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Abstract
Pesticides have a wide range of infertility in female reproductive. GLP is the most common herbicide
used worldwide. The present study tended to evaluate the effects of alpha-lipoic acid (ALA) on expression
of folliculogenesis genes in human granulosa cells (GCs) treated with glyphosate. In this study, GC
samples were taken from infertile male patients who had tubal factors and received ICSI or IVF treatment
for the first time. The medium used to culture cells was DMEM-F12 containing FBS 10%, penicillin 1%,
and streptomycin 1%. The cells were treated with glyphosate (GLP) (250 µg/ml), ALA (50 µg/ml), and
their mixture (250 GLP + 50 ALA) for 24 hr. The FoxO1, NOX4, Vnn1, and STAR gene expression in GCs
was determined by real-time PCR. Exposure to GLP decreased gene expression Vnn1 and STAR in the
GCs, while in comparison to control group, FOXO1 and NOX4 expression insignificantly increased. Further,
ALA treatment decreased FOXO1, NOX4, in the GCs, and increased VNN1 and STAR gene expression.
Transcriptional expression of FoxO1, NOX4 and STAR in GCs also decreased in their combinations (GLY +
ALA). At the same time, the level of Vnn1 mRNA in GCs was increased. The findings showed that
exposure to GLP alters the morphological structure of GCs and the expression of follicogenic genes,
leading to dysfunction of the reproductive system. Moreover, the results showed that cell characteristics
were preserved efficiently in human GCs exposed to ALA as an antioxidant.

Introduction
Infertility is still a widespread problem, affecting more than 10% of female population worldwide, as
estimated (WHO 2017). In addition, one-third of infertile couples have no specific cause reported (Milesi et
al., 2018). Recent studies suggest that certain lifestyle and increased levels of exposure to endocrinedisrupting chemicals (EDCs) may cause problems in reproductive system (Den Hond et al., 2015; Ziv-Gal
et al., 2016). A close relationship was found by epidemiological studies between environmental or
occupational exposure to pesticides and unpleasant disorders in reproductive systems of men and
women (Chevrier et al., 2013; Mostafalou et al., 2017). Some adverse effects on reproductive system may
include increased risk of infertility, abortion, stillbirth, low birth weight, or congenital anomalies (Chiu et
al., 2015; Garca et al., 2017; Rappazzo et al., 2016).
Insecticides are important part of agricultural system; however, they affect animals and humans (Gupta
et al., 2006; Mukhtar et al., 2013). Pesticides may interfere with female hormonal function and lead to
dysfunction and infertility; they negatively affect the reproductive system; these negative effects may
include gametogenesis, problems in ovulation and menstruation, infertility, miscarriage, ovarian disorders,
and anomalies (Mokhtar et al., 2013; Saleh et al., 2014). Alternations may occur in survival granulosa
cells (GCs) due to exposure to pesticides (Sargazi et al., 2015). A large group of chemicals which are used
in agriculture as insecticides and acaricides is formed by organophosphorus (OP) compounds. OPs
mainly target acetylcholinesterase in cholinergic synapses and neuromuscular junctions. GLP is the most
common herbicide used in the world. As glyphosate-based herbicides (GBHs) are used in large scale,
scientists are increasingly concerned with their toxic effects on animals and plants. Because GLP or N(phosphonomethyl) glycine is able to function as a potent weed-killer and it is widely used as herbicide, it
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is considered as one of the most significant chemicals in modern agriculture (Duke et al., 2008; Benbrook
2016). Recent studies showed that GLP is associated with many diseases such as cancer, metabolic
disorders, endocrine disruption, imbalanced intestinal flora, autism spectrum disorders, and infertility; in
addition, it mediates DNA damages, alters gene expression, and causes mutations (WHO 2017; Zhang et
al., 2019).
Alpha-lipoic acid (ALA) is a natural chemical and an anti-inflammatory and potent antioxidant agent
which is synthesized from octanoic acid and cysteine in human and animal mitochondria. Many studies
showed that radical effects of ROS are eliminated as ALA fights oxidative stress (Armagan et al., 2015).
Therapeutically, ALA is effective on many diseases associated with oxidative stress, including ischemiaperfusion injury, diabetes, cataract formation, neurodegeneration, HIV activation, and radiation damage
(Huang et al., 2007; Karapinar et al., 2017).
Some genes play a role in developing the reproductive system and are necessary to develop gonads,
including the testes and ovaries. One of the genes contributing to growth of female reproductive system
is the vnn1 l gene, which is an important indicator of follicle integrity. Transcription factors also have a
subfamily known as Forkhead O (FoxO), which is responsible for regulation of wide-ranging cellular
processes, including DNA repair, apoptosis, cell cycle arrest, cell differentiation, stress response, cell
proliferation, metabolism, longevity, and senescence (Barthel et al., 2005). The role of FoxO transcription
factors has been highlighted in mammalian ovaries. NOX4, a gene from NOX family, plays a significant
role in many cellular systems. NOX 4 has been shown to be expressed in human GCs (Kampfer et al.,
2014). Studies show that the NOX4 gene in GCs is a ROS production source, which may be related to
female fertility factors. STRA (Steroidogenic Acute Regulatory Protein) gene is one of the steroidogenic
that are regulated and expressed in GCs. The essential steroid enzyme in GCs is the STAR gene, which
contribute to transfer of cholesterol from the outer mitochondrial membrane to the inner membrane and
its conversion to pregnenolone.
A study on the effect of organochlorine pesticides on oocyte maturation of starfish and mouse found that
females were more likely to get toxicated than males (Sharma et al., 2015). Little is known about the
effect of these pesticides on human oocytes, granulosa, maturation, and fertilization. This study tends to
evaluate the effects of ALA on expression of folliculogenesis genes, Foxo1, Vnn1, STAR, NOX4, in
glyphosate-treated human GCs.

