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ABSTRACT
Introduction: Male factor is responsible for about half of infertility problems. However, the reasons for the decrease 
in male fertility are still broadly unclear. The mechanisms of how smoking may impact male fertility have not been 
established. However, with its influence on different semen parameters, it is regarded as a risk factor for infertility.
Aim: To investigate the effect of chronic smoking on spermatozoa NRF2 expression and DNA fragmentation in infertile 
men with apparently normal seminogram and to determine if NRF2 expression and DNA fragmentation markers could be 
possible predictors of the impact of chronic cigarette smoking on male fertility. 
Methods: Semen samples were collected from 170 subjects; 65 nonsmokers (40 fertile and 25 infertile) and 105 smokers 
(25 fertile and 80 infertile). NRF2 gene expression, 8-OHdG and DNA fragmentation were assayed. 
Results: There were significant increases in 8-OHdG and %DNA fragmentation with a significant decrease in NRF2 
gene expression in infertile smokers. ROC curve analysis of spermatozoa NRF2 gene expression showed 95% sensitivity 
93.3% specificity at cutoff value ≤0. 931 (p <0.0001) differentiating infertile smokers from controls. Moreover, seminal 
8-OHdG assay shows 93.4% sensitivity, 89.2% % specificity, at cutoff values >19.33 pg/ml predicting the detrimental 
effect of smoking on spermatozoa DNA. 
Conclusion: Chronic cigarette smoking may be a hidden causative mechanism of delayed fertility. Spermatozoa NRF2 
gene expression and seminal 8-OHdG levels may serve as sensitive diagnostic indicators predicting smoking induced 
infertility. So, the presence of normal seminal parameters could not be an exclusion of potential effect of chronic smoking 
on male fertility.

INTRODUCTION                                                                 

Infertility affects 10- 15% of all couples worldwide[1] 

and male factor is responsible for about half of infertility 
problems[2]. However, the reasons for the decrease in male 
fertility are still broadly unclear.

Cigarette smoke can induce oxidative damage of the 
sperms through production of reactive oxygen species 
(ROS) that may exceed the antioxidant capacity of seminal 
plasma[3]. The mechanisms of how smoking may impact 

male fertility have not been established[4]. However, with 
its influence on different semen parameters, it is regarded 
as a risk factor for infertility[5].

Nuclear factor erythroid 2 - related factor 2 (NRF2) is 
a member of Cap-N-Collar family transcription factors. 
It regulates transcription of genes that have promoters 
containing antioxidant response elements (AREs). The 
signaling pathway of NRF2 - ARE plays a key role in 
the response to oxidative stress through the induction of 
cytoprotective and antioxidant enzymes[6]. This pathway 
plays crucial roles in cellular defense against oxidative 
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stress during the processes of spermatogenesis and 
fertilization[7].

The severe oxidative DNA damage may prevent oocyte 
fertilization, and could be a cause of infertility. Analysis 
of sperm DNA fragmentation after capacitation detects 
tobacco detrimental effect that alters the sperm swim-up 
selection process[8]. Some researchers did not find any 
association between smoking and DNA fragmentation. Yet, 
a clear negative effect was observed through disturbance 
of plasma membrane phospholipids asymmetry[9]. Our 
hypothesis suggests searching for a possible explanation of 
infertility among smokers who have normal seminogram. 

The aim of the present work was to investigate the effect 
of chronic cigarette smoking on spermatozoa NRF2 gene 
expression and sperm DNA fragmentation in infertile men 
with apparently normal seminogram and if these markers 
could be predictors of the influence of cigarette smoking 
on male fertility. 

PATIENTS AND METHODS                                      

Subjects:

The study was carried out according to the principles 
of the Declaration of Helsinki, and the procedures were 
approved by the local ethics committee. Ethical approval 
for this study (Institutional Review Board N° R/16.01.06) 
was provided by the Institutional Review Board (IRB) for 
Faculty of Medicine, Mansoura University, Mansoura, 
Egypt on 7 January 2016.

Written informed consent was provided by all subjects. 
The study included 170 participants, 105 smokers (25 
fertile, 80 infertile) and 65 nonsmokers (40 fertile and 
25 infertile). According to Fariello et al.[10] the infertile 
smokers were categorized into two subgroups; mild/
moderate smokers (smoking of 1–19 cigarettes per day, n 
= 40) heavy smokers (smoking of 20 or more cigarettes 
per day, n = 40). Fertile nonsmokers (n= 40) were used 
as standard control group while infertile nonsmokers 
(n=25) were used as a negative control group and fertile 
smokers (n= 25) were used as a positive control group for 
discriminating the possible proposed effect of cigarette 
smoking on male fertility.

