system by reducing the testosterone synthesis and the activity of 

steroidogenic enzymes in Leydig cells. This study was performed to investigate the specific ef-

fects of A1242 on the viability of Leydig cells, oxidative damage, and the profile of steroidogenic 

enzymes in an in vitro culture. The therapeutic effects of vitamin E (VitE) and genistein (Gen), 

as two antioxidants, in mitigating the damage produced by A1242 were also evaluated. TM3 

Leydig cells were exposed to 10-8 and 10-6 M of A1242 and VitE (50µM) and Gen (10µM) as 

antioxidant for 24 h. After the exposure period, the Leydig cells were assessed to determine their 

viability using a cell viability assay. Measurements were performed for lipid peroxidation, reac-

tive oxygen species (ROS), and steroidogenic enzymes. The results showed that cell viability was 

reduced after A1242 exposure, while lipid peroxidation and ROS increased. Steroidogenesis was 

interrupted in a concentration-dependent manner. Following A1242 exposure, administrations of 

VitE or Gen as an antioxidant reduced hazardous effects of A1242 on Leydig cells. Our results 

showed that exposure to A1242 may impair Leydig cell function and cause toxicity in Leydig 

cells and that VitE and Gen treatment exhibited therapeutic effects against this toxicity.     

Özet: Poliklorlu bifeniller (PCB'ler), 1930'lardan 1970'lerin ortalarına kadar endüstriyel uygula-

malarda yaygın olarak kullanılan endüstriyel maddelerdir. Aroclor 1242 (A1242), St. Louis, Mis-

souri'deki Monsanto Chemical Company tarafından üretilen %42 klor içeren ticari bir PCB 

karışımıdır. Önceki çalışmalarda PCB'lerin üreme fonksiyonu, gelişimsel anormallik ve bo-

zulmuş üreme yeteneği üzerinde inhibitör etkisi olduğu öne sürülmüştür. Ayrıca Leydig hücrel-

erinde testosteron sentezini ve steroidojenik enzimlerin aktivitesini azaltarak endokrin sistemi 

etkileyebilirler. Bu çalışmanın amacı, A1242'nin Leydig hücrelerinin canlılığı, oksidatif hasar ve 

steroidojenik enzimlerin profili üzerindeki spesifik etkilerini in vitro kültürde araştırmaktır. 

Ayrıca çalışma, iki antioksidan olan E vitamini (VitE) ve genisteinin (Gen) A1242'nin neden 

olduğu hasarı hafifletmedeki terapötik etkilerini değerlendirmeyi amaçlamaktadır. TM3 Leydig 

hücreleri, 24 saat boyunca 10-8 ve 10-6 M A1242’ye ve antioksidan olarak VitE (50μM) ve Gen’e 

(10 μM) maruz bırakıldı. Maruz kalma süresinden sonra Leydig hücreleri, bir hücre canlılığı 

tahlili kullanılarak canlılıklarının belirlenmesi için değerlendirildi. Lipid peroksidasyonu, reaktif 

oksijen türleri (ROS) ve steroidojenik enzimler için ölçümler yapıldı. Sonuçlar, A1242 maru-

ziyetinden sonra hücre canlılığının azaldığını, lipid peroksidasyonunun ve ROS'un arttığını 

gösterdi. Steroidogenez, konsantrasyona bağlı bir şekilde kesintiye uğradı. A1242'yi takiben, bir 

antioksidan olarak VitE veya Gen'in uygulanması, A1242'nin Leydig hücreleri üzerindeki zararlı 

etkilerini azalttı. Bulgularımız A1242'ye maruz kalmanın Leydig hücre fonksiyonuna zarar vere-

bileceğini ve Leydig hücrelerinde toksisiteye neden olabileceğini, VitE ve Gen tedavilerinin bu 

toksisiteye karşı terapötik etkileri olduğunu göstermektedir.  
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Introduction

Polychlorinated biphenyls (PCBs) are synthetic 

chlorinated organic compounds. These compounds may 

be reproductive toxins and persistent environmental 

contaminants (Llyod et al. 1976). PCBs, which were first 

synthesized in 1881, began to be produced for industrial 

purposes in the 1930s (Hutzinger et al. 1974, Hansen 

1999). A1242 is a commercial PCB mixture produced for 

such purposes and contains 42% chlorine (Quensen et al. 

1990, Hansen 1999, ATSDR 2000). Due to their highly 

stable chemical and physical structures, these fat-soluble 

PCBs have a great capacity to accumulate in the food 

chain (Kimbrough 1995). 

Organisms are exposed to PCBs through inhalation, 

consuming of contaminated water and food, being 

exposed to in the workplace, prolonged swimming in 

contaminated water (Carpenter 1998). PCBs, known for 

their exceptional environmental persistence, exhibit 

significant levels of toxicity. PCBs have been identified 

as having immunosuppressive, neurotoxic (Rogan & 

Gladen 1992), carcinogenic (Oakley et al. 1996), and 

teratogenic effects (Ahlborg et al. 1994), as well as to 

cause behavioral abnormalities (Shain et al. 1986). They 

can also possess endocrine-disrupting effects in animals 

even at low doses (Apostoli et al. 2003). The role in the 

male reproductive system occurs by reducing the 

activities of steroidogenic enzymes in Leydig cells and 

therefore testosterone synthesis. PCBs also reduces the 

weight of the testicles and accessory reproductive organs 

and cause a decrease in the concentration of spermatozoa 

in the testis (Sridhar et al. 2004, Murugesan et al. 2005a, 

2005b, 2007a, 2008). 3β-hydroxysteroid dehydrogenase 

(3β-HSD) and 17β-hydroxysteroid dehydrogenase (17β-

HSD) are two important enzymes that play a key role in 

testosterone biosynthesis (Aydin & Erkan 2017). There 

have been limited in vitro studies on the effects of PCBs 

on Leydig cells, which produces testosterone and is 

directly associated to sperm production in the testis and 

reproductive success (Kovačević et al. 1995, Andric et al. 

2000, Murugesan et al. 2007b, 2008). There are few in 

vivo and in vitro studies on testis using A1242, which is 

thought to have different biological activities in terms of 

the chlorine content of the PCBs offered to the market 

under the name Aroclor (Kim et al. 2001, Ahmad et al. 

2003, Aydin & Erkan 2017). 

PCBs are known to damage DNA either directly or by 

producing reactive oxygen species (ROS), like other 

environmental contaminants (Sandal et al. 2008). It is 

well recognized that a sufficient consumption of 

antioxidants is necessary to both prevent and reduce the 

oxidative stress carried on by these free radicals (Coşkun 

2005). Vitamin E (VitE) is an antioxidant and an essential 

dietary component for human and animal reproduction 

(Murugesan et al. 2007b). In vivo and in vitro studies 

revealed that VitE protects the cell from oxidative damage 

by reducing lipid peroxidation, which causes oxidant 

accumulation in Leydig cells (Senthilkumar et al. 2004, 

Murugesan et al. 2007b, 2008). Genistein (Gen) is an 

isoflavone that is present in soy and soy products as a 

natural phytoestrogen. Isoflavones can protect DNA from 

oxidative damage by directly influencing free radicals and 

antioxidant enzymes (Djuric et al. 2001). The antioxidant 

properties of isoflavones vary depending on the 

correlation between their chemical structures and ROS 

(Toda & Shirataki 1999). Gen is known as the compound 

with the highest antioxidant activity among isoflavones 

(Knight & Eden 1996). 

