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Abstract
Lead (Pb), one of the pervasive and protracted environmental heavy metals, is believed to affect the female reproductive system
in many species. The Nrf2 and NF-κB are the two key transcriptional factors regulating cellular redox status and response against
stress and inflammation respectively, showing an interaction between each other. The aim of this study is to investigate the effect
of Pb on bovine granulosa cells (GCs) and its association with the regulation of Nrf2 and NF-κB pathways. For this, bovine GCs
were cultured in vitro and exposed to different doses of Pb for 2 h. Cellular response to Pb insult was investigated 24 h post
treatment. Results showed that exposure of GCs to Pb-induced ROS accumulation and protein carbonylation. Additionally, GCs
exhibited reduction in cell viability and decrease in the expression of cell proliferation marker genes (CCND2 and PCNA). This
was accompanied by cell cycle arrest at G0/G1 phase. Moreover, Pb downregulated both Nrf2 and NF-κB and their downstream
genes. Lead increased the expression of endoplasmic reticulum (ER) stress marker genes (GRP78 and CHOP) and the
proapoptotic gene (caspase-3) while the antiapoptotic gene (BCL-2) was reduced. Our findings suggest that Pb-driven oxidative
stress affected GCs proliferation, enhances ER stress, induces cell cycle arrest and mediates apoptosis probably via disruption of
Nrf2/NF-κB cross-talk. However, further functional analysis is required to explain different aspects of Nrf2 and NF-κB interac-
tions under metal challenge.
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Abbreviations
BAX Bcl-2-associated X protein
BCL-2 B cell lymphoma 2
CAT catalase
CCND2 cyclin-D2
CHOP C/EBP homologous protein

GRP78 78 kDa glucose-regulated protein
HO-1 Heme oxygenase-1
IKK inhibitor of nuclear factor-kappaB kinase
Keap-1 kelch-like ECH-associated protein 1
NF-κB nuclear factor-kappa-light-chain-enhancer of acti-

vated B cells
Nrf2 nuclear factor (erythroid-derived 2)-like 2
PCNA proliferating cell nuclear antigen
SOD superoxide dismutase
TNF-α tumor necrosis factor alpha
Thrx thioredoxin

Introduction

Lead (Pb) is a widespread naturally occurring toxic heavy metal
that has a broad spectrum of industrial applications (Sanders et al.
2009). The extensive use of Pb extended its abundance in the
environment due to its non-biodegradable nature. Accordingly,
Pb constitutes a persistent public health problem especially in
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developing countries, despite extensive efforts to reduce its use
(Ahamed and Siddiqui 2007). The reproductive and develop-
mental toxicity of Pb have been demonstrated in both males
and females of experimental animals and human (Qureshi et al.
2010; Vigeh et al. 2011). It can accumulate in testes, epididymis
and seminal vesicle inducing adverse effects on spermatogenesis,
prostatic function, sperm count and motility (Chowdhury 2009;
Shan et al. 2009). However, the impact of Pb on female repro-
duction is more profound, as it has been documented to induce
infertility, miscarriage, pregnancy hypertension, premature deliv-
ery and preeclampsia (Seyom et al. 2015; Bayat et al. 2016).
Previous experimental studies have detected Pb in the follicular
fluid ofmany species, including human (Paksy et al. 2001), cattle
(Swarup et al. 2005), sheeps (Bires et al. 1995) and mouse
(Taupeau et al. 2001), which in turn irreversibly impaired
folliculogenesis. Exposure to Pb caused a decline in buffalo oo-
cyte maturation and embryo development in vitro as shown by
Nandi et al. (2010). The effect of Pb as an endocrine disruptor has
also been documented, as it interrupts several processes along the
hypothalamic–pituitary–gonadal (HPG) axis, inducing disrup-
tion of the gonadal function and reproductive hormones
(Doumouchtsis et al. 2009). Furthermore, occupationally Pb-
exposed women exhibited menstrual abnormalities, including
hypermenorrhea and early menopause (Eum et al. 2014).

