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Abstract 

Heavy metals are among the environmental toxicants incurring great concern for human and 

animals because of their toxicity even at low concentrations. Lead (Pb) has been shown to induce 

severe and long lasting effects on female fertility and pregnancy outcomes in many animal 

species. The aim of this work was to investigate the effect of Pb on bovine granulosa cells (GCs) 

and preimplantation embryos and its association with dysregulation of Nrf2 and NF-κB and their 

downstream genes. We further aimed to study the role of in utero Pb exposure and the possibility 

of using antioxidant as prophylactic agent against Pb toxicity using rat model. For this, three 

experiments were conducted. First, in vitro cultured GCs were exposed to Pb toxicity which 

subsequently attenuated GCs proliferation and altered the cell cycle progression. Lead exposure 

suppressed the expression of both Nrf2 and NF-κB and their downstream genes. Additionally, Pb 

challenge on GCs increased the expression of endoplasmic reticulum stress marker genes 

(GRP78 and CHOP) and the pro-apoptotic gene (caspase-3), while the anti-apoptotic gene (BCL-

2) was reduced. 

Furthermore, treatment of bovine preimplantation embryos with Pb in a stage specific manner 

resulted in similar phenotypes. Blastocysts derived from different treatment groups exhibited 

aberrant developmental phenotypes regardless of the exposure stage. Exposure to Pb caused 

higher accumulation of ROS and reduced blastocyst cell number. Besides, the mRNA and 

protein levels of NF-κB were elevated with Pb treatment along with TNF-α level. On the 

contrary, the expression of Nrf2 protein showed significant reduction in all treatment groups. 

Apoptosis under Pb exposure was manifested by the higher ratio of BAX/BCL-2 and the number 

of TUNEL positive nuclei as compared to the control blastocysts. Moreover, Pb significantly 

upregulated DNMT1, a gene involved in maintenance of DNA methylation. 

In order to investigate the effect of Pb toxicity in vivo, pregnant rats were orally ingested by Pb 

during the period of organogenesis, while the natural antioxidant, taurine (TA) was given 

throughout the gestation period. The dams and their fetuses were checked for morphological, 

biochemical and histopatholgical parameters. Results showed that, Pb caused a significant 

decline in the maternal body weight gain and an increase in the rate of abortion. Fetuses 

maternally-received Pb showed growth retardation and malformations in their skeleton. 

Additionally, Pb induced hematological and biochemical impairments in both dams and fetuses. 

Histopathological examination of the placenta and hepatic DNA fragmentation revealed the 
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toxicity of Pb. However, these events have been alleviated by TA pretreatment without affecting 

the normal course of pregnancy. 

The present work demonstrates that Pb-induced oxidative stress displayed direct deleterious 

effect on bovine GCs proliferation and preimplantation embryo development. This effect may be 

in part through disrupting the Nrf2/NF-κB interaction and could vary according to the dose, the 

period of exposure and the type of cells. It is quite evident that even small doses of Pb are 

reprotoxic where the soundest approach is to minimize Pb exposure in vivo rather than treatment. 

Administration of antioxidants such as taurine could be promising approach to be used as a 

prophylactic agent against environmental heavy metals. 
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Kurzfassung 

Schwermetalle gehören zu den Umweltgiften, die aufgrund ihrer Toxizität bereits in geringen 

Konzentrationen für Mensch und Tier von großer Bedeutung sind. So verursacht Blei (Pb) bei 

vielen Tierarten schwerwiegende und langanhaltende Auswirkungen auf die weibliche 

Fruchtbarkeit und die Schwangerschaft. Das Ziel dieser Arbeit war es, die Wirkung von Pb auf 

Rindergranulosazellen (GCs) und Präimplantationsembryonen und ihre Assoziation mit der 

Regulation von Nrf2 und NF-κB und ihren nachfolgenden Genen zu untersuchen. Es sollte ferner 

die Rolle der utero-Pb-Exposition und die Möglichkeit der Verwendung eines Antioxidants als 

Prophylaxe gegen die Pb-Toxizität unter Verwendung eines Rattenmodells analysiert werden. 