All subjects were with normal seminogram according 
to World Health Organization (WHO)[11]. Infertile patients 
attended the Andrology Clinic of Mansoura University 
Hospital from March 2014 to May 2015 were verified. They 
were married for ≥ 1 year with failure to conceive despite 
unprotected regular intercourse and their female partners 
were normal by physical and laboratory investigations. 

The fertile subjects were those of proven fertility whose 
wives achieved at least one full term pregnancy and the 
fertile nonsmokers have no history of smoking.

A detailed infertility sheet was reviewed during the 
physical examination including information on occupation, 
exposure to gonadotoxins, smoking habits (e.g. number of 
cigarettes smoked per day, duration of smoking in years, 
brand of cigarettes, and if others smoked in the house) as 
well as caffeine or alcohol consumption. Complete general 
and local genital examinations were done. The selected 
subjects had normal levels of serum growth hormone, 
LH, FSH, total and free testosterone, prolactin, estradiol 
and thyroid hormones. A scrotal Doppler ultrasound was 
performed to confirm clinically detected varicocele or to 
exclude subclinical one. 

The exclusion criteria included any subject with 
abnormal semen parameter including leukocytospermia 
(>1 x 106/ ml) and those subjected to any risk factor for 
infertility e.g. occupational chemicals or excessive heat 
exposure. Also, subjects exposed to gonadotoxins e.g. 
pesticides or alcohol consumption, fever in the past 6 
months, injury to the testes and urogenital surgery were 
excluded. Included smokers were only cigarette users 
with no history of smoking of other types e.g. marijuana.   
Subjects with evidence of urogenital infections; or signs 
of hypogonadism, small sized testes, cryptorchidism, 
and varicocele were excluded. Any patient with chronic 
illness or with a history of long-term medication e.g. 
corticosteroids or antioxidants were excluded.

Sampling:

After an abstinence period of 3 -5 days, semen samples 
were collected from all subjects by masturbation and 
transferred to the Medical Biochemistry Department 
laboratory at Mansoura Faculty of Medicine. Then, the 
samples were allowed to liquefy in an incubator at 37ºC 
for 15 min. 

Semen Analysis:

After liquefaction, ejaculate volume was recorded 
while sperm count and both progressive and total motility 
were assessed using the Motility/Concentration model of 
the computer assisted semen analysis (CASA software, 
Mira 9000 sperm Analyzer). Tri-noculer Microscope 
with plain objective lens (Olympus) equipped with phase 
contrast optics and a heated stage (37°C) was used for 
analysis. Sperm morphology was assessed by sperm Mac 
stain (Fertipro, Belgium) and phase contrast microscope 
as outlined by WHO[11]. White blood cells (WBCs) 
concentration in semen was determined using the peroxidase 
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staining technique described by Politch et al.[12] Viability 
was assessed using Eosin Y stain, 100 cells were scored 
for stain exclusion (living cells) or uptake (dead cells). The 
criteria for normozoospermia were: semen volume ≥ 1.5ml, 
sperm concentration ≥ 15 × 106/ml, normal morphology 
with oval-shaped head as well as no tail irregularities in at 
least 4 % of the spermatozoa, and sperms of progressive 
rapid motility ≥ 32% of spermatozoa[11].

Seminal plasma was obtained by centrifugation at 6000 
rpm and the supernatant fluid was divided into aliquots 
and stored at -20°C. It was used for the estimation of 
seminal plasma 8-hydroxy-2’-deoxyguanosine (8-OHdG), 
malondialdehyde (MDA) and total antioxidant capacity 
(TAC).

NRF2 gene expression:

• Total RNA extraction:

After complete liquefaction, the cells in one ml of 
every sample were pelleted by centrifugation (6000 rpm, 
10 minutes at 4°C). Cellular total RNA was isolated by the 
RNeasy Plus Micro Kit (cat. 74134, Qiagen, Germany) 
according to the manufacturer’s instructions. The purity 
and concentration of isolated RNA were determined 
using the NanoDrop 2000 Spectrophotometer (Thermo 
Scientific, USA).  