Although Pb toxicity cannot be linked to a single mecha-
nism, oxidative stress is implicated in the pathophysiology of
Pb toxicity (Flora et al. 2012). Moreover, oxidative stress arises
when the balance between pro-oxidants and antioxidants is
disrupted (Luderer 2014). This in turn activates a variety of
transcriptional factors (TFs), which proved to have great signif-
icance in the etiology of reproductive diseases (Lu et al. 2018;
Bolisetty and Jaimes 2013). The nuclear factor (erythroid-de-
rived 2)-like 2 (Nrf2) and nuclear factor-kappaB (NF-κB) are
the two key redox-sensitive TFs regulating the cellular redox
status in response to intracellular and environmental signals
(Wardyn et al. 2015). The Nrf2 mediates transcription of phase
II antioxidant genes, which are responsible for the clearance of
ROS, providing protection against the accumulation of toxic
metabolites (Zhang et al. 2013). Deletion of Nrf2 was reported
to reduce the number of ovarian follicles and accelerate ovarian
aging in mice (Lim et al. 2015). The NF-κB is a pleiotropic
factor, which plays an important role in immunity and inflam-
mation. Moreover, it is also involved in the regulation of other
processes, including development, cell growth, survival and
proliferation (Bellezza et al. 2010). NF-κB has antiapoptotic
effects on rat corpus luteum and inhibits progesterone (P4) ca-
tabolism in ovarian cells (Wang et al. 2002). Lim et al. (2015)
reported that NF-κB along with FSH regulates porcine ovarian
functions such as proliferation, secretory activities and apopto-
sis. Furthermore, pharmacological animal studies showed a po-
tential cross-talk between Nrf2 and NF-κB pathways and its
contribution to cellular response to different environmental in-
sults (Wardyn et al. 2015; Lu et al. 2018).

It is known that ovarian granulosa cells (GCs) are sensitive
to reactive oxygen species (ROS) and can protect oocytes
through their own antioxidant system during maturation of
oocytes (Tripathi et al. 2013). The integrity of GCs is hence
crucial for oocytes maturation, competency and response to
gonadotropins (Jahromi et al. 2015). Although the properties
of Pb have been extensively studied, the articles related to the
effect of Pb on ovarian functionality in mammals are still
limited. Besides, evidence revealed the possibility to use bo-
vine as a reliable model for human in in vitro reprotoxicity
studies (Santos et al. 2014). So the objective of the current
study is to investigate the effect of Pb exposure on bovine GCs
and its association with the regulation of Nrf2 and NF-κB
pathways. We postulate that Pb exposure affects in vitro cul-
tured bovine GCs proliferation via perturbation of Nrf2/
NF-κB.

Materials and methods

Collection of ovaries and granulosa cells

Bovine ovaries were collected from a local slaughter house
and transported to the laboratory in a thermo flask containing
warm physiologic saline solution (0.9% NaCl) within 2 h of
collection. Ovaries were processed as described previously by
Gebremedhn et al. (2015).

Granulosa cell culture

Granulosa cells (2 × 105 cells per well) were seeded in a 24-
well plate (Starlab, Hamburg, Germany) with 600 μl of cul-
ture media per well comprising DMEM/F-12 Ham (Roth,
Karlsruhe, Germany) supplemented with 10% FBS, 1% pen-
icillin-streptomycin and 1% amphotericin (Sigma–Aldrich,
Germany). After 70% confluency at 37 °C under 5% CO2 in
humidified air, cells were exposed to lead acetate (Sigma–
Aldrich, Germany) at different concentrations (1, 2, 3, 5 and
10μg/ml), adapted from the early study of Nandi et al. (2010),
for 2 h under culture condition. Based on phenotypic evalua-
tion of treated cells, three concentrations (1, 2 and 3 μg/ml)
were chosen for further investigation in addition to untreated
cells (control). Cultured GCs were harvested using 0.25%
trypsin-EDTA (Sigma–Aldrich, Germany) 24 h post treatment
and kept under − 80 °C for further use.

Cell proliferation assay

A total of 2 × 104 of GCs were cultured in 96-well plates
containing 100 μl of medium and after sub-confluency, cells
were treated with Pb. Cell viability of both treated and untreat-
ed cells was assessed using Cell Counting Kit-8 (CCK-8)
(Dojindo EU GmbH, Germany) according to the
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manufacturer’s instructions. The optical density (OD) of re-
leased formazan dye, which is proportional to the number of
living cells was measured at 450 nm using Synergy™ H1
Multi-Mode Reader (BioTek Germany, Germany).