Recent in vivo studies indicated that vitamin C (VitC) 

and VitE protect testicular cells from oxidative stress 

caused by PCBs (Senthilkumar et al. 2004, Murugesan et 

al. 2005a). Additionally, recent in vitro studies 

demonstrated the role of the isoflavone daidzein in 

protecting mouse testicular cells against the oxidative 

damage caused by PCBs (Zhang et al. 2008). The aim of 

this study was to demonstrate the ameliorative effects of 

VitE and Gen on oxidative stress and cell dysfunction 

induced by A1242 in Leydig cells. 

Materials and Methods 

Cell culture and the planning of experiments 

A1242, VitE and Gen were provided from Supelco 

Analytical (Bellefonte, PA, USA), Sigma-Aldrich (St. 

Louis, Missouri, ABD), and Mikro-Gen Drug Co. 

(İstanbul, Türkiye), respectively. All cell culture media, 

fetal bovine serum (FBS), horse serum (HS) and 

antibiotics were purchased from Wisent Bioproducts (St. 

Bruno, Quebec, Canada). 

Non-tumorigenic TM3 Leydig cells, obtained from the 

testis of 11-13-week-old mice, were supplied by the 

American Type Culture Collection (ATCC, Manassas, 

USA). The experimental conditions consisted of a 1:1 

mixture of Ham's F12 and Dulbecco's modified Eagle's 

medium (DMEM/F12), supplemented with 5% HS and 

2.5% FBS, in addition to 1% penicillin and streptomycin 

as antibiotics. Incubation was carried out at 37°C, with 

5% CO2 and 95% air.  

The study involved subjecting Leydig cells to A1242, 

known to have effects on testosterone biosynthesis from 

previous studies (Murugesan et al. 2007b, 2008) and 

prepared in serum-free media containing 0.08% dimethyl 

sulfoxide (DMSO) at concentrations of 10-6 M and 10-8 

M. In addition to A1242, VitE (50 µM) and Gen (10 µM), 

known for their strong antioxidant effects in previous 

studies (Toda & Shirataki 1999, Gitto et al. 2001), were 

also applied to Leydig cells. The control group received 

treatment just with serum-free culture media containing 

0.08% DMSO. In all experiments, 100 ng/mL of 

luteinizing hormone (LH) was applied to the control and 

experimental groups to stimulate the cells. Experiments 

were performed in a total of nine groups as follows: 

control group, 10-6 M A1242 group, 10-8 M A1242 group, 

VitE group, 10-6 M A1242 group + VitE group, 10-8 M 

A1242 + VitE group, Gen group, 10-6 M A1242 group + 

Gen group and 10-8 M A1242 + Gen group. 



VitE and Gen prevent A1242 toxicity in TM3 cells    57 

Trakya Univ J Nat Sci, 25(1): 55-64, 2024 

Cell viability assay 

Cell viability was assessed using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) colorimetric assay (Mossman 1983). The assay 

focuses on metabolically active cells converting the 

yellow tetrazolium salt MTT into purple formazan 

crystals. A scanning multiwell spectrophotometer is used 

to measure the color of the resulting-colored solution after 

the formazan crystals are solubilized (ELISA reader). In 

this test, Leydig cells were seeded in 96-well plates at a 

density of 5 × 103 cells/well and treated for 24 h at 37°C 

with determined concentrations of A1242, VitE and Gen. 

Following a period of 24 hours, the experimental medium 

was removed from the 96-well plate by gently tapping it. 

Subsequently, 10 µL of MTT I solution and 90 µL of fresh 

medium were added into each well. The plates were 

thereafter placed in an incubator set at a temperature of 

37°C for 4 hours. Then, each well received 100 µL of 

MTT II and the plates were placed in a CO2 incubator for 

one night. The measurement of absorbance was conducted 

at a wavelength of 540 nm using the ELISA reader 

manufactured by Thermo Scientific in the United States. 

Data was obtained in triplicate, and the corresponding 

means and standard deviations were measured. The cell 

viability ratios were compared to the cell viability of the 

control groups, which was considered to be 100%. 

Preparation of samples for biochemical measurements 

Following 24 hours of treatment with A1242, VitE and 

Gen, cultured Leydig cells were subjected to sonication 

utilizing an ice-cold Tris–HCl buffer (0.15 M, pH 7.4) 

under LH stimulation. The resulting cell suspensions were 

centrifuged and stored in a deep freezer at -86°C until use 

for biochemical parameters. Protein results used in the 

calculation of all biochemical analyzes were determined 

by the method of Lowry et al. (1951). 

Determination of steroidogenic enzyme activities 

According to Bergmeyer's method for colorimetric 

assaying, the enzyme activities of 3β-hydroxysteroid 

dehydrogenase (3β-HSD) and 17β-Hydroxysteroid 

dehydrogenase (17β-HSD) were calculated (Bergmeyer 

1974). The enzyme tests were carried out utilizing zero 

order kinetics after the linearity with respect to incubation 

time and enzyme concentration was first standardized. 

The experimental setup for 3β-HSD comprised 0.2 mL of 

cell extract, 0.6 mL of pyrophosphate buffer (100 mM, pH 

8.5), 0.2 mL of NAD (0.5 mM) and 0.1 mL of 

dehydroisoandrosterone (0.1 mM). The experimental 

setup for 17β-HSD comprised 0.2 mL of cell extract, 0.6 

mL of pyrophosphate buffer (100 mM, pH 8.5), 0.2 mL of 

NADPH (0.5 mM) and 0.1 mL of 1.4-androstadiene-3.17-

dione (0.8 mM). Optical density was measured at 340 nm 

at 20 s intervals in a spectrophotometer compared to a 

blank that contained only Tris buffer. This was done five 

minutes after the cell extract was added to the reaction 

mixture. Enzyme activities were shown as nmol of NAD 

reduced/min/mg protein and nmol of NADPH 

oxidized/min/mg protein, for 3β-HSD and 17β-HSD, 

respectively.  

Assessment of biomarkers for oxidative stress  

The Devasagayam & Tarachand (1987) method was 

used to measure the amount of lipid peroxidation. The 

reaction mixture, which had a total volume of 1.5 mL, 

was composed of 1.0 mL of 0.15 M Tris-HCl buffer (pH 

7.4), 0.3 mL of 10 mM KH2PO4, and 0.2 mL of cell 

extract. The tubes used for reaction underwent a 

continuous 20 min incubation at 37°C. The addition of 1 

mL of 10% trichloroacetic acid (TCA) stopped the 

process. The tubes were heated in a boiling water bath 

for 20 min after being well shaken and addition of 1.5 

mL of thiobarbituric acid. After centrifuging the tubes, 

the color was detected at 532 nm.  

Following the procedure detailed in Puntarulo and 

Cederbaum (1988), the generation of hydroxyl radicals 

(OH•) was executed. This technique is based on the idea 

that OH• produced by iron complexes combines with 4 

mM NADPH and 4 mM DMSO to form formaldehyde. 