• Real time RT-qPCR:

Real time reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) was carried out according to 
the method of Freeman et al.[13] The reverse transcription 
reaction was done using Maxima First Strand cDNA 
Synthesis Kit (Thermo Scientific, USA, cat #K1641). The 
synthesized cDNA was stored at -20°C until used. 

The real-time PCR assays were performed on the 
Applied Biosystems 7500, real-time PCR detection 
system (Life Technology, USA), using Applied 
Biosystems SYBR® Green PCR Master Mix (2X) 
(cat. 4344463). β-actin was used as a reference gene 
to normalize the quantity of specific mRNA. Gene-
specific primers for both β- actin and NRF2 genes were 
designed using Primer3 software; for NRF2, sense primer: 
5'-GAGAGCCCAGTCTTCAT TGC-3', antisense primer 
5'-TTGGCTTCTG GACTTGGAAC-3' and for β- actin, 
sense primer: 5'-GTGGCCGAGGACTTTGATTG-3' and 
antisense primer: 5'-GTGGGGTGGCT TTTAGG ATG-
3'. They were purchased from Oligo™ Macrogen (Lab. 
Technology). 

RT-qPCR reactions were done in a 25 μl total reaction 
volume containing 12.5 μl SYBR® Green PCR Master 
Mix reaction buffer, 2 μl cDNA and forward as well as 
reverse gene specific primers (10 pmol). The real-time PCR 
consisted of enzyme activation at 95°C for 10 minutes, 
then 40 cycles of a two-step cycling, including template 
denaturation at 95°C (15 seconds), then annealing/ 
extension at 60°C (1 minute). The PCR products were 203 
bp for NRF2 and 104 bp for β-actin. 

To check for the specificity of the RT-qPCR products, 
melting curve analysis was performed using the Applied 
Biosystems real-time PCR system software. Relative 
quantification of mRNA expression was calculated using 
the comparative threshold method (ΔΔCt). All data were 
presented as the relative quantity (RQ) of NRF2 mRNA 
normalized with respect to the reference gene β-actin 
mRNA and relative to the caliberator (fertile nonsmokers) 
sample.

DNA Fragmentation Analysis:

DNA Fragmentation Analysis was done by agarose gel 
electrophoresis[14] using Enhanced Apoptotic DNA Ladder 
Detection kit (BioVision Research Products, Mountain 
View, CA 94043.USA). Sperm pellet was washed with 
phosphate buffered saline and centrifuged for 5 minutes 
at 6000 rpm. Lysis of the cells was done with 35 μl Tris 
EDTA lysis buffer, then 5μl of enzyme A were added 
and kept for 10 minutes at 37oC. 5μl of enzyme B were 
added and incubated for 30 minutes at 50oC. DNA was 
precipitated by adding 50μl of isopropanol then washed 
with 0.5 ml 70% ethanol. Each DNA pellet was dissolved 
in 20 μl DNA suspension buffer, electrophoresed onto a 
1.8% agarose gel and stained by gel staining buffer. DNA 
ladder was visualized via UV Transilluminator (TUV-
20, OWI Scientific, France) then photographed. % DNA 
fragmentation was calculated within each group (number 
of fragmented DNA samples / total number of samples in 
the group x 100).

Measurement of seminal plasma 8-OHdG:

Quantitative determination of the seminal plasma 
8-OHdG level was performed by Abnova 8-OHdG 
competitive ELISA kit; (cat. KA0444) according to the 
manufacturer’s instructions. Each sample absorbance was 
determined using Tecan, Sunrise Absorbance plate ELISA 
reader (Austria) at a wavelength of 450 nm. The calibration 
curve was generated by plotting the absorbance versus log 
of concentration and the concentration of 8-OHdG in each 
sample was obtained from the calibration curve.
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Assay of oxidative stress markers:

Malondialdehyde (MDA) was measured according to 
the method of Draper et al.[15]. Total antioxidant capacity 
(TAC) of seminal plasma was measured by using the 
commercially available kit (Cyman Chemical, Ann Arbor. 
MI, USA)[16]. 