Detection of intracellular ROS accumulation

The intracellular level of ROS was measured by loading GCs
with H2-dichlorofluorescein diacetate (H2DCF-DA) (Life
Technologies, Germany) according to the method previously
mentioned by Alemu et al. (2018). Cells were imaged using a
Leica DM IRB inverted microscope (Leica, Bensheim,
Germany). Images were then analyzed using imageJ 1.48v
(National Institutes of Health, Bethesda, MD, USA).

Analysis of cell cycle with flow cytometry

Cultured GCs were harvested 24 h after treatment and washed
twice with × 1 PBS. The relative numbers of cells in different
phases of the cell cycle was determined by LSRFortessa™
Flow cytometer (BD Biosciences, USA) using the method
adapted from Gebremedhn et al. (2015). Results were ana-
lyzed by ModFit LT software (http://www.vsh.com/products/
mflt/index.asp) and the percentages of cells were calculated in
the G0/G1, S and G2/M phases of the cell cycle.

Annexin V and propidium iodide (PI) staining

The apoptotic cells were distinguished from viable or necrotic
cells by the combined application of annexinV-APC and
propidium iodide (PI) using Cell Meter™ APC-Annexin V
Binding Apoptosis Assay Kit (Biomol, USA), according to
the manufacturer’s recommendations with modifications ac-
cording to van Engeland et al. (1996). Cells were analyzed
with LSRFortessa™ Flow cytometer (BD Biosciences, USA),
and data were processed using FACSDiva™ 6.1.3 software
(Becton Dickinson).

Extraction of total RNA and cDNA synthesis

Total RNA was isolated using miRNeasy mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tion. The RNA was then reverse transcribed using cDNA
Synthesis Kit (Thermo Fisher scientific, Germany) according
to the manufacturer’s instruction. The resultant cDNA sam-
ples were stored in − 20 °C until further use.

Real-time quantitative PCR

The qRT-PCR was performed using iTaq™ Universal
SYBR® Green Supermix (Bio-Rad Laboratories GmbH,
Germany) in Applied Biosystem® StepOnePlus™ (Applied
biosystems, CA, USA). Gene-specific primers were designed

using Primer3web version 4.0.0 (http://bioinfo.ut.ee/primer3/)
and Primer blast (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/). A total of 16 genes: oxidative stress response genes
(Nrf2, Keap-1, SOD, CAT, HO-1, Thrx, NF-κB, IKK, TNF-
α), cell proliferation related genes (CCDN2 and PCNA),
endoplasmic reticulum–related genes (GRP78 and CHOP)
proapoptotic (BAX and Caspase-3) and antiapoptotic (BCL-
2)-related genes were quantified in GCs. The expression of
mRNA data was analyzed by using comparative Ct (2

−ΔΔCt)
methods (Livak and Schmittgen 2001) and the expression
levels of β-actin and GAPDH housekeeping genes were used
for normalization.

Western blot analysis

Whole cell protein lysate was prepared from bovine granulosa
cell samples using × 1 passive lysis buffer (Promega GmbH,
Mannheim, Germany). Equal amounts of protein lysate
(30 μg) were resolved with 4–18% gradient SDS-
polyacrylamide gel and transferred onto a nitrocellulose mem-
brane (Whatman–Protran, Germany). For blocking, the mem-
branes were incubated in × 1 Roti-Block solution (Carl Roth,
Germany) for 1 h at room temperature. They were then incu-
bated overnight at 4 °C with diluted primary antibodies of
anti-PCNA rabbit polyclonal antibody (1:200 dilution; sc-
7907, Santa Cruz Biotechnology, Germany), anti-BAX rabbit
polyclonal antibody (1:200 dilution; sc-493, Santa Cruz
Biotechnology, Germany), anti-GRP78 goat polyclonal anti-
body (1:250 dilution; sc-1050, Santa Cruz Biotechnology,
Germany), anti-catalase rabbit polyclonal antibody (1:500 di-
lution; LS-B1441) and anti-β-actin mouse monoclonal anti-
body (1:500 dilution; Santa Cruz Biotechnology, Germany).
After washing, the membranes were incubated with horserad-
ish peroxidase (1:5000 dilution; Santa Cruz Biotechnology,
Germany), goat anti-rabbit, donkey anti-goat, or goat anti-
mouse secondary antibodies for 1 h at room temperature.
Protein bands were visualized with enhanced chemilumines-
cence (ECL) substrate (Bio-Rad, Germany) and acquired
using Gel Doc XRS+ imaging system (Bio-Rad, Germany).
The density of protein blots was quantified by densitometry
using ImageJ 1.48v (National Institutes of Health, Bethesda,
MD, USA). Density normalization was achieved by dividing
the protein by β-actin density values.