Then, 10% TCA is added to the mixture, and the resulting 

absorbance is measured at 570 nm. 

The amount of hydrogen peroxide (H2O2) produced 

was measured using the Holland & Storey (1981) method. 

In summary, 0.1 mL of cell extract was added to an assay 

mixture containing KCl (1.13 M), MgCl2 (60 mM), Tris-

HCl (200 mM, pH 7.4), EDTA (8 mM), potassium 

phosphate (150 mM), and acetylated ferrocytochrome c (1 

mM). The generation of H2O2 was then determined by 

measuring ferrocytochrome c oxidation at 550 nm using a 

spectrophotometer.  

Examination of enzymes in the antioxidant system 

The assessment of total superoxide dismutase (SOD) 

enzyme activity was conducted using the Marklund & 

Marklund (1974) methodology. The experimental principle 

relies on the suppression of pyrogallol autoxidation by the 

action of the SOD enzyme under alkaline conditions. A 

single unit of SOD activity is determined as the quantity of 

enzyme needed to decrease pyrogallol autoxidation by 50%. 

After performing the procedure, the changing absorbance of 

the test solution was measured using a spectrophotometer at 

a wavelength of 420 nm. The measurements were recorded 

at seven different time points over a period of three minutes, 

with intervals of 30 seconds. 

The determination of catalase (CAT) enzyme activity 

was conducted using the methodology established by 

Sinha (1972). The enzyme catalase catalyzes the 

breakdown of H2O2 into water and molecular oxygen, as 

H2O2 is a highly stable ROS. This method operates on 

the idea of reducing dichromate in acetic acid to chromic 

acetate by heating it in the presence of H2O2. 

Additionally, it involves converting the dark blue-purple 

color produced by dichromate acetic acid with H2O2 into 

a lighter green color through heat application. The test 

mixes obtained were measured using a 

spectrophotometer at a wavelength of 570 nm, relative 

to a blank sample. 
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The GPx enzyme is responsible for catalyzing the 

breakdown reaction of H2O2, which results in the formation 

of oxidized glutathione and water when reduced glutathione 

is present. In order to ascertain the level of the GPx enzyme, 

Hafeman (1974) developed a method involving the use of 

H2O2 as a substrate. In the spectrophotometer, the absorbance 

values of the test mixtures were measured against a blank at 

412 nm before being recorded. 

The method of Habig et al. (1974) was used to 

determine the glutathione-s-transferase (GST) enzyme 

levels. The GST enzyme catalyzes the formation of a 

conjugate between glutathione and 1-chloro-2,4-

dinitrobenzene in the presence of reduced glutathione. 

During the experiment, the sample and blank tubes are 

supplemented with potassium phosphate buffer and the 

solutions specified earlier. The absorbances at 340 nm are 

then monitored at 60-second intervals for five minutes. 

Higher levels of absorbance are closely correlated with the 

activity of GST enzymes. 

The statistical analysis 

The statistical analysis of data on cell viability, 

steroidogenic enzyme levels, malondialdehyde amount, 

reactive oxygen species, catalase enzyme, superoxide 

dismutase enzyme, glutathione peroxide enzyme, and 

glutathione-s-transferase enzyme levels, was conducted 

using the GraphPad Prism 9.0 program (GraphPad Prism 

Software, San Diego, California, USA). The evaluation 

was dependent on the application of specific 

concentrations of A1242, VitE, and Gen, either 

individually or in combination. The normality of the data 

distribution was initially assessed by employing the 

Shapiro-Wilk test. The results were presented as means 

and standard deviations via one-way ANOVA and 

Tukey's multiple comparison test. The significance 

levels were considered as p < 0.001, p < 0.01, and p < 

0.05. 

Results 

Cell viability 

According to the results of the MTT test, a significant 

decrease in cell viability was observed only at 10-6 M 

A1242 (p < 0.05). There was a significant increase in VitE 

and Gen administered groups compared to A1242 only 

group, indicating that VitE and Gen have an ameliorative 

role in cell viability (p < 0.05, p < 0.001) (Fig. 1). 

 Steroidogenic enzyme activities  

Fig. 2 showed that exposure to A1242 alone (at both 

concentrations) in Leydig cells greatly reduced 3β-HSD 

and 17β-HSD enzyme activities compared to the control 

group (p < 0.01, p < 0.001). Both 3β-HSD (Fig. 2a) and 

17β-HSD (Fig. 2b) enzyme activities were found to be 

significantly elevated when the VitE and Gen-

administered groups were contrasted with the groups 

exposed to A1242 alone (p < 0.05). 

 

Fig. 1. Effects of VitE and Gen on cell viability in Leydig 

cells induced by A1242. The results were expressed as means ± 

S.E.M. from three independent experiment conducted in 

triplicates. Significance at *p < 0.05, ***p < 0.001 and #p < 

0.05. (*) denotes a significant difference from the control 

groups, while (#) denotes a significant difference from the 
groups exposed to A1242. 

 Oxidative stress biomarkers 

The oxidative stress caused by A1242 in Leydig cells 

was determined by measuring malondialdehyde (MDA), 

H2O2 and OH• levels. The effects of A1242, VitE and 

Gen on the levels of MDA in Leydig cells were 

presented in Fig. 3. After Leydig cells were exposed to 

two different concentrations of A1242 for 24 h, A1242 

dramatically increased the amount of MDA at both 

concentrations compared to the control group (p < 0.05, 

p < 0.01). When the A1242 and VitE groups were 

combined, it was discovered that they caused a 

 

Fig. 2. Effects of VitE and Gen on 3β-HSD (a) and 17β-HSD (b) enzyme activity in Leydig cells induced by A1242. Data from three 

independent experiments in triplicates were shown as means ± S.E.M. Significant at *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.05. (*) 

denotes a significant difference from the control groups, while (#) denotes a significant difference from the groups exposed to A1242. 



VitE and Gen prevent A1242 toxicity in TM3 cells    59 

Trakya Univ J Nat Sci, 25(1): 55-64, 2024 

significant decrease in both concentrations of A1242 

when compared to the A1242 alone groups (p < 0.05). 

Furthermore, at both A1242 concentrations, a significant 

reduce was observed in the A1242+Gen groups (p < 

0.05). When the changes in MDA levels were compared, 

it was concluded that VitE and Gen were effective 

antioxidants in A1242 toxicity. 

 
Fig. 3. Effects of VitE and Gen on lipid peroxidation (MDA 

level) in Leydig cells induced by A1242. Data from three 

independent experiments in triplicates were shown as means ± 

S.E.M. Significant at *p < 0.05, **p < 0.01, ***p < 0.001, and 

#p < 0.05. (*) denotes a significant difference from the control 

groups, while (#) denotes a significant difference from the 

groups exposed to A1242.  

The A1242 increased OH• levels in Leydig cells at 

both concentrations (Fig. 4a, p < 0.001). VitE and Gen 

was found to suppress the A1242-induced OH• levels in 

both concentrations of A1242 (p < 0.05). According to the 

data from the OH• experiment, VitE and Gen caused an 

effective improvement in the toxicity of A1242 in Leydig 

cells.  