Materials And Methods
In this experimental-laboratory study, after obtaining informed written consent, luteal GCs (from the
follicular fluid of 46 females) were isolated at the age of fewer than 40 years. Inclusion criteria included
partners with total sperm number <1 × 106/ml, motility rate of <5%, and abnormality index >95 %, as
specified by the World Health Organization (WHO 2010), as well as partners with tubular factor infertility.
Exclusion criteria included patients with human immunodeficiency virus, hepatitis C and B virus,
polycystic ovarian syndrome and cytomegalovirus infectivity. Healthy women with a history of in-vitro
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fertilization (IVF) or intracytoplasmic sperm injection (ICSI) were used to take cumulus oocyte-complexes
(COCs). GCs collected as heaps in a 25 cm2 culture flask containing.
Collection of human Granulosa Cells and cell culture
GCs were taken from patients who had tubal or male infertility factors and underwent IVF or ICSI for the
first time. Cumulus oocyte-complexes (COCs) were taken from ovary by an expert gynecologist using a
transvaginal ultrasound-guided suction system. A fine and sterile pipet was used to isolate GCs and COCs
in a pre-heated medium containing hyaluronidase (Cat No: H1136, Sigma) at 37 °C. GCs were mixed with
an enzymatic solution containing hyaluronidase for 3h and rinsed three times with phosphate-buffered
saline. The cells were cultured in DMEM-F12 medium containing FBS 10% and penicillin 1% and
streptomycin 1%; finally, they were incubated at 37 °C with 5% CO2 for five days. The effects of GLP and
ALA on GCs were determined by treatment of different concentrations of GLP (Bayer, Germany)
(250μg/ml) and ALA (Sigma, Germany) (50μg/ml) and their combinations (250 GLP+ 50 ALA) for 24 hr.
Cytomorphological study
Morphological changes in GCs after treatment with GLP and ALA concentrations and simultaneous
concentrations were evaluated by inverse microscopy.
Evaluation of gene expression using real-time PCR
Real-time PCR was used to evaluate FoxO1, NOX4, STAR, and Vnn1 mRNA expressions. As specified by
the manufacturer, a high pure RNA isolation kit (Denazist, Iran) was used to extract the whole RNA from
untreated and treated GCs; then, GCs were stored at -80°C. Then, mRNA was evaluated in terms of quality
and quantity. A reverted first-strand cDNA synthesis kit (Thermo Scientific, USA) was used to synthesize
cDNA, as specified by the manufacturer. Finally, Real-time PCR was run on 20 μl mixture containing 10 μl
SYBR Green master mix (Pars Tous, Iran), 1 μl cDNA, 8 μl nuclease-free water and 1 μl primer, as shown in
Table 1, using a real-time PCR detection system (Bio-Rad CFX96). Expression levels were normalized
using housekeeping gene GAPDH. Table 1 lists sequences of the primers used, (Table 1).
Statistical analyses
One-way ANOVA and Tukey test were used to analyze the data reported as mean ± standard deviation (P
< 0.05).