Oxyblot procedure

The Oxidized Protein Western Blot Detection Kit (ab178020)
was used for detection of carbonyl groups introduced into
proteins by oxidative reactions, according to the manufac-
turer’s instructions. The images were acquired using Gel
Doc XRS+ imaging system (Bio-Rad, Germany). Due to the
sample processing procedure for protein carbonylation analy-
sis, it was not possible to re-probe the membranes for a
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loading control. Therefore, equal protein loading of samples
was verified with the use of Panceau S stain.

Immunofluorescence detection of Nrf2 and NF-κB
proteins

Immunohistochemistry was performed to detect and localize
Nrf2 and NF-κB proteins in GCs. Briefly, cells were fixed for
30 min with 4% paraformaldehyde then permeabilized with
0.5% (v/v) Triton-X100 (Sigma–Aldrich) in PBS for 15 min at
room temperature. The samples were incubated in 3% bovine
serum albumin (BSA) (Sigma–Aldrich) in PBST for 1 h at room
temperature, followed by incubation with specific primary anti-
bodies against Nrf2 (1:100 dilution, orb11165, Biorbyt), or
NF-κB (1:100 dilution, orb11118, Biorbyt, UK) overnight at
4 °C. After washing, cells were incubated for 2 h with Alexa
Fluor 568-conjugated goat anti-rabbit secondary antibody (1:300
dilution, A-11011, Life Technologies). After counterstaining and
mounting, samples were visualized with a CLSM LSM-780

confocal laser scanning microscope (Zeiss, Germany; Scale
bar: 50 μm), and analyzed using imageJ 1.48v.

Statistical analysis

Data obtained from all groups were compared statistically by
an ANOVA test followed by a Tukey–Kramer multiple com-
parison test. Statistical analysis was performed using
GraphPad Prism Software (version 5, San Diego, CA,
USA). Values of P < 0.05 were considered for statistical sig-
nificance. All values represent the mean ± SEM from three
independent experiments.

Results

In order to investigate the dose-dependent effect of Pb treat-
ment on GCs, different doses of Pb namely, 1, 2, 3, 5 and
10 μg/ml were used to treat the GCs for 2 h. In literature, most

Fig. 1 Effect of lead on the morphology of bovine granulosa cells: cells
were exposed to Pb at concentrations of 1, 2, 3, 5 and 10μg/ml for 2 h and
morphologically assessed 24 h after treatment (a–b′′). The confluency of
the monolayer and cellular contacts was still kept at lower doses as
compared to the untreated control (a′–b), while at higher doses,
shrinkage of cells and detachment from the plate were noted (b′–b′′). a:
control group; a′: 1 μg/ml group; a′′: 2 μg/ml group; b: 3 μg/ml group; b′:
5 μg/ml group; b′′: 10 μg/ml group. Lead-induced intracellular reactive