In comparison to the control group, both 

concentrations of A1242 showed a substantial rise in 

H2O2 levels (Fig. 4b, p < 0.001). At all concentrations of 

A1242, the curative effects of VitE and Gen on this 

elevated H2O2 were noticeable (p < 0.05). Thus, it was 

demonstrated that VitE and Gen are potent antioxidants 

for lowering reactive oxygen species produced by A1242. 

Antioxidant system parameters 

The effects of VitE and Gen on antioxidant system 

parameters (SOD, CAT, GPx, and GST) in Leydig cells 

exposed to A1242 were given in Table 1. It was observed 

that SOD, CAT, GPx and GST levels were significantly 

decreased in both groups of A1242 compared to the control 

group (p < 0.001). It was revealed that the treated 

antioxidants VitE and Gen led to a marked increase in SOD 

and CAT enzyme levels at both low and high 

concentrations of A1242 (p < 0.05), while they did not 

cause any change in GPx and GST enzyme levels. 

Therefore, it was concluded that VitE and Gen functioned 

to mitigate the toxicity of A1242 on the antioxidant system, 

especially by raising the SOD and CAT enzyme levels.  

Discussion 

PCBs are the most persistent of all known chemicals. 

Studies with PCBs have increased after it was 

understood that they cause environmental contamination 

and threaten human health by accumulating in the food 

chain due to their lipophilic properties and chemical 

stability (Deng et al. 2019, Selvaraju et al. 2021, 

Montano et al. 2022). Although the effects on the male 

reproductive system have been extensively studied in 

experimental animals, the effects of various PCB 

mixtures on the male reproductive system have also been 

investigated in vitro in testicular cells (Aly et al. 2017, 

Aydin & Erkan 2017, Elayapillai et al. 2017, 

Thangavelu et al. 2018). Leydig cells, which play a 

critical role in ensuring the maintenance of the male 

reproductive system, must perform their functions 

successfully. Furthermore, infertility is closely 

correlated with the decreased Leydig cell count in the 

testis (Payne & Youngblood, 1995). In this study, the 

toxicity of A1242 on Leydig cells was examined in terms 

of cell viability, oxidative damage, and levels of 

steroidogenic enzymes. It was also shown that VitE and 

Gen, which are known to have antioxidant properties, 

play a protective role in A1242 toxicity. 

 

 

Fig. 4. Effects of VitE and Gen on hydroxyl radical (a) and hydrogen peroxide (b) level in Leydig cells induced by A1242. Findings 

were expressed as means ± S.E.M. from three independent experiments conducted in triplicates. Significance at ***p < 0.001 and #p 

< 0.05. (*) indicates significantly different from control groups, (#) indicates significantly different from A1242 exposed groups. 
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Table 1. The impact of VitE and Gen on antioxidative enzymes in Leydig cells exposed to A1242. 

 A1242 concentrations (M) 

Groups 0 10-8 10-6 

SOD (U/µg protein) 

A1242 only 0.11 ± 0.01 0.06 ± 0.01*** 0.05 ± 0.005*** 

A1242+VitE (50 M) 0.13 ± 0.01 0.09 ± 0.02***, # 0.09 ± 0.01***, # 

A1242+Gen (10 M) 0.13 ± 0.005 0.09 ± 0.02***, # 0.09 ± 0.01***, # 

CAT (nmol of H₂O₂ consumed/min/µg protein) 

A1242 only 0.08 ± 0.01 0.05 ± 0.005* 0.05 ± 0.005** 

A1242+VitE (50 M) 0.09 ± 0.01 0.08 ± 0.01# 0.07 ± 0.01*, # 

A1242+Gen (10 M) 0.11 ± 0.02 0.09 ± 0.02*, # 0.08 ± 0.01*, # 

GPx (nmol of glutathione consumed/µg protein) 

A1242 only 0.51 ± 0.06 0.36 ± 0.12* 0.34 ± 0.06* 

A1242+VitE (50 M) 0.58 ± 0.12 0.43 ± 0.17* 0.40 ± 0.13* 

A1242+Gen (10 M) 0.60 ± 0.06 0.45 ± 0.07* 0.42 ± 0.10* 

GST (nmol of CDNB GSH complex formed/min/µg protein) 

A1242 only 0.21 ± 0.01 0.16 ± 0.03* 0.15 ± 0.05* 

A1242+VitE (50 M) 0.28 ± 0.03 0.21 ± 0.04* 0.20 ± 0.04* 

A1242+Gen (10 M) 0.31 ± 0.03 0.23 ± 0.02* 0.21 ± 0.04* 

All data are given as mean ± S.E.M., from three independent experiments carried out in triplicates.  

Significant at p < 0.05. * Significant p versus control groups. # Significant p versus only A1242-treated groups. 

PCBs are known to decrease cell viability depending 

on concentration and time (Pistollato et al. 2020, McCann 

et al. 2021, Behan-Bush et al. 2022). McCann et al. 

(2021) conducted a 24 h in vitro study with astrocyte cells 

using an Aroclor 1254 (A1254) PCB mixture and found 

that A1254 did not affect cell viability in the range of 

1.25-20 µM. In another in vitro study, PCB138 was 

applied to neural stem cells at doses of 0.37, 21, and 37 

µM for 72 h, and it was determined that cell viability 

decreased (Pistollato et al. 2020). It was discovered that 

Aroclor 1016 and A1254 at 5 and 25 µM concentrations 

only significantly reduced cell viability at high doses in a 

study with human adipose mesenchymal stem/stromal 

cells (Behan-Bush et al. 2022). Significant reductions in 

cell viability were seen in the research mentioned above 

as a result of employing various PCB mixtures (Pistollato 

et al. 2020, McCann et al. 2021). Similar to the previous 

studies, 10-6 M (1 µM) A1242 lowered cell viability in an 

in vitro study with Leydig cells (McCann et al. 2021, 

Behan-Bush et al. 2022). Furthermore, our study 

demonstrated that the administration of VitE and Gen as 

antioxidants substantially enhanced cell viability in 

A1242. These results support earlier studies by indicating 

that VitE and Gen may increase cell viability in A1242 

toxicity (Murati et al. 2017).  

3β-HSD and 17β-HSD enzymes are the key enzymes 

involved in testosterone biosynthesis. The 3β-HSD 

enzyme is responsible for the conversion of pregnenolone 

to progesterone, and the 17β-HSD enzyme is responsible 

for the conversion of androstenedione to testosterone 

(Payne & Youngblood 1995). PCBs were reported to 

inhibit the biosynthesis of testosterone (Murugesan et al. 