Results

In-vitro studies
Compared to the control group, GCs of the experimental group exhibited cell shrinkage, reduced cell
volume, and plasma membrane distortion in exposed GLP and GLP + ALA group (each GLP concentration
combined with each ALA concentration), while these were not observed in exposed ALA group. These
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characteristics of the cytoplasm and the shrinkage and deformation of the cells may indicate apoptosis
in the GCs (Fig. 1).
Effect of glyphosate, alpha-lipoic acid and their combination on FoxO1, NOX4, Vnn1, and STAR
expression in granulosa cells
Real-time PCR was used to evaluate gene expression in GCs treated with GLP, ALA, and GLP + ALA. As
data showed, increase in GLP concentrations elevated the transcription of FOXO1 and NOX4; compared
to the control group, however, this increase was not significant. In comparison to the control group, it also
decreased VNN1 and STAR expression in granulose cells. STAR gene expression significantly decreased
(P < 0.01) compared to the control group. FOXO1 and NOX4 expressions insignificantly decreased in the
ALA group. At the same time, vnn1 and STAR expression increased. In comparison to the control group,
Vnn1 expression significantly increased (P < 0.05); thus, FOXO1 and NOX4 expression decreased
insignificantly in the simultaneous or synergistic treatment group or GLP + ALA group. Moreover, vnn1
expression increased insignificantly in the synergistic or GLP + ALA group compared to the control group,
while STAR expression decreased significantly (Fig. 2).