Statistical Analysis:

The data were processed and analyzed through MedCalc 
version 9.3. Data were expressed as mean ± standard 
deviation (Mean ± SD). One way analysis of variance 
(ANOVA) and the two-tailed Student's t-test were used to 
compare results. Correlation between different variables 
was studied using the Pearson correlation coefficient. 
Receiver Operating Characteristic (ROC) curve analysis 
was used for determining the sensitivity and specificity 
of NRF2 gene expression and 8-OHdG levels as possible 
predictors for the adverse effects of chronic cigarette 
smoking on male fertility. Significance was considered 
when p≤ 0.05.

RESULTS                                                                                

All subjects were age matched (mean ± SD was 32.4 
± 10.3 years for non-smokers, 31.9 ±12. 3 years for 
fertile smokers, 34.4 ± 11.7 years for infertile smokers). 
The semen parameters, seminal plasma 8-OHdG and 
oxidative stress markers (MDA, TAC), NRF2 gene 
expression and DNA fragmentation data of all groups 
are presented in Table 1. Despite of being within normal 
range, semen parameters were significantly different, 
and all semen parameters of the infertile smokers groups 
showed a statistically significant decrease (p < 0.001).  

There was a significant increase in the percentage 
of DNA fragmentation, seminal plasma 8OHdG and 

MDA concentration in addition to a significant decrease 
in spermatozoa NRF2 gene expression and TAC of 
seminal plasma when comparing the mild/moderate 
smokers group versus the control groups (p < 0.001) 
and when comparing heavy smokers group versus all 
other groups (p < 0.001). It was noticed that the fertile 
smokers (positive control) showed similar significances 
as regards oxidative stress markers when compared 
to the non smokers (standard and negative controls)             
(Table 1).

NRF2 gene expression was correlated negatively 
with MDA (r = -0.788 and p < 0.001), seminal 8-OHdG 
level (r = -0.810 and p < 0.001) and duration of smoking 
(r = -0.759 and p < 0.001), while significant positive 
correlation with seminal plasma TAC was detected (r = 
0.551 and p < 0.001). 

ROC curve analysis was used to assess the value of 
determining spermatozoa NRF2 gene expression and 
seminal 8-OHdG levels in the assessment of the fertility 
status. Spermatozoa NRF2 gene expression and the 
seminal 8-OHdG level showed significant sensitivity 
and specificity of cutoff values ≤0.881 and >24.26 pg/ml, 
respectively (p<0.0001) differentiating infertile subjects 
from fertile controls (Table 2). As regards predicting 
smoking induced oxidative DNA damage, significant 
sensitivity and specificity was detected of cutoff values 
≤0.967 for spermatozoa NRF2 gene expression and 
>19.33 pg/ml for seminal 8-OHdG level (p<0.0001) 
predicting DNA damage in smokers in relation to 
nonsmokers controls (Table 2).

Moreover, significant sensitivity and specificity for 
spermatozoa NRF2 gene expression of cutoff values ≤ 
0.931 and for seminal 8-OHdG levels of cutoff values 
>21.24 pg/ml was found in infertile smokers in relation 
to controls (Table 2).



131

Elsamanoudy et al,.

SmokersNon smokers

Variable
ANOVA p value

Infertile heavy 
smokers 

N=40

Infertile mild/
moderate 
smokers 

N=40

Fertile 
N=25

Infertile 
N=25

Fertile N=40

-8.9 ± 1.688.15 ± 2.056.8 ± 2.2--Smoking Duration 
(years)

0.183.9 ± 1.13.5 ± 0.873.3 ± 1.03.2 ±1.13.7 ± 0.9Volume (ml)

<0.00129.9 ± 12.3† § ¶59.9 ± 18.9† ‡63.5 ± 23.2‡21.5 ± 11.8†66.0 ± 17.5Concentration 
(106/ml)

<0.0016.4 ± 2.2† ‡ § ¶18.3± 5.7† ‡ §31.5 ± 14.2† ‡14.8 ± 10.8†25.3 ± 9.5
Normal 
morphology (%)

<0.00139.6 ± 14.3† ‡ § ¶49.8 ± 12.7† ‡ §55.4 ± 21.6‡43.8 ± 17.5†59.8 ± 16.3% Motility (PR)

<0.0010.6 ± 0.17† ‡ § ¶0.24 ± 0.06‡ §0.32 ± 0.11† ‡0.57 ± 0.31†0.22 ± 0.06WBCs (106/ml)

<0.00110.3 ± 2.30† ‡ § ¶7.80 ± 1.6† ‡7.32 ± 1.66† ‡3.94 ± 0.704.1 ± 1.2MDA (µmol/L)