Hierzu wurden drei Versuche durchgeführt. Zunächst wurden in vitro kultivierte GCs einer Pb-

Toxizität ausgesetzt, die anschließend die Proliferation der GCs abschwächte und das 

Fortschreiten des Zellzyklus veränderte. Die Exposition von Blei unterdrückte die Expression 

von Nrf2 und NF-κB sowie ihrer nachgeschalteten Gene. Zusätzlich erhöhte die Pb-Belastung 

auf GCs die Expression der Stressmarkergene des endoplasmatischen Retikulums (GRP78 und 

CHOP) und des proapoptotischen Gens Caspase-3, während das antiapoptotische Gen BCL-2 

reduziert wurde. Darüber hinaus führte die Behandlung von Rinder-Präimplantationsembryonen 

mit Pb in einer Stadien spezifischen Weise zu ähnlichen Phänotypen. Von verschiedenen 

Behandlungsgruppen stammende Blastozysten zeigten ungeachtet des Expositionsstadiums 

aberrante Entwicklungsphänotypen. Die Exposition gegenüber Pb verursachte eine höhere 

Akkumulation von ROS und verringerte die Anzahl der Blastozysten. Außerdem wurden die 

mRNA- und der Proteinspiegel von NF-κB mit Pb-Behandlung zusammen mit dem TNF-α 

Spiegel erhöht. Im Gegensatz dazu, zeigte die Expression von Nrf2-Protein in allen 

Behandlungsgruppen eine signifikante Reduktion. Apoptose unter Pb-Exposition äußerte sich in 

einem höheren Verhältnis von BAX/BCL-2 und der Anzahl der TUNEL-positiven Kerne im 

Vergleich zu den Kontrollblastozysten. Darüber hinaus hat Pb DNMT1, ein Gen, das an der 

Aufrechterhaltung der DNA-Methylierung beteiligt ist, signifikant hochreguliert.  

Um die Wirkung der Pb-Toxizität in vivo zu untersuchen, wurden trächtige Ratten während der 

Organogenese oral mit Pb versorgt, während parallel das natürliche Antioxidant Taurin (TA) 

während der gesamten Tragezeit verabreicht wurde. Die Muttertiere und ihre Feten wurden auf 

morphologische, biochemische und histopathologische Parameter untersucht. Die Ergebnisse 

zeigten, dass Pb eine signifikante Abnahme der Gewichtszunahme des mütterlichen Körpers und 
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eine Erhöhung der Arbortrate verursachte. Föten, die maternal Pb erhielten, zeigten 

Wachstumsverzögerungen und Missbildungen in ihrem Skelett. Zusätzlich induzierte Pb 

hämatologische und biochemische Beeinträchtigungen sowohl bei Muttertieren als auch bei 

Feten. Die histopathologische Untersuchung der Plazenta und der hepatischen DNA-

Fragmentierung ergab die Toxizität von Pb. Diese Ereignisse wurden jedoch durch die TA-

Vorbehandlung gelindert, ohne den normalen Schwangerschaftsverlauf zu beeinträchtigen. Die 

vorliegende Arbeit zeigt, dass Pb-induzierter oxidativer Stress eine direkte schädliche Wirkung 

auf die Proliferation von Rinder-GCs und die Embryonalentwicklung vor der Implantation hat. 

Dieser Effekt kann teilweise durch die Störung der Nrf2/NF-κB-Wechselwirkung verursacht 

werden und kann je nach Dosis, Expositionsdauer und Zelltyp variieren. Es ist evident, dass 

selbst kleine Dosen von Pb reprotoxisch sind, sodass die Pb-Exposition in vivo zu minimieren 

ist. Die Verabreichung von Antioxidantien wie Taurin könnte ein vielversprechender Ansatz sein 

als Prophylaxe gegen umweltbedingte Schwermetalle eingesetzt zu werden. 
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1.1 Heavy metals 

Heavy metals are among the environmental toxicants that have great concern for humans and 

animals because low concentrations, even at trace levels, can seriously impair health (Korashy & 

El-Kadi 2006). Exposure to heavy metals such as cadmium (Cd), lead, (Pb), chromium (Cr), 

arsenic (As) and mercury (Hg) continues to increase due to anthropogenic activities (Nagajyoti et 

al. 2010). Although some heavy metals such as iron (Fe), zinc (Zn), selenium (Se), manganese 

(Mn) and copper (Cu) are considered essential micronutrients and are vital to sustain normal 

body functions such as the synthesis of metallo-proteins, excess intake of these metal ions is 

considered toxic and linked to many pathological conditions such as the deposition of iron oxides 

in Parkinson's disease (Wintz et al. 2002; Mudgal et al. 2010). Since they are pervasive, their 

incorporation into the body has potential health risk to human and animal populations (Peretiatko 

& D‘Souza 2002). 