Discussion
The main arenas where pesticides are known to be used most commonly are industries, health care, and
agriculture to eliminate pests. Evidence attests to negative effects of insecticides and pesticides on male
and female fertility, while little is known about other health problems of these compounds, particularly on
the reproductive function of women (Sharma et al., 2015). Reportes have been indicative of
morphological and molecular changes in the ovaries due to pesticide exposure and poisoning, which
could induce various reproductive anomalies, such as cycle irregularities, early puberty, and early
senescence. Furthermore, direct exposure is speculated to cause infertility in women and ovarian
insufficiency (Armenti et al., 2008).
This is the first study addressing the effect of ALA in GLP-treated GCs on the human folliculogenesis
genes. This study showed that GLP pesticide induces toxic effects and causes necrosis, lysis, and GCs
disintegration on the female reproductive system. Results showed concentrations of ALA and synergistic
group reduced these characteristics and morphological changes in GCs. These features and
morphological changes in the cells probably indicate the apoptosis of GCs. Also, our finding showed that
exposure to GLP concentrations induced apoptosis on GCs, which might lead to dysfunction of the
reproductive system. Further, treatment with ALA concentration reduced morphological change, probably
apoptosis, and increased granulosa cell growth.
GLP is the most common herbicide used in the world. As GLP-based herbicides (GBHs) are used in large
scale, scientists are concerned with their toxic effects on animals and plants (Benbrook 2016; Duke &
Powles 2008). GLP inhibits 5-enolpyruvyshikimate-3-phosphate synthase (EPSPS), which produces the
amino acids tyrosine, tryptophan, and phenylalanine, thereby disrupting the shikimic acid pathway which
is found only in plants and various microorganisms (Benbrook 2016). Recent studies showed that GLP is
associated with many diseases such as cancer, metabolic disorders, endocrine disruption, imbalanced
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intestinal flora, autism spectrum disorders, and infertility; in addition, it mediates DNA damages, alters
gene expression, and causes mutations (WHO 2017; Zhang et al., 2019).
According to Mokhtar et al. (2013), hormonal dysregulation in rats is an adverse consequence of
pesticide exposure, which leads to the altered state of progesterone and estrogen. Among the other
complications in the mentioned study were endocrine disruption, higher follicular atresia, and lower
ovulation (Mokhtar et al., 2013). Moreover, exposure of male rats to pesticides led to increase in abnormal
sperm cell count, caused epididymal hypospermia, testicular degeneration, and reduced the weight of
testes (Sverdrup et al., 2012). The previous study showed that ovarian follicles, corpus luteumas as well
as the number of atretic follicles were reduced in rats exposed to insecticides made of carbamate.
Furthermore, evidence suggests that thiodicarb exposure may cause a significant weight loss in
reproductive organs of female mice. Other complications associated with thiodicarb exposure have been
reported to be ovarian follicular degeneration, while higher follicular atresia as a result of exposure to this
pesticide has also been related to inhibition of RNA synthesis of the follicle cells (Matter et al., 2000).
According to the literature, the reproductive alterations and distress caused by malathion exposure in the
frequency of antral follicle GC apoptosis in the ovaries is positively associated with the granulosa cell
apoptosis and lipid peroxidation following malathion exposure (Bhardwaj et al., 2014).
ALA is a natural chemical and an anti-inflammatory and an antioxidant solid agent which is synthesized
from octanoic acid and cysteine in human and animal mitochondria. Studies showed that radical effects
of ROS are eliminated as ALA fights oxidative stress (Armagan et al., 2015). Therapeutically, ALA is
effective on many diseases associated with oxidative stress, including ischemia-perfusion injury,
diabetes, cataract formation, neurodegeneration, HIV activation, and radiation damage (Huang et al.,
2007; Karapinar et al., 2017). ALA is associated with several diseases, including infertility (Sumathi et al.,
2004). Although several studies addressed the effect of ALA on follicle maturation, little is known about
the effect of ALA on expression of follicles regulating genes and apoptotic-induced genes; thus, further
studies are required. Past studies showed that supplementation with ALA in ovum (IVM) and embryo
(IVC) media increased egg nuclear maturation and embryonic growth in pigs. Therefore, their findings
show that ALA may improve embryonic system of pigs in vitro and increase pig reproductive performance
in the diet (lee et al., 2017).
During development, some genes are activated which are unique to certain deformation during follicular
development. These genes are expressed in atretic follicles in connection with reduced proliferation which
is a characteristic of this stage. It has been suggested that these genes can be used as biomarkers to
detect follicular atresia (Nivet et al., 2009; Bunel et al., 2014). This study demonstrates the effect of GLP
and ALA pesticides on expression of folliculogenic genes in human GCs. Also, analysis of gene
expression using Real-Time PCR showed that Vnn1 and STAR expressions decreased significantly
compared to the control group in the GLP group. In contrast, FOXO1 and NOX4 expressions increased
compared to the control group in the GLP group.
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Some genes contribute to development of the reproductive system and are necessary gonads, including
the testes and ovaries one of the genes involved in the vnn1 gene. Vanin-1 (Vnn1) belongs to a protein
family that has a minimum of three members in humans, including Vanin-1, Vanin-2, and Vanin-3 (Martin
et al., 2011). Previous studies have indicated that Vnn1 gene expression leads to a higher follicle
diameter and function of time given that such genes have been recognized as the possible indices of
follicle differentiation and growth and are also essential to maximum competence (Nivet et al., 2013). At
the same time, regulation of the tissue response to oxidative stress is attained by Vnn1 (vanin1) through
the modulation of the GSH reservoirs in mice (Berruyer et al., 2015). In this regard, Girard et al. identified
the oxidative stress response of Vnn1, which in turn led to the lower expression of gene in proliferation of
cell; the subsequent disruption was related to oxidative stress and GC atresia (Girard et al., 2015).