<0.0010.87 ± 0.24† ‡ § ¶1.30 ± 0.42† ‡ §1.45 ± 0.26† ‡1.97 ± 0.442.1 ± 0.6TAC (Trolox 
equivalent)

<0.00138.3 ± 10.13† ‡ § ¶28.6 ± 10.8† ‡ §21.9± 8.06† ‡15.8 ± 5.215.03 ± 3.88OHdG (pg/ml)

<0.0010.76 ± 0.01† ‡ § ¶0.82 ± 0.1† ‡ §0.96 ± 0.04† ‡0.995 ± 0.011 ± 0.01NRF2 gene 
expression

<0.00152.5% (21/40)† ‡ § ¶35% (14/40)† ‡ §16% (4/25)† ‡12% (3/25)10%(4/40)%DNA 
fragmentation

Table 1: Semen analysis parameters, biochemical parameters, NRF2 gene expression  and DNA fragmentation of all studied groups

PR progressive motility. 
p significance when <0.05, Data were presented as mean ± SD
† Significance of infertile nonsmokers, fertile smokers, infertile mild to moderate smokers and heavy smokers groups compared to the fertile 
nonsmokers group.
‡ Significance of fertile smokers, infertile mild to moderate smokers and heavy smokers groups compared to the infertile nonsmokers group.
§ Significance of infertile mild to moderate smokers and heavy smokers groups compared to the fertile smokers group.
¶ Significance of the infertile heavy smokers group compared to mild to moderate smokers group.
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DISCUSSION                                                                  

The present study is tracking the effect of smoking 
on spermatozoa DNA integrity and subsequently 
possible mechanisms for infertility in spite of normal 
seminogram. Many studies have been applied to 
explain the molecular mechanisms of smoking induced 
infertility, yet the exact mechanism still not clear. 
Semen parameters were evaluated in infertile smokers 
in comparison to controls. A panel of molecular 
markers including spermatozoa NRF2 gene expression 
and oxidative DNA fragmentation markers as 8-OHdG 
was investigated to explain a possible mechanism of 
infertility. The sensitivity and specificity of NRF2 
gene expression and 8-OhdG levels were assessed 
to determine the possibility of being predictors of 
smoking induced infertility. 

In the current study, the semen parameters were 
affected in smoking dependent manner, but the 
overall semen quality was within normal, a finding in 
accordance with the results detected by Meri et al.[17] 

and Yu et al.[18]. On the contrary, other researchers 
demonstrated a negative influence of smoking on 

human semen parameters[8] and strong evidence 
supporting smoking adverse effects on several semen 
parameters are reported[19].

It is thought that the correlation between smoking 
and infertility may be related to a cumulative effect, 
because the process of oxidative burden may take 
a time to induce the effects over the years. Another 
important factor is the genetic susceptibility as the 
genetic susceptible individuals may complain earlier 
than others. Moreover, the infertility may be assisted 
by adjuvant combined environmental toxic factors that 
may work by interacting mechanisms.

In the present study, spermatozoa NRF2 gene 
expression showed significant decrease in smokers 
complaining of infertility. Yu et al.[20] reported that 
smoking affect semen quality by interfering with 
signaling pathways and also by modifying important 
enzymes. Generation of sperm in the testicles and 
their maturation in the epididymis produces large 
amounts of ROS then NRF2 plays a protective role 
against oxidative damage. Deficiencies in antioxidant 
capability with additional exposure to ROS will lead 

Table 2: ROC curve analysis of spermatozoa NRF2 gene expression and seminal 8-OHdG levels in studied groups.

Infertile smokers groupsSmokers groupsInfertile groupsROC analysis

8-OHdGNRF28-OHdGNRF28-OHdGNRF2

AUC 
(95 % CI) 0.932 0.9840.9210.9760.8020.858

(0.883-0.965)(0.952-0.997)(0.870-0.957)(0.941-0.994) (0.734 - 0.859)(0.796 - 0.907)

>21.24 pg/ml≤0.931>19.33 pg/ml ≤0.967 >24.26 pg/ml ≤0.881Cut off value

91.3%95%93.4%85.7%62.9%66. 7%Sensitivity

81.1%93.3%89.2%100%92.3%98.5%Specificity

81.1%92.7%93.3%100%93%98.6%Positive PV

91.2%95.5%89.2%81.2%60.6%64.6%Negative PV

<0.0001<0.0001<0.0001<0.0001<0.0001<0.0001p value

AUC, Area under curve; CI, Confidence interval; PV, Predictive value
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to harmful effects. Smoking switch off this important 
gene, but the mechanism is not well known. It is worth to 
say that smoking could work on the susceptible patient 
having NRF2 single nucleotide polymorphism[21]. It is 
expected that genetic variations in major antioxidant 
genes will alter the susceptibility of a male to infertility 
and defective spermatogenesis[22]. Directly, smoking 
can also affect NRF2 proteins and impair antioxidant 
induction[23].