1.1.1 Sources of heavy metals 

Different environmental sources of heavy metals include (1) natural sources such as the geologic 

parent material or the rock (He et al. 2005), (2) agricultural sources: here heavy metals could 

accumulate in soils and consequently in plants from the use of inorganic and organic fertilizers 

pesticide and fungicides (Gimeno-García et al. 1996), (3) industrial sources such as, mining, 

melting, welding, plating, incineration, refinement and recycling of metals (Mason et al. 1999; 

Jarup 2003; Wieloch et al. 2012), (4) domestic effluent (Yadav et al. 2002), (5) atmospheric 

sources, for example the metal containing airborne particulates which can be either transported 

by wind over great areas or precipitated with rain (Lu 2003) and (6) other sources such as 

automobiles, diesel-powered vehicles, aircraft coal burning and the corrosion of commercial 

waste products (Arruti et al. 2010). 

Metals can bypass cellular control mechanisms such as homeostasis, transport, and 

compartmentalization, so they can exert toxic or even lethal effects (Jan et al. 2015). Moreover, 

their toxicity relies on the type and form of the metal, the mode and duration of exposure in 

addition to the individual susceptibility (Jan et al. 2011). They have the ability to induce the 

production of free radicals that can attack and damage nucleic acids, proteins and lipids. They 

can also form stable covalent complexes with these macromolecules leading to loss of their 

function (Flora et al. 2008). Besides, they can lead to disruption of many cellular processes and 
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signaling pathways via displacement of essential metals from their active sites (Leonard et al. 

2004). Some of these heavy metals are bioaccumulative, since they neither break down in the 

environment nor are easily metabolized (Jan et al. 2015). The top position on the list of health 

hazards is occupied by Hg, Cd and Pb. They are called ―the big three‖ due to their sever impact 

and they are considered systemic toxicants even at lower levels of exposure (Hegazy et al. 2010). 

1.1.2 Lead 

Lead (Pb) is one of the highly distributed natural substances in the environment. Due to its 

unique physical properties such as, high malleability and low melting point, it has a broad 

spectrum of industrial applications. It is involved in car batteries, fuel additives, paints, ceramics, 

solders, shielding for x-ray devices, water pipes, sound absorbers in addition to fertilizers and 

pesticides (Sanders et al. 2009). So the sources of Pb exposure are mainly industrial processes, 

food and smoking, drinking water and domestic sources. Extensive efforts have been made over 

the past decades to reduce Pb exposure (Karimooy et al. 2010).  

1.1.3 Mode of lead exposure 

Human and animals generally are exposed to the Pb through the respiratory tract, the skin or the 

digestive tract. The major route of Pb exposure is ingestion of food or drinking water 

contaminated with Pb (Levallois et al. 2014). Lead could be inhaled especially in Pb industries 

and this is dependent mainly on the particle size. Smoking is also related to the high body 

burdens of Pb in smoker population and even those exposed to secondhand smoke (Richter et al. 

2013). Although absorption of Pb through the skin was believed to be non-significant or less 

efficient, a study of (Pan et al. 2010) demonstrated skin toxicity under topical Pb administration. 

Moreover, (Fang et al. 2014) further showed that Pb can accumulate and induce oxidative 

damage in the liver of rats via skin exposure. 

1.1.4 Lead kinetics 

After absorption through respiratory or digestive tract, 99 % of Pb content is bound to RBCs for 

approximately 30 days then it is either excreted in urine and through biliary clearance or 

accumulated in soft and mineralized tissues (Patrick 2006b). The half-life of Pb in brain could be 

for years while it could reside in teeth and bones for decades long (Verstraeten et al. 2008). 
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About 33 % of Pb accumulates in the liver tissue being the largest repository for Pb followed by 

the kidney (Mudipalli 2007). Bone releases Pb slowly to the circulation and exhibit an 

endogenous and persistent source for Pb exposure. The rate of release of Pb from the skeleton is 

increased in stressful conditions associated with high bone reabsorption as pregnancy, lactation, 

menopause, osteoporosis, immobilization, and hyperthyroidism (Vaziri 2008). Consequently, 

bone Pb level could be a biomarker for Pb-induced chronic impact than blood or urinary Pb 

which reflect only recent Pb exposure (Hu et al. 2007).  