Previous research has also denoted that male germ cell development requires proper conditions, which
are provided by the expression of Vnn1 (Vanin-1), so that the gonads could be developed in mice (Megan
et al., 2005). This study showed that Vnn1expression levels decreased with GLP concentrations,
indicating atresia as a sign of follicle integrity.
As mentioned earlier, FoxO is a subgroup of transcription factors, which considerably contributes to
regulation of a wide-range of cell functions, such as apoptosis, DNA repair, cell proliferation, cell cycle
arrest, longevity, stress response, metabolism, senescence, and cell differentiation (Barthel et al 2005).
The role of FoxO has been highlighted in mammalian ovaries. On the same note, critical mediators is
another terms used to refer to FoxO transcription factors, and among other key functions of these factors
are cell apoptosis and oxidative stress regulation. In this regard, the results obtained by Matsuda et al.
demonstrated the increased levels of FOXO1 in the GCs of developing follicles (Matsuda et al., 2011).
Shen's observations showed that apoptotic signals increased in correlation with higher FoxO1 expression
in Mouse granulosa cells (MGCs) of oxidant-treated mice (Shen et al., 2012). Moreover, MGC apoptosis
was reported to improve in the rats owing to the activity of the FoxO1 mutant and FoxO1 (wild-type)
overexpression, while the decreased expression of FoxO1 prevented apoptosis of the MGCs induced by
the oxidant (Shen et al., 2012). Studies on various mammal cells showed that FoxO1 activates apoptosisrelated gene expression and induces apoptosis (Burgering et al., 2003). As real-time PCR analysis used in
this study showed, FoxO1 expression did not increase significantly in GCs which were exposed to GLP
pesticide. Simultaneously, the expression of this gene has decreased in the groups treated with ALA and
synergistic. FoxO1, expressed in mice ovarian follicles, particularly GCs, induces apoptosis in GCs,
indicating that it identifies follicular atresia. Real-time PCR analysis of this study also showed that Fox1
expression was insignificantly increased in GCs exposed to GLP, which is consistent with the results of
shen et al.
NOX4, which is a gene from NOX family, is involved in many cellular systems and ROS. NOX2 and NOX4
isoforms have been shown to produce ROS in the ovary (Chen et al., 2014). NOX 4 and NOX 5 are
isoforms expressed in human GCs ( Kampfer et al., 2014). Studies show that NOX4 existing in GCs leads
to production of ROS, which may be related to female fertility factors. Egg maturation is regulated by
NOX-derived ROS which is the second messenger molecule in protein kinase C signaling pathway. Also,
our results showed that NOX4 expression insignificantly increased in GCs exposed to GLP pesticide. In
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contrast, the expression of this gene has decreased in the groups treated with ALA and synergistic. The
study by Tousson in 2018 showed that treatment with different concentrations of grape extract reduced
ROS content and NOX4 mRNA expression, while opposite was seen in human GCs. Because the main
NOX enzyme expressed in GCs is NOX4, ROS content can be regulated by antioxidants in human GCs,
possibly through transcriptional effect of NOX4 (Tousson et al., 2018). ROS cell content and NOX4 mRNA
expression are reduced by antioxidants, while leaving no effect on cell proliferation and survival. In
contrast, environmental stimuli disrupt cell proliferation and stop G1 cell cycle. These data are consistent
with decreased cyclin D2 protein expression and increased CDKI and p21 and 27 mRNA expression
(Maraldi et al., 2016). In addition, in the latter case, external stimuli cause cell death, increased cleftcaspase-3 and BAD phosphorylation levels, and severe inhibition of Akt phosphorylation levels.
STAR (Steroidogenic Acute Regulatory Protein) is one of the steroidogenic enzymes (such as Cyp11a1,
STAR, Cyp19a1, and 3β-HSD) regulated and expressed in GCs. The most important steroid enzyme in GCs
is the STAR gene, which is involved in the transfer of cholesterol from the outer mitochondrial membrane
to the inner membrane and its conversion to pregnenolone. Pregnenolone produces progesterone.
Alterations in steroid enzyme expression and hormone secretion in GCs are the main cause of impaired
follicular development and maturation, leading to premature or premature cessation of follicle growth in
poly syndrome ovarian cysts (PCO) (Bakhshalizadeh et al., 2017). Ovarian steroid regulatory genes keep
the follicle steroid hormones stable and contribute to follicle growth and maintain follicle and luteal
function (Guo et al.,2019). The CYP11A1 and STAR genes are the most important regulatory genes
known to be involved in the expression of progesterone production and metabolism in the ovaries (LeeThacker et al., 2010). The present study showed that STAR expression decreased in exposure to GLP
concentrations, while this gene expression has reduced in the groups treated with ALA and synergistic.
These negative effects were also connected with higher levels of oxidative stress and morphological
changes; they suggest that external stimuli could exert some detrimental effects on ovarian cells. Also,
antioxidants improved steroidogenesis by increasing expression. CREB, STAR protein, and MAPK ERK1 /
2 phosphorylation are related. Previous studies have shown that antioxidants in human GCs lead to a
significant increase in secretion of progesterone and estradiol as well as STAR protein which contributes
to transport of cholesterol from the outer mitochondrial membrane (Chen et al., 2014).
In general, antioxidants are powerful tools to reduce the severe effects of oxidative stress on cell systems.
ALA is one of the antioxidants that can directly scavenge free radicals and maintain the innate cellular
antioxidant defense system (Hatami et al., 2014).previous studies showed that ALA improves testicular
function in mice exposed to chemical compounds through its steroidogenic and antioxidant properties
(Zoheir et al., 2016).The ability of ALA to scavenge free radicals directly or indirectly by retention of
antioxidants, including GSH recycling, may act as a shield and protect tissues against oxidative damage
caused by arsenic. It is suggested that caspase-3 activation acts as one of the downstream oxidative
stress events and is involved in apoptosis. Thus, a decrease in caspase-3 mRNA in arsenic-treated mice's
testes may reflect the anti-apoptotic potential of ALA (Zoheir et al., 2016). A significant improvement in
steroidogenesis, spermatogenesis, and improvement in sperm maturation events in ALA-treated mice
may indicate a beneficial effect on Sertoli and Leydig and epididymal cells against arsenic-induced
Page 8/16