In the current study, there were significant increases 
in sperm DNA fragmentation in smokers compared to 
nonsmokers. It was declared that direct correlation 
was found between sperm DNA fragmentation and 
the number of smoked cigarettes as well as smoking 
duration[24]. This may be caused by insufficient 
expression of seminal antioxidant enzymes and failure 
to provide full protection against DNA damage[25, 26]. 

The underlying mechanisms of DNA fragmentation 
may be complex. Cigarette smoking induces the 
formation of oxidative products, such as 8-OHdG, 
and causes DNA damage that has adverse effects on 
reproductive outcome[27]. 8-OHdG is an indicator 
of oxidative spermatozoa DNA damage leading to 
accelerated testicular aging. This could be considered 
as a possible causative factor that leads to infertility and 
congenital malformation[26]. Exposure to polycyclic 
aromatic hydrocarbons is another important factor in 
the geno-toxicity by inducing DNA adducts associated 
with poor semen quality[28]. In addition, smoking 
is associated with histone-to-protamine transition 
abnormalities in the sperm leading to increased 
DNA fragmentation[18]. So, detecting DNA damage 
is an important diagnostic marker that is valuable for 
appropriate management[29].

Not all smokers are infertile suggesting that certain 
genetic polymorphisms in xenobiotic metabolism 
genes and DNA repair may raise the susceptibility 
to infertility among smokers[4]. La Maestra et al.[30]

found that smoking induced oxidative stress produces 
cellular apoptosis as a defensive mechanism which 
ends in decreased the number of spermatogonia. This 
may explain the changes in semen quality despite 
they are morphologically within normal range. These 
effects could be the key mechanisms for proposed 
infertility.

The negative correlation found between the 
expression of NRF2 gene and MDA and seminal 
plasma 8-OHdG and the positive correlation with 
TAC suggests a possible associating effect. These 
relations are considered logic as in the oxidative stress 
environment together with decreased antioxidant 
enzymes, there will be increased DNA fragmentation 
and lipid intoxication leading to increased MDA.  

The value of spermatozoa NRF2 expression and 
8-OHdG levels in predicting smoking as a possible 
cause of infertility in male with apparently normal 
seminogram was assessed. Smoking induced infertility 
could be strongly predicted when spermatozoa NRF2 
expression levels ≤0.931 and 8-OHdG >21.24 pg/
ml (Table 2). Moreover, NRF2 expression and 
seminal 8-OHdG assay could be used for predicting 
the detrimental effect of smoking on spermatozoa 
functions with significant positive and negative 
predictive values (Table 2). 

CONCLUSION                                                            

Chronic cigarette smoking may be a hidden causative 
mechanism for male infertility through affecting 
spermatozoa functions. This might occur by DNA 
fragmentation secondary to spermatozoa oxidative 
stress as a result of inhibited spermatozoa NRF2 gene 
expression. The presence of normal seminal parameters 
could not exclude the potential effect of chronic smoking 
in infertility; even it is dependent on the rate and duration 
of smoking. NRF2 gene expression and seminal 8-OHdG 
levels might serve as potential predictors of smoking 
induced infertility with high sensitivity and specificity. The 
discovery and validation of smoking induced oxidative 
stress markers among infertile smokers may facilitate the 
improvement of clinical approaches.

ABBREVIATIONS:                                                   

8-OHdG (8-hydroxy-2’-deoxyguanosine), MDA 
(Malondialdehyde), NRF2 (Nuclear factor-erythroid 
2–related factor 2), ARE (Antioxidant response 
element), TAC (Total antioxidant capacity), ROS 
(Reactive oxygen species), ROC (Receiver operating 
characteristic), RT-qPCR (Reverse transcription 
quantitative polymerase chain reaction), WHO (World 
Health Organization).
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