2007a, 2008, Thangavelu et al. 2018). In vivo research 

revealed that the administration of A1254 significantly 

reduced the levels of 3β-HSD and 17β-HSD enzymes as 

well as the expression of 3β-HSD and 17β-HSD mRNA 

in Leydig cells (Murugesan et al. 2005a, 2005b, 2007a, 

Thangavelu et al. 2018). In addition to A1254, it was 

discovered that VitC, VitE, and lycopene applications 

significantly increased the amounts of the 17β-HSD and 

3β-HSD enzymes as well as their mRNA expressions in 

the groups that received the VitE and VitC, whereas 

lycopene applications only increased the amount of the 3-

HSD enzyme activity (Murugesan et al. 2005b, 2007a, 

Elumalai et al. 2009). In our study with A1242, we 

showed that 3β-HSD and 17β-HSD enzyme activities 

decreased in Leydig cells and that VitE and Gen 

applications to eliminate A1242 toxicity had a protective 

effect on both enzyme activities. Unlike other studies, the 

curative effect of Gen was revealed for the first time in 

A1242 toxicity in Leydig cells responsible for 

testosterone production.  

ROS generation in cells results in protein and DNA 

mutations, lipid peroxidation in membranes, apoptosis, 

and cellular structural destruction. Lipid peroxidation, a 

result of a chain reaction involving ROS and unsaturated 

fatty acids present in lipids of cellular membranes, 

induces functional abnormalities through structural 
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damage to cell membranes when stress conditions are 

present (Su et al. 2019). As a possible source of ROS, 

PCBs have been shown to induce lipid peroxidation by 

promoting cytochrome P450s (Senthilkumar et al. 2004, 

Sridhar et al. 2004, Murati et al. 2017). In an in vivo study 

by Murugesan et al. (2005b), A1254 alone and with 

addition of VitC and VitE were administered to rats. Lipid 

peroxidation in isolated Leydig cells dramatically 

increased in the A1254-treated group, but it significantly 

decreased in the groups that received VitC and VitE 

supplements in addition to A1254. In another study, rats 

were administered A1260, and it was shown that lipid 

peroxidation increased in testicular tissue and that lipoic 

acid had a protective effect on A1260-induced lipid 

peroxidation (Aly et al. 2017). In another investigation 

using A1254, rats were administered VitC and VitE in 

addition to A1254, and it was shown that lipid 

peroxidation in isolated Sertoli cells was decreased 

substantially in the groups who received VitC and VitE 

(Senthilkumar et al. 2004). The application of various 

PCB mixtures considerably raised the levels of ROS in a 

number of rat tissues in studies evaluating the amounts of 

hydroxyl radical and H2O2, which are both indicators of 

oxidative stress (Murugesan et al. 2005b, Aly et al. 2017). 

In addition, it has been reported that H2O2and hydroxyl 

radicals were significantly reduced in groups treated with 

VitC, VitE, and melatonin in addition to PCB mixtures 

(Senthilkumar et al. 2004, Murugesan et al. 2005b, 

Venkataraman et al. 2008, Aly et al. 2017, Murati et al. 

2017). In the light of this information, it has been 

concluded that VitE and Gen act as potent antioxidant 

molecules and have a therapeutic effect against the 

oxidative damage caused by A1242 in Leydig cells. 

The cellular defense mechanism employs enzymatic 

and non-enzymatic antioxidants, such as glutathione, to 

preserve the intracellular redox balance in a state of good 

health. In biological systems, following oxidative stress, 

the levels of intracellular enzymes such as CAT, SOD, 

GPx, and glutathione rise, and the antioxidant defense 

system is activated (Su et al. 2019). Recent in vivo and in 

vitro studies showed that PCB mixtures trigger oxidative 

stress by suppressing the intracellular activities of 

antioxidant enzymes and mRNA expression levels. These 

studies aimed to increase the PCB-induced decrease in 

intracellular antioxidant enzyme levels with molecules 

with known supplemental antioxidant properties (Aly et 

al. 2017, Ahd et al. 2019, Deng et al. 2019, Mega et al. 

2022). The results of our study in Leydig cells showed that 

A1242 produced oxidative stress by drastically lowering 

the activity of the enzymes SOD, CAT, GPx, and GST. 

Furthermore, a notable reduction in the levels of 

steroidogenic enzymes when A1242 is delivered to 

Leydig cells was shown. This phenomenon is due to a 

substantial reduction in antioxidant enzymes and a decline 

in the functionality of Leydig cells. Also, it has been 

demonstrated in our study that VitE and Gen can improve 

the antioxidant defense system in a manner comparable to 

that of antioxidant-rich substances such lipoic acid, 

ginger, and D-ribose-L-cysteine, which are frequently 

added to PCB mixtures. 

Conclusion 

In conclusion, our study revealed that A1242, a 

commercial PCB mixture, enhanced cytotoxicity in TM3 

Leydig cells by generating lipid peroxidation and 

oxidative stress. It is also thought to decrease testosterone 

production by lowering the activity of the key enzymes 

3β-HSD and 17β-HSD involved in the production of 

testosterone. VitE and Gen can protect Leydig cells 

against A1242-induced damage by decreasing lipid 

peroxidation products and hydroxyl radical production, 

increasing the activity of antioxidant enzymes such SOD, 

CAT, GPx, and GST, and decreasing the activity of 

steroidogenic enzymes. In order to reverse the harmful 

effects of endocrine disruptors, which are environmental 

contaminants, on the male reproductive system, enough 

dietary intake of VitE and Gen can assist rejuvenate the 

antioxidant system. 

Acknowledgement  

We would like to thank Mikro-Gen Drug Co. for supplying 

of “Genistein”.  

Ethics Committee Approval: Since the article does not 

contain any studies with human or animal subject, its approval 

to the ethics committee was not required. 

Data Sharing Statement: All data are available within the 

study. 

Author Contributions: Concept: Y.A., M.E., Design: Y.A., 

Execution: Y.A., B.O.Y., Material supplying: Y.A., M.E., Data 

acquisition: Y.A., B.O.Y., Data analysis/interpretation: Y.A., 

B.O.Y., Writing: Y.A., B.O.Y., Critical review: B.O.Y., M.E.  

Conflict of Interest: The authors have no conflicts of 

interest to declare. 

Funding: The study was supported by Istanbul University 

Scientific Research Projects with project numbers T-2857 and 

2858.    

References

1. Ahd, K., Dhibi, S., Akermi, S., Bouzenna, H., Samout, N., 

Elfeki, A. & Hfaiedh, N. 2019. Protective effect of ginger 

(Zingiber officinale) against PCB-induced acute hepatotox-

icity in male rats. Royal Society of Chemistry Advances, 

9(50): 29120-29130. 

https://doi.org/10.1039/C9RA03136G 

2. Ahlborg, U.G., Becking, G.C., Birnbaum, L.S., Brouwer, 

A., Derks, H.J.G.M., Feeley, M., Golor, G., Hanberg, A., 

Larsen, J.C., Liem, A.K.D., Safe, S.H., Schlatter, C., 

Waern, F., Younes, M. & Yrjänheikki, E. 1994. Toxic 

equivalency factors for dioxinlike PCBs. Chemosphere, 

28(6): 1049-1067. https://doi.org/10.1016/0045-

6535(94)90324-7  

3. Ahmad, S.U., Tariq, S., Jalali, S. & Ahmad, M.M. 2003. 

Environmental pollutant Aroclor 1242 (PCB) disrupts re-

https://doi.org/10.1039/C9RA03136G
https://doi.org/10.1016/0045-6535(94)90324-7
https://doi.org/10.1016/0045-6535(94)90324-7