In children, the absorption of Pb occurs more than in adults, making children at high risk for Pb 

intoxication (Landrigan et al. 2002). It has been also reported that, Pb absorption is highly 

species specific, since from its intake, about 50 % is absorbed in human, 90 % is absorbed in 

bovine while only 2 % in ovine (Georgescu et al. 2011). In bovines, ingestion of contaminated 

fodder increases Pb levels in the liver to a 20-fold and in milk to a 3-4- fold where the milk 

content persists for 120 days (Georgescu et al. 2011). During pregnancy, Pb can eventually pass 

through the placental barrier by passive diffusion (Goyer 1990) where the ratio of fetal to 

maternal blood Pb is 0.7–0.9 (Rudge et al. 2009). Additionally, Pb has been assumed to induce 

metallothionein, small proteins with unusual high cysteine content and metal binding affinity that 

bind and retain Pb in the placenta (Ma et al. 2006; Gundacker & Hengstschlager 2012). 

The nutritional status of the individual can further influence an individual‘s response to Pb. 

Deficiency of vitamin D, Ca, Fe or trace metals such as Zn and Cu may aggravate Pb absorption 

and hence its toxic hazards (Woolf et al. 2007; Rolston 2011). 

1.1.5 Symptoms of lead toxicity 

Despite the elimination of Pb from paints and gasoline in the USA, Pb exposure persists since Pb 

does not degrade in the environment, remaining strongly absorbed to soil (Sanders et al. 2009). 

According to the Center for Disease Control and Prevention (CDC), the maximum endurable 

blood lead level (BLL) is 10 μg/dL, however adverse effects have been reported with lower 

levels especially in pregnant females, children and developing embryos; suggesting no safe level 

of lead exposure (Chandramouli et al. 2009; Taylor et al. 2013). The problem of Pb 

pervasiveness is hence more severe in developing countries especially with the absence of 

preventive measures and public education (Jarosinska et al. 2004; Meyer et al. 2008). Lead 



Chapter 1  5 
 

 

toxicity is considered as a silent environmental disease because of its long term adverse 

consequences (Karrari et al. 2012). It is also assumed Pb is one of the main causes of workplace 

illness (Needleman 2004).  

The manifestation of Pb in human is usually vague until BLL reach 40 µg/dL and can be 

encountered in other diseases (Pearce 2007). There are also many studies showing no symptoms 

of Pb poisoning even with elevated BLL, and symptoms may arise only once irreparable damage 

occurs (Leech et al. 2016). However the mechanism beyond such differences in response to Pb 

toxicity is yet to be defined and is an issue of concern (Wani et al. 2015).  

At low BLL, neurobehavioral deterioration may occur, including reduced cognitive functions 

and irritability and other nonspecific symptoms (Xu et al. 2009). As Pb accumulates in the body 

reaching the level of 40 µg/dl, more obvious symptoms may appear, such as headache, 

abdominal colic, anemia, and vomiting (Jacobs et al. 2002). Higher levels of Pb from 70 to 100 

µg/dL have been associated with encephalopathy, delirium and coma. Even without symptoms, 

high Pb levels could induce permanent neurologic damage. A fatal dose of soluble Pb salts such 

as lead acetate could be about 20 grams (Smith et al. 2008). Lead is nearly affecting every organ 

in the body. Moreover, it can induce acute and chronic adverse effects ranging from subclinical 

impairments in function to symptomatic, life-threatening poisoning (Bandyopadhyay et al. 

2014).  

Several epidemiological studies showed higher blood levels in children than in adult probably 

due to their hand-to-mouth behavior or eating disorder (pica) (Stromberg et al. 2003; Ahamed et 

al. 2007). Because of their soft tissues and not fully developed organs, children are highly 

sensitive to Pb detrimental effects than adults even with lower threshold levels (Brochin et al. 

2008).  

1.1.6 The supralinear dose-response relationship in lead toxicity 

It was observed that the dose-response relationship between BLLs and some of its toxic 

consequences is not linear, but supralinear or non-monotonic (Bowers & Beck 2006). For 

example, the decline rate in IQ scores of children is greater when BLLs is less than 10 µg/dL 

than at levels greater than 10 µg/dL (Cory-Slechta 2012). The CDC further stated that pregnant 



6   Chapter 1 
 

 

women with blood lead level of 2-5 µg/dL could make the fetus at high risk of anomalies, so 

follow-up testing and patient education to minimize Pb exposure are required (Bellinger 2013).  