oxygen species (ROS) accumulation in bovine granulosa cells: fluores-
cent photomicrographs of bovine GCs stained with 2 ′ , 7 ′-
dichlorofluorescin diacetate (H2DCFDA) were shown in the untreated
control and Pb-exposed groups (c, d). c: control group; c′: 1 μg/ml group;
c′′: 2 μg/ml group; c′′′: 3 μg/ml group. Quantitative analysis of relative
fluorescence emission (d). Values are expressed as mean ± SEM (n = 3).
Lowercase letters a and b indicate statistically significant differences
(P < 0.05). Scale bar; black: 50 μm, white: 100 μm
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threshold values of Pb are related to human. And owing to the
limited data on the effect of Pb exposure on bovine GCs, we
relied on a previous study by Nandi et al. (2010), where a dose
range from 0.005 to10 μg/ml of lead acetate was investigated
on buffalo oocytes in vitro, where the starting ovotoxic dose of
Pb was found to be 1 μg/ml while doses less than 1 μg/ml
induced no significant change. In our work, a morphological
observation 24 h post treatment showed that there were no
significant differences between doses of 1, 2 and 3 μg/ml
and the control untreated cells. On the other hand, cells ex-
posed to 5 μg/ml and 10 μg/ml showed cellular shrinkage and
detachment from the plate, respectively (Fig. 1a, b).

Exposure of bovine GCs to lead-elevated intracellular
ROS accumulation

The relative fluorescence emissions were higher within GCs
exposed to Pb than the control group, confirming that Pb-

induced intracellular ROS in GCs (Fig. 1c, d). The doses of
5 and 10 μg/ml showed lower fluorescence signals revealing
that these doses may cause cytotoxicity (Supplementary
Fig. 1a, b). Since the aim of our study is to investigate the
cellular response to the stressful not the lethal effect of Pb,
doses of 1, 2 and 3 μg/ml were chosen for further
investigations.

Lead-inhibited proliferation of bovine granulosa cells

The impact of Pb on GCs proliferation was assessed using cell
proliferation assay and it was observed that all doses of Pb sig-
nificantly reduced GCs viability compared to the control (Fig. 2a
and Supplementary Fig. 1c). Cell proliferation marker genes
CCND2 and PCNAwere further investigated and it was found
that the mRNA expression of both markers was downregulated
under Pb exposure (Fig. 2b, c). However, nonsignificant reduc-
tion was found in the PCNA protein level (Fig. 2d, e).

Fig. 2 Effect of lead on bovine
granulosa cell proliferation and
expression of proliferation marker
genes: cell proliferation assay (a),
mRNA expression of CCND2
(b), PCNA (c) and protein
expression of PCNA (d) in bovine
GCs co-cultured with Pb and their
corresponding control. The den-
sity of PCNA protein bands was
quantified by ImageJ and nor-
malized against β-actin (e). β-
actin and GAPDH were used to
normalize the expression of tar-
gets genes. Data represent means
± SEM (n = 3). Lowercase letters
a and b indicate statistically sig-
nificant differences (P < 0.05)
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Exposure of cells to lead alter the expression of Nrf2
and NF-κB in bovine granulosa cells

As illustrated in Fig. 3, results showed that there was
significant attenuation of Nrf2 and Keap-1 genes in GCs
exposed to all doses of Pb compared to the control
group (Fig. 3a, b). Among Nrf2 downstream antioxidant
genes, namely SOD, CAT, Thrx and HO-1, only the
expression of SOD and CAT were significantly reduced
(Fig. 3c–f). In addition, the protein analysis of CAT
showed a marked reduct ion in i t s express ion
(Fig. 3g, h). Another striking finding was the significant

decrease in the expression of NF-κB concomitantly with
no change in the expression of IKK (Fig. 4a, b). We
further investigated the TNF-α gene to evaluate whether
the inflammatory response could be in involved in Pb
toxicity. Consequently, we found a significant reduction
in TNF-α expression (Fig. 4c).

Furthermore, the protein expression level of Nrf2
showed significant elevation only in 1 and 2 μg/ml
compared to the control group (Supplementary Fig.
2a, b), while the level of NF-κB tends to be high in
Pb-treated groups, being significant at the highest dose
(Supplementary Fig. 3a, b).