62 Y. Aydın et al. 

production in adult male rhesus monkeys (Macaca mu-

latta). Environmental Research, 93(3): 272-278. 

https://doi.org/10.1016/S0013-9351(03)00110-5  

4. Aly, H.A.A., Alahdal A.M., Nagy, A.A., Abdallah, H.M., 

Abdel-Sattar, E.A. & Azhar, A.S. 2017. Lipoic acid and 

Calligonum comosumon attenuate aroclor 1260‐induced 

testicular toxicity in adult rats. Environmental Toxicology, 

32(4): 1147-1157. https://doi.org/10.1002/tox.22310  

5. Andric, S.A., Kostic, T.S., Stojilkovic, S.S. & Kovacevic, 

R.Z. 2000. Inhibition of rat testicular androgenesis by a pol-

ychlorinated biphenyl mixture Aroclor 1248. Biology of 

Reproduction, 62(6): 1882-1888. 

https://doi.org/10.1095/biolreprod62.6.1882  

6. Apostoli, P., Mangili, A., Carasi, S. & Manno, M. 2003. 

Relationship between PCBs in blood and D-glucaric acid in 

urine. Toxicology Letters, 144(1): 17-26. 

https://doi.org/10.1016/S0378-4274(03)00226-1  

7. ATSDR. 2000 Toxicological Profile for Polychlorinated 

Biphenyls (PCBs), Atlanta: US Department of Health and 

Human Services. https://www.atsdr.cdc.gov/toxpro-

files/tp17.pdf  

8. Aydin, Y. & Erkan, M. 2017. The toxic effects of 

polychlorinated biphenyl (Aroclor 1242) on Tm3 Leydig 

cells. Toxicology & Industrial Health, 33(8): 636-645. 

https://doi.org/10.1177/0748233717699783  

9. Behan-Bush, R.M., Liszewski, J.N., Schrodt, M.V., Vats, 

B., Li, X., Lehmler, H.J., Klingelhutz, A.J. & Ankrum, J.A. 

2022. Toxicity impacts on human adipose MSCs acutely 

exposed to Aroclor and non-Aroclor mixtures of PCBs. Bi-

oRxiv, 2022-2011. 

https://doi.org/10.1101/2022.11.17.516943  

10. Bergmeyer, H.U. 1974. Steroid dehydrogenase, pp. 476-

477. In: Bergmeyer H.U. (ed.). Methods of Enzymatic Anal-

ysis, New York: Academic Press, XLIII-LXXV pp.  

11. Carpenter, D.O. 1998. Polichlorinated biphenyls and hu-

man health. International Journal of Occupational Medi-

cine and Environmental Health, 11: 291-303.  

12. Coşkun, T. 2005. Fonksiyonel besinlerin sağlığımız 

üzerine etkileri. Çocuk Sağlığı ve Hastalıkları Dergisi, 

48(1): 61-84. 

13. Deng, P., Barney, J., Petriello, M.C., Morris, A.J., Wah-

lang, B & Hennig, B. 2019. Hepatic metabolomics reveals 

that liver injury increases PCB 126-induced oxidative 

stress and metabolic dysfunction. Chemosphere, 217: 140-

149. https://doi.org/10.1016/j.chemosphere.2018.10.196  

14. Devasagayam, T.P.A. & Tarachand, U. 1987. Decreased li-

pid peroxidation in the rat kidney during gestation. Bio-

chemical and Biophysical Research Communications, 

145(1): 134-138. https://doi.org/10.1016/0006-

291X(87)91297-6  

15. Djuric, Z., Chen, G., Doerge, D.R., Heilbrun, L.K. & 

Küçük, Ö. 2001. Effect of soy isoflavone supplementation 

on markers of oxidative stress in men and women. Cancer 

Letters, 172(1): 1-6. https://doi.org/10.1016/S0304-

3835(01)00627-9  

16. Elayapillai, S.P., Teekaraman, D., Paulraj, R.S. & Jagadee-

san, A. 2017. Ameliorative effect of α-tocopherol on poly-

chlorinated biphenyl (PCBs) induced testicular Sertoli cell 

dysfunction in F1 prepuberal rats. Experimental and Toxi-

cologic Pathology, 69(8): 681-694. 

https://doi.org/10.1016/j.etp.2017.07.001  

17. Elumalai, P., Krishnamoorthy, G., Selvakumar, K., 

Arunkumar, R., Venkataraman, P. & Arunakaran, J. 2009. 

Studies on the protective role of lycopene against polychlo-

rinated biphenyls (Aroclor 1254)-induced changes in StAR 

protein and cytochrome P450scc enzyme expression on 

Leydig cells of adult rats. Reproductive Toxicology, 27(1): 

41-45. https://doi.org/10.1016/j.reprotox.2008.11.053  

18. Gitto, E., Tan, D.X., Reiter, R.J., Karbownik, M., Manches-

ter, L.C., Cuzzocrea, S., Fulia, F. & Barberi, I., 2001. Indi-

vidual and synergistic antioxidative actions of melatonin: 

studies with vitamin E, vitamin C, glutathione and des-

ferrrioxamine (desferoxamine) in rat liver homogenates. 

Journal of Pharmacy and Pharmacology, 53(10): 1393-

1401. https://doi.org/10.1211/0022357011777747  

19. Habig, W.H., Pabst, M.J. & Jakoby, W.B. 1974. Glutathi-

one S-transferases: the first enzymatic step in mercapturic 

acid formation. The Journal of Biological Chemistry, 

249(22): 7130-7139. https://doi.org/10.1016/S0021-

9258(19)42083-8  

20. Hafeman, D.G., Sunde, R.A. & Hoekstra, W.G. 1974. Ef-

fect of dietary selenium on erythrocyte and liver glutathi-

one peroxidase in the rat. The Journal of Nutrition, 104(5): 

580-587. https://doi.org/10.1093/jn/104.5.580  

21. Hansen, L.G. 1999. The Ortho Side of PCB’s Occurrence 

and Disposition. Springer New York, NY, XI, 269 pp. 

22. Holland, M.K. & Storey, B.T. 1981. Oxygen metabolism of 

mammalian spermatozoa. Generation of hydrogen peroxide 

by rabbit epididymal spermatozoa. Biochemical Journal, 

198(2): 273-280. https://doi.org/10.1042/bj1980273  

23. Hutzinger, O., Safe, S. & Zitko, V. 1974. The Chemistry of 

PCB’s. 1st ed. Cleveland: CRC Press. 

24. Kim, I.S., Ariyaratne, H.S. & Mendis-Handagama, S.C. 

2001. Effects of continuous and intermittent exposure of 

lactating mothers to Aroclor 1242 on testicular steroido-

genic function in the adult male offspring. Tissue and Cell, 

33(2): 169-177. https://doi.org/10.1054/tice.2000.0168  

25. Kimbrough, R.D. 1995. Polychlorinated biphenyls (PCBs) 

and human health: an update. Critical Reviews in Toxicol-

ogy, 25(2): 133-163. 

https://doi.org/10.3109/10408449509021611  

26. Knight, D.C. & Eden, J.A. 1966. A review of the clinical 

effects of phytoestrogens. Obstetrics and Gynecology, 

87(5): 897-904. 