oxidative stress. Also, show study, ALA may reduce apoptosis of secondary preantral follicles; the effect
of ALA on expression of genes which regulate follicle development (such as FSHR, LHCGR, IGF-1,
BMPR1a, TGFβR1, TGFβ1, ActRIIB, GDF9 and Activin A) and apoptotic-induced genes (BCL2-associated X
protein (BAX) and C-Myc) was evaluated using secondary preantral follicles of bovine. Other studies also
showed that the growth rate of secondary preantral follicles is improved by adding ALA to culture
medium. Once the culture was over, ALA increased the numbers of living follicles. The reason is that
follicular growth-regulating genes are upregulated and apoptosis-induced genes are down-regulated
(partiman et al., 2017). The present study shows that ALA and the synergistic concentration group have
no destructive effect on the female reproductive system and have antioxidant properties.

Conclusion
Results show that exposure to GLP causes morphological changes in the structure of GCs, which may
interfer with reproductive system fonction. At the same time, treatment with ALA antioxidant reduces the
destructive effects of GLP pesticide on GCs. This study also showed that GLP reduced Vnn1, STAR
expressiona and increased FoxO1, NOX4 expressions, while treatment with ALA antioxidant increased
expression of Vnn1, STAR, and reduced FoxO1, NOX4 genes. This study showed that ALA and the
synergistic group concentrations could be reliable antioxidants due to minimal damage to the female's
reproductive system.
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Tables
Table 1 The sequence of primers used for genes expression detection by Real-time PCR.
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Gene

Forward

5ʹ →

3ʹ

Reverse

5ʹ → 3ʹ

Annealing (°C)

FOXO1

TCACCCAGCCCAAACTACCAA

CTTCAAGAGTCCAGGCGCACA

58

Vnn1

CTATGCCAGCAGTATAGAAGC

CGCAAGTGTTTAAATTAGTCG

58

NOX4

CAGTCACCATCATTTCGGTCA

GATGAACCCCAAATGTTGCTT

58

STAR

CCACAGACTTCGGGAACATGCC

ʹCCACCCCTTGAGGTCGATGC

58

GAPDH

AAGCTCATTTCCTGGTATGACAACG

TCTTCCTCTTGTGCTCTTGCTGG

59

Figures

Figure 1
Cytomorphological effects of glyphosate, alpha-lipoic acid, and synergetic combinations or GLY+ ALA
group on GCs, A: control group B: glyphosate 250 μg/ml, C: alpha-lipoic acid 50 μg/ml, D: and
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combinations glyphosate + alpha-lipoic acid group (250 glyphosates + 50 alpha-lipoic acid), the
morphology of GCs 24 hr after treatment (20X magnification).

Figure 2
Real-time PCR analysis of representative genes, FoxO1, NOX4, Vnn1, and STAR genes expression in GCs
treated with GLP concentrations, alpha-lipoic acid, and synergetic combinations or glyphosate + alphaPage 15/16

lipoic acid group on GCs. Data are expressed as mean ± SD. The values are significantly different (*Pvalue < 0.05) (**P-value < 0.01) in comparison with the controls.
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