Fig. 3 Expression levels of genes
associated with the Nrf2 pathway:
mRNA expression level of Nrf2
(a), its inhibitor Keap-1 (b) and its
downstream candidate genes:
HO-1, SOD, CAT, and Thrx (c–f)
and protein expression of CAT (g)
in bovine GCs exposed to Pb and
their corresponding control. The
density of CAT protein bands was
quantified by ImageJ and nor-
malized against β-actin (h). β-
actin and GAPDH were used to
normalize the expression of tar-
gets genes, values are expressed
as mean ± SEM (n = 3).
Lowercase letters a and b indicate
statistically significant differences
(P < 0.05)
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Lead exposure elevates protein carbonyl content
in bovine granulosa cells

In comparison with the untreated control group, Pb-treated
samples displayed an evident increment in the intensity of
the carbonylated protein bands as shown in the immuno-
stained gel, ranging from about MW 180 KDa to 17 KDa
(Supplementary Fig. 4).

Lead exposure induces apoptosis in bovine granulosa
cells

We determined whether apoptosis was induced in GCs due to
Pb exposure; the expression of proapoptotic- (BAX and
caspase-3) and antiapoptotic (BCL-2)-related genes were in-
vestigated. Results indicated that the transcript level of BCL-2
was significantly downregulated under Pb exposure as com-
pared to the control untreated group (Fig. 5a). There was a
nonsignificant increase in the BAX mRNA level (Fig. 5b).
The same pattern was observed in the protein level of BAX
being significant at the dose of 3 μg/ml (Fig. 5d, e). Moreover,
caspase-3 showed upregulation at the dose of 3 μg/ml in com-
parison to the untreated group (Fig. 5c).

Apoptosis was further assessed by flow cytometric analysis
using the annexin V-APC/PI stain. As shown in
Supplementary Fig. 5, the percentage of apoptotic granulosa
cells (early and late apoptotic cells in Quadrant 4 and
Quadrant 2, respectively) was higher in the groups subjected
to Pb than the control untreated group.

Lead-altered cell cycle transition in bovine granulosa
cells

The cell cycle was evaluated in GCs by FACScan flow cytom-
etry. As depicted in Fig. 6 (a, b), the exposure of GCs to Pb
increased the percentage of cell populations in the G0/G1 phase
while reduced the cell populations in the S phase (DNA synthe-
sis) as compared with the control group.

Lead exposure induces the expression of GRP78
and CHOP

To determine the potential effect of Pb in the ER stress
response of GCs, the expression of GRP78 and CHOP
was investigated. Results showed that Pb triggered both
GRP78 and CHOP expression only in the dose of 3 μg/ml
(Fig. 7a, b). The protein level of GRP78 also showed
upregulation in all Pb-exposed groups as indicated in
Fig. 7 (c, d).

Discussion

Lead exposure is known to affect female fertility in hu-
man and animals (Sharma et al. 2012). It has been sug-
gested that ROS-mediated cellular damage could be one
of the major mechanisms involved in Pb pathogenesis
(Flora et al. 2012). The integrity of ovarian GCs, being
the key marker of oocyte quality and viability, is critical

Fig. 4 Expression levels of genes
associated with the NF-κB path-
way: mRNA expression level of
NF-κB (a), IKK (b) and TNF-α
(c) in bovine GCs exposed to Pb
and their corresponding control.
β-actin and GAPDHwere used to
normalize the expression of tar-
gets genes, values are expressed
as mean ± SEM (n = 3).
Lowercase letters a, b and c indi-
cate statistically significant dif-
ferences (P < 0.05)
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to protect the oocytes from oxidative stress damage
(Tripathi et al. 2013). According to Luderer (2014),
ROS-mediated ovarian toxicity is induced by different
stimuli including environmental toxicants. In this context,
our results demonstrated that, Pb exposure induced signif-
icant ROS accumulation in bovine GCs, which remain
prominent even after 24 h of culturing without Pb content.

In the current work, we attempted to investigate the effect
of Pb on fine-tuned events induced by two major redox-
sensitive transcription factors, NF-κB and Nrf2, which are
crucial to maintain cellular hemostasis. The Nrf2 pathway is
a pivotal protective self-defense mechanism against oxidative
stress within the cell by activating an array of downstream
detoxifying genes (Zhang et al. 2013). Although we detected
a significant reduction in the mRNA level of its inhibitor;
Keap-1 with Pb challenge, Nrf2 also showed a significant
decrease with concomitant downregulation of both SOD and
CAT levels. These results comply with the finding of Liu et al.