27. Kovačević, R., Vojinović-Miloradov, M., Teodorović, I. & 

Andrić, S. 1995. Effect of PCBs on androgen production by 

suspension of adult rat Leydig cells in vitro. The Journal of 

Steroid Biochemistry and Molecular Biology, 52(6): 595-

597. https://doi.org/10.1016/0960-0760(95)00060-D  

28. Lloyd, J.W., Moore, Jr R.M., Woolf, B.S. & Stein, H.P. 

1976. Polychlorinated biphenyls. Journal of Occupational 

and Environmental Medicine, 18(2): 109-113. 

29. Lowry, O.H., Rosebrough, N.J., Farr, A.L., & Randall, R.J. 

1951. Protein measurement with folin phenol reagent. The 

Journal of Biological Chemistry, 193: 265–275. 

https://doi.org/10.1016/S0013-9351(03)00110-5
https://doi.org/10.1002/tox.22310
https://doi.org/10.1095/biolreprod62.6.1882
https://doi.org/10.1016/S0378-4274(03)00226-1
https://www.atsdr.cdc.gov/toxprofiles/tp17.pdf
https://www.atsdr.cdc.gov/toxprofiles/tp17.pdf
https://doi.org/10.1177/0748233717699783
https://doi.org/10.1101/2022.11.17.516943
https://doi.org/10.1016/j.chemosphere.2018.10.196
https://doi.org/10.1016/0006-291X(87)91297-6
https://doi.org/10.1016/0006-291X(87)91297-6
https://doi.org/10.1016/S0304-3835(01)00627-9
https://doi.org/10.1016/S0304-3835(01)00627-9
https://doi.org/10.1016/j.etp.2017.07.001
https://doi.org/10.1016/j.reprotox.2008.11.053
https://doi.org/10.1211/0022357011777747
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1093/jn/104.5.580
https://doi.org/10.1042/bj1980273
https://doi.org/10.1054/tice.2000.0168
https://doi.org/10.3109/10408449509021611
https://doi.org/10.1016/0960-0760(95)00060-D


VitE and Gen prevent A1242 toxicity in TM3 cells    63 

Trakya Univ J Nat Sci, 25(1): 55-64, 2024 

30. Marklund, S. & Marklund, G. 1974. Involvement of the su-

peroxide anion radical in the autoxidation of pyrogallol and 

a convenient assay for superoxide dismutase. European 

Journal of Biochemistry, 47(3): 469-474. 

31. McCann, M.S., Fernandez, H.R., Flowers, S.A. & Maguire-

Zeiss, K.A. 2021. Polychlorinated biphenyls induce oxida-

tive stress and metabolic responses in astrocytes. Neurotox-

icology, 86: 59-68. 

https://doi.org/10.1016/j.neuro.2021.07.001  

32. Mega OO, Edesiri TP, Victor E, Kingsley, N.E., Rume, 

R.A., Faith, F.Y., Simon, O.I., Oghenetega, B.O. & Agbon-

ifo-Chijiokwu, E. 2022. D‐ribose‐L‐cysteine abrogates tes-

ticular maladaptive responses induced by polychlorinated 

bisphenol intoxication in rats via activation of the mTOR 

signaling pathway mediating inhibition of apoptosis, in-

flammation, and oxidonitrergic flux. The Journal of Bio-

chemical and Molecular Toxicology, 36(10): e23161. 

https://doi.org/10.1002/jbt.23161  

33. Montano, L., Pironti, C., Pinto, G., Ricciardi, M., Buono, 

A., Brogna, C., Venier, M., Piscopo, M., Amoresano, A. & 

Motta, O. 2022. Polychlorinated biphenyls (PCBs) in the 

environment: occupational and exposure events, effects on 

human health and fertility. Toxics, 10(7): 365. 

https://doi.org/10.3390/toxics10070365  

34. Mossman, T. 1983. Rapid colorimetric assay for cellular 

growth and survival: application to proliferation and cyto-

toxicity assays. The Journal of Immunological Methods, 

65(1-2): 55–63. https://doi.org/10.1016/0022-

1759(83)90303-4  

35. Murati, T., Šimić, B., Pleadin J., Vukmirović, M., Miletić, 

M., Durgo, K., Kniewald, J. & Kmetič, I. 2017. Reduced 

cytotoxicity in PCB-exposed Chinese Hamster Ovary 

(CHO) cells pretreated with vitamin E. Food and Chemical 

Toxicology, 99: 17-23. 

https://doi.org/10.1016/j.fct.2016.11.014  

36. Murugesan, P., Balaganesh, M., Balasubramanian, K. & 

Arunakaran, J. 2007b. Effects of polychlorinated biphenyl 

(Aroclor 1254) on steroidogenesis and antioxidant system 

in cultured adult rat Leydig cells. Journal of Endocrinol-

ogy, 192(2): 325-338. https://doi.org/10.1677/joe.1.06874  

37. Murugesan, P., Kanagaraj, P., Yuvaraj, S., Balasubrama-

nian, K., Aruldhas, M.M. & Arunakaran, J. 2005a. The in-

hibitory effects of polychlorinated biphenyl Aroclor 1254 

on Leydig cell LH receptors, steroidogenic enzymes and 

antioxidant enzymes in adult rats. Reproductive Toxicol-

ogy, 20(1): 117-126. https://doi.org/10.1016/j.repro-

tox.2004.11.011 

38. Murugesan, P., Muthusamy, T., Balasubramanian, K., 

Aruldhas, M.M. & Arunakaran, J. 2005b. Studies on the 

protective role of vitamin C and E against polychlorinated 

biphenyl (Aroclor 1254)—induced oxidative damage in 

Leydig cells. Free Radical Research, 39(11): 1259-1272. 

https://doi.org/10.1016/j.reprotox.2004.11.011  

39. Murugesan, P., Muthusamy, T., Balasubramanian, K. & 

Arunakaran, J. 2007a. Effects of vitamins C and E on 

steroidogenic enzymes mRNA expression in polychlorin-

ated biphenyl (Aroclor 1254) exposed adult rat Leydig 

cells. Toxicology, 232(3): 170-182. 

https://doi.org/10.1016/j.tox.2007.01.008  

40. Murugesan, P., Muthusamy, T., Balasubramanian, K. & 

Arunakaran, J. 2008. Polychlorinated biphenyl (Aroclor 

1254) inhibits testosterone biosynthesis and antioxidant en-

zymes in cultured rat Leydig cells. Reproductive Toxicol-

ogy, 25(4): 447-454. https://doi.org/10.1016/j.repro-

tox.2008.04.003  

41. Oakley, G.G., Devanaboyina, U.S., Robertson, L.W. & 

Gupta, R.C. 1996. Oxidative DNA damage induced by ac-

tivation of polychlorinated biphenyls (PCBs): implications 

for PCB-induced oxidative stress in breast cancer. Chemi-

cal Research in Toxicology, 9(8): 1285-1292. 

https://doi.org/10.1021/tx960103o  

42. Payne, A.H. & Youngblood, G.L. 1995. Regulation of ex-

pression of steroidogenic enzymes in Leydig cells. Biology 

of Reproduction, 52(2): 217-225. 

https://doi.org/10.1095/biolreprod52.2.217  

43. Pistollato, F., de Gyves, E.M., Carpi, D., Bopp, S.K., Nunes 

C., Worth, A. & Bal-Price, A. 2020. Assessment of devel-

opmental neurotoxicity induced by chemical mixtures us-

ing an adverse outcome pathway concept. Environmental 

Health, 19(1): 1-26. https://doi.org/10.1186/s12940-020-

00578-x  

44. Puntarulo, S. & Cederbaum, A.I. 1988. Effect of oxygen 

concentration on microsomal oxidation of ethanol and gen-

eration of oxygen radicals. Biochemical Journal, 251(3): 

787-794. https://doi.org/10.1042/bj2510787  

45. Quensen, J.F., Boyd, S.A. & Tiedje, J.M. 1990. Dechlorin-

ation of four commercial polychlorinated biphenyl mix-

tures (Aroclors) by anaerobic microorganisms from sedi-

ments. Applied and Environmental Microbiology, 56(8): 

2360-2369. https://doi.org/10.1128/aem.56.8.2360-

2369.1990  

46. Rogan, W.J. & Gladen, B.C. 1992. Neurotoxicology of 

PCBs and related compounds. Neurotoxicology, 13(1): 27-

35. 

47. Sandal, S., Yilmaz, B. & Carpenter, D.O. 2008. Genotoxic 

effects of PCB 52 and PCB 77 on cultured human periph-

eral lymphocytes. Mutation Research: Genetic Toxicology 

and Environmental Mutagenesis, 654(1): 88-92. 

https://doi.org/10.1016/j.mrgentox.2008.05.005   

48. Selvaraju, V., Baskaran, S., Agarwal, A. & Henkel, R. 

2021. Environmental contaminants and male infertility: Ef-

fects and mechanisms. Andrologia, 53(1): e13646. 

https://doi.org/10.1111/and.13646  

49. Senthilkumar, J., Banudevi, S., Sharmila, M., Murugesan, 

P., Srinivasan, N., Balasubramanian, K., Aruldhas, M.M. & 

Arunakaran, J. 2004. Effects of Vitamin C and E on PCB 

(Aroclor 1254) induced oxidative stress, androgen binding 

protein and lactate in rat Sertoli cells. Reproductive Toxi-

cology, 19(2): 201-208. https://doi.org/10.1016/j.repro-

tox.2004.08.001  

50. Shain, W., Overmann, S.R., Wilson, L.R., Kostas, L.R. & 

Bush, B. 1986. A congener analysis of polychlorinated bi-

phenyls accumulating in rat pups after perinatal exposure. 

Archives of Environmental Contamination and Toxicology, 

15: 687-707. https://doi.org/10.1007/BF01054916 

51. Sinha, A.K. 1972. Colorimetric assay of catalase. Analyti-

cal Biochemistry, 47(2): 389-394. 

https://doi.org/10.1016/0003-2697(72)90132-7  

https://doi.org/10.1016/j.neuro.2021.07.001
https://doi.org/10.1002/jbt.23161
https://doi.org/10.3390/toxics10070365
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/j.fct.2016.11.014
https://doi.org/10.1677/joe.1.06874
https://doi.org/10.1016/j.reprotox.2004.11.011
https://doi.org/10.1016/j.tox.2007.01.008
https://doi.org/10.1016/j.reprotox.2008.04.003
https://doi.org/10.1016/j.reprotox.2008.04.003
https://doi.org/10.1021/tx960103o
https://doi.org/10.1095/biolreprod52.2.217
https://doi.org/10.1186/s12940-020-00578-x
https://doi.org/10.1186/s12940-020-00578-x
https://doi.org/10.1042/bj2510787
https://doi.org/10.1128/aem.56.8.2360-2369.1990
https://doi.org/10.1128/aem.56.8.2360-2369.1990
https://doi.org/10.1016/j.mrgentox.2008.05.005
https://doi.org/10.1111/and.13646
https://doi.org/10.1016/j.reprotox.2004.08.001
https://doi.org/10.1016/j.reprotox.2004.08.001
https://doi.org/10.1016/0003-2697(72)90132-7


64 Y. Aydın et al. 

52. Sridhar, M., Venkataraman, P., Dhanammal, S., 

Arunkumar, A., Aruldhas M.M., Srinivasan, N. & Aru-

nakaran, J. 2004. Impact of polychlorinated biphenyl (Aro-

clor 1254) and vitamin C on antioxidant system of rat ven-

tral prostate. Asian Journal of Andrology, 6(1): 19-22. 

53. Su, L.J., Zhang, J.H., Gomez, H., Murugan, R., Hong, X., 

Xu, D., Jiang, F. & Peng, Z.Y. 2019. Reactive oxygen spe-

cies-induced lipid peroxidation in apoptosis, autophagy, 

and ferroptosis. Oxidative Medicine and Cellular Longev-

ity, 2019: 5080843. https://doi.org/10.1155/2019/5080843  

54. Thangavelu, S.K., Priya, E.S., Ilangovan, R., Sankar, B.R. 

& Arunakaran, J. 2018. Lactational exposure of polychlo-

rinated biphenyls impair Leydig cellular steroidogenesis in 

F1 progeny rats. Reproductive Toxicology, 75: 73-85. 

https://doi.org/10.1016/j.reprotox.2017.11.009  

55. Toda, S. & Shirataki, Y. 1999. Inhibitory effects of isofla-

vones on lipid peroxidation by reactive oxygen species. 

Phytotherapy Research, 13(2): 163-165. 

https://doi.org/10.1002/(SICI)1099-

1573(199903)13:2<163::AID-PTR405>3.0.CO;2-%23  

56. Venkataraman, P., Krishnamoorthy, G., Vengatesh, G., 

Srinivasan, N., Aruldhas, M.M. & Arunakaran, J. 2008. 

Protective role of melatonin on PCB (Aroclor 1254) 

induced oxidative stress and changes in acetylcholine ester-

ase and membrane bound ATPases in cerebellum, cerebral 

cortex and hippocampus of adult rat brain. International 

Journal of Developmental Neuroscience, 26(6): 585-591. 

https://doi.org/10.1016/j.ijdevneu.2008.05.002  

57. Zhang, D.L., Mi, Y.L., Wang, K.M., Zeng, W.D. & Zhang, 

C.Q. 2008. Attenuating effect of daidzein on polychlorin-

ated biphenyls-induced oxidative toxicity in mouse testicu-

lar cells. Journal of Zheijang University Science B- Bio-

medicine & Biotechnology, 9(7): 567. 

https://doi.org/10.1631/jzus.B0820048 

https://doi.org/10.1155/2019/5080843
https://doi.org/10.1016/j.reprotox.2017.11.009
https://doi.org/10.1002/(SICI)1099-1573(199903)13:2%3c163::AID-PTR405%3e3.0.CO;2-%23
https://doi.org/10.1002/(SICI)1099-1573(199903)13:2%3c163::AID-PTR405%3e3.0.CO;2-%23
https://doi.org/10.1016/j.ijdevneu.2008.05.002
https://doi.org/10.1631/jzus.B0820048