(2017), which revealed that Pb decreased the levels of both
Nrf2 and Keap-1 in the rat kidney. They further demonstrated
the ability of Pb to activate miR153 that target Nrf2 mRNA
suggesting the probable effect of Pb as an epigenetic modifier.
However, further investigations are required with different Pb
doses and exposure periods.

NF-κB is an inducible, pleiotropic transcription factor, ef-
ficiently regulating the expression of different genes involved
in many physiological and pathological processes (Bellezza
et al. 2010). In the present work, the activity of NF-κB was
markedly reduced in Pb-treated groups, without a significant
difference in the mRNA level of its regulator; IKK, while the
NF-κB protein level, being mostly cytoplasmic, increased on-
ly at the dose of 3 μg/ml. Though sequential studies have been
conducted to unravel the interplay between Nrf2 and NF-ĸB,
discrepant results still remain. It was reported that the absence
of Nrf2 can exacerbate NF-κB activity inducing cytokine pro-
duction (Pan et al. 2012). Usually, phytochemicals like

Fig. 5 Lead-induced apoptosis in
bovine granulosa cells: mRNA
expression levels of BCL-2 (a),
BAX (b) and caspase-3 (c) and
protein level of BAX (d) in bo-
vine granulosa cells exposed to
Pb and their corresponding con-
trol. The density of BAX protein
bands was quantified by ImageJ
and normalized against β-actin
(e). Data shown as means ± SEM
(n = 3). Lowercase letters a, b and
c indicate statistically significant
differences (P < 0.05). Expression
of β-actin and GAPDH acted as
internal control for gene
expression
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curcumin and quercetin activate Nrf2 by inhibiting NF-κB
and its downregulated genes (Liu et al. 2015; Sahin et al.
2016). In contrast, many factors such as ischemia, LPS and
cigarette smoke have been found to increase both Nrf2 and
NF-κB activity (Wakabayashi et al. 2010; Meng et al. 2017).
The significant finding in our work was the downregulation of
both transcriptional factors under metal exposure at the tran-
scriptional level. There is growing consensus that the ROS
level may define the cellular fate by modulating these redox-
sensitive TFs. According to Bolisetty and Jaimes (2013), low
ROS levels are neutralized by Nrf2 activation and its

downstream signaling, while NF-κB is activated with moder-
ate ROS levels. However, apoptosis is induced with persistent
ROS accumulation in the cell. Reports also showed that ROS
can mediate either NF-κB activation or repression in many
cell types (Nakajima and Kitamura 2013).

Another intriguing point is that many metals are able to
affect the activity of NF-κB mediating both activation and
inhibition of NF-κB (Chen and Shi 2002). For example, the
work of Xie and Shaikh (2006) showed the involvement of
ROS in apoptosis induction through the suppression of NF-κB
signaling under cadmium challenge. Since NF-κB signaling

Fig. 6 Lead-changed cell cycle
transition in granulosa cells: flow
cytometric analysis of bovine
GCs cultured under Pb exposure
and their corresponding control.
The analyzed cell counts are
shown on the Y-axis and the DNA
content of cells detected by PI
staining is indicated on the X-axis
(a–a′′′). a: control group; a′:
1μg/ml group; a′′: 2μg/ml group;
a′′′: 3 μg/ml group. Quantitative
analysis of cell populations at
different cell cycle stages (b).
Data shown as means ± SEM
(n = 3). Lowercase letters a and b
indicate statistically significant
differences (P < 0.05)
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triggers the expression of a wide array of genes, it is widely
accepted that NF-κB is involved in both cellular death and
survival (Perkins and Gilmore 2006). Thus, it appears that
suppression of NF-κB and its downstream pathway is an un-
derlying mechanism drive to apoptosis by a number of diva-
lent metals, either through the binding of metals to the sulfhy-
dryl groups of target protein molecules or the oxidative stress
induced by these metals (Dieguez-Acuna et al. 2004).
Similarly, it has been reported that the thiol group in enzymes
and proteins is a target for Pb and further its irreversible bind-
ing might alter their function, being a major underling cause of
Pb-driven oxidative stress (Hasanein et al. 2017).

Proteins can undergo post-translational modifications by a
large number of reactions involving ROS. Among these reac-
tions is carbonylation, which can emerge through either oxi-
dative cleavage of proteins or by a secondary reaction of a
protein side chain at cysteine, lysine and histidine through
lipid peroxidation by-products like malondialdehyde (MDA)
(Levine et al. 2000). Indeed, Pb is unable to induce ROS
directly; however, it could affect the process of lipid peroxi-
dation by antioxidant exhaustion. This in turn results in loss of
plasma membrane structure and function, which are partially
responsible for Pb accumulation (Ashafaq et al. 2016). In the
present work, the oxyblot results showed a significantly
higher protein carbonyl content in Pb-exposed groups than
in their control counterpart.

The cell cycle is a fine-regulated process that controls cel-
lular growth and differentiation (Darzynkiewicz et al. 2012).
A previous study reported that Pb increased the cell popula-
tion at G0/G1 yet reduced the cell population at the S phase in

human leukemia cells (Yedjou et al. 2015). In the current
work, similar results were found with Pb-exposed bovine
GCs. Additionally, we investigated two markers of prolifera-
tion (PCNA and CCDN2) that showed downregulation under
the Pb challenge. Our findings showed that the level of BCL-2
mRNA was significantly downregulated in all Pb-exposed
groups, while there was no change in BAX level; however,
the expression levels of caspase-3 were significantly upregu-
lated only in 3 μg/ml Pb-exposed groups. This was further
confirmed by the results obtained by flow cytometry showing
a higher percentage of apoptotic GCs with Pb exposure than
the control group. These data were consistent with previous
results of Abdel Moneim (2016).

Previous studies have shown that Pb induces protein
misfolding and endoplasmic reticulum (ER) stress re-
sponses in the liver tissue of rats (Liu et al. 2013).
Consistence with these data, our results displayed that
Pb induced ER stress in bovine GCs by upregulating ER
stress-related genes; GRP78 and CHOP. It is known that,
under ER stress and accumulation of unfolded proteins,
cells trigger a cascade of protective signaling pathways,
named the unfolded protein response (UPR). According to
Luo et al. (2006), GRP78 is necessary in early mouse
embryo for cell proliferation protecting the inner cell mass
against apoptosis. In goat ovarian GCs, ER stress is the
main signaling pathway involved in apoptosis and follic-
ular atresia (Lin et al. 2012). The early study of Zhang
et al. (2008) suggested that Pb, even at low concentration,
could bind firmly to GRP78 to facilitate its removal from
the cell or sequester it in a nontoxic site. Accordingly, the

Fig. 7 Lead-triggered expression
of unfolded protein response
(UPR) marker genes: mRNA ex-
pression level of GRP78 (a),
CHOP (b) and protein level of
GRP78 (c) in bovine GCs cul-
tured under Pb exposure and their
corresponding control. The den-
sity of GRP78 protein bands was
quantified by ImageJ and nor-
malized against β-actin (d). β-
actin and GAPDH were used to
normalize the expression of tar-
gets genes. The results are
expressed as the mean ± SEM
(n = 3). Lowercase letters a and b
indicate statistically significant
differences (P < 0.05)
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upregulation of GRP78 implied a cellular defense mech-
anism against Pb accumulation. Meanwhile, this upregu-
lation may be an adaptive response to the potential inac-
tivation of GRP78 by its binding to Pb and this may also
reveal the paradox of upregulation of CHOP simulta-
neously with GRP78. The depletion of GRP78 triggers
not only the proapoptotic CHOP but also intrinsic apopto-
sis as discussed by Lee (2014). Moreover, it was reported
that, in the absence of Nrf2, UPR is compromised and
CHOP was also found to be upregulated (Meakin et al.
2014).

Collectively, the present work has demonstrated that expo-
sure to Pb induces oxidative stress that attenuates bovine GCs
proliferation and alters cell cycle progression leading to apo-
ptosis may be through disrupting Nrf2/NF-κB interaction.
However, the mechanisms involved in this interaction need
to be investigated in other cell types and tissues considering
different Pb doses and exposure time. Therefore, further func-
tional investigations are warranted to understand different as-
pects of Nrf2 and NF-κB interactions and their potential role
for development of strategies aiming at modulating the re-
sponse to environmental toxins.
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