1.1.7 Reproductive and developmental toxicity of lead 

Environmental and occupational exposures to Pb have been associated with detrimental 

consequences affecting almost all aspects of the reproductive system in both males and females 

(Pant et al. 2003; Patrick 2006a; Ahmed et al. 2012). Lead can accumulate in testes, epididymis, 

seminal vesicle and seminal ejaculate inducing adverse effects on spermatogenesis, sperm count 

and motility, prostatic function and serum testosterone (Chowdhury 2009; Shan et al. 2009). The 

impact of Pb on female reproduction is more profound, where it has been detected in all 

compartment of female reproductive system in many species (Saleh et al. 2009). The impact of 

Pb with regard to female reproduction could exceed other environmental toxins (Mendola et al. 

2008). Lead toxicity has been documented to cause infertility, miscarriage, pregnancy 

hypertension, premature membrane rupture, premature delivery and preeclampsia (Seyom et al. 

2015; Bayat et al. 2016). 

The effect of Pb as endocrine disruptor was documented, prenatal and later life exposures to Pb 

induced disruption of gonadal function and reproductive hormones (Pillai et al. 2010). Lead 

further interrupts several points along the hypothalamic–pituitary–gonadal (HPG) axis, for 

example GH, and FSH/LH responses to GHRH, and GnRH stimulation (Doumouchtsis et al. 

2009). On in vitro study using Pb-exposed human ovarian granulosa cells showed lower levels of 

p450 aromatase, cytochrome p450 aromatase mRNA, and estrogen receptor β proteins (Taupeau 

et al. 2003). Ovarian accumulation of Pb irreversibly impaired folliculogenesis, with high rate of 

atresia, decreasing the number of the primary follicles in mice (Taupeau et al. 2001). In another 

study, Pb caused decreased ovarian response and ovulation rate in rabbits (Ahmed et al. 2012). 

Selevan et al. (2003) showed that exposure of 8- to 18-year-old girls to Pb was associated with 

delayed pubertal development. Moreover, occupationally Pb-exposed women exhibited 

menstrual abnormalities, including hypermenorrhea and spontaneous abortion (Tang & Zhu 

2003). An association between chronic Pb exposure and early menopause was also reported by 

(Eum et al. 2014).  

It has been reported that women with BLLs above 10 μg/dL, had higher likelihood of not 

achieving pregnancy compared with women with BLLs less than 10 μg/dL (Guerra-Tamayo et 
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al. 2003). The study of Lamadrid-Figueroa et al. (2007) showed the positive association between 

BLL and the incidence of spontaneous abortion. Adverse pregnancy outcomes like preterm birth 

and growth retardation were found to be induced even by low BLLs (Vigeh et al. 2011; Zhang et 

al. 2015). Because of the free placental transfer of Pb (Rudge et al. 2009), relatively low BLL 

may greatly harm the developing fetus without notable impact on the mother (Basha & Reddy 

2015). 

1.1.8 Ionic mechanism of lead toxicity 

Literature data revealed the interactions between Pb and other toxic and essential trace metals 

(Goyer 1997). The most recognized are those between Pb and Ca, Fe and Zn
 
which are most 

important nutritional elements for humans. A high BLL was reported to be associated with diet 

deficient in those elements (Rahil-Khazen et al. 2002; Kwong et al. 2004). At the physiological 

levels of essential metals, Pb has the ability to displace several bivalent cations like Ca, Mg, Fe, 

Zn and monovalent cations like Na, in their binding site within the molecular machinery of living 

organisms. This in turn affects various biological processes such as cellular signaling, cell 

adhesion, protein folding and apoptosis (Lidsky & Schneider 2003; Garza et al. 2006). For 

example, Ca and Zn are structural components of some proteins being vital for their activities 

with high affinity and selectivity that ensure optimum protein-ion interactions (Katz et al. 1995). 

However, this selectivity is only restricted to those ions that are physiologically relevant in the 

cell while exogenous toxic metals could be a serious problem difficult to be handled by the 

cellular machinery (Garza et al. 2006). Because of their ionic mimicry, Pb can compete and 

substitute these cations inducing pathological impact (Florea et al. 2013). Neal & Guilarte (2010) 

showed that Pb can potentially pass through the blood-brain barrier, due in large part to its ability 

to substitute for Ca ions and further block the Ca ion channels. Even in picomolar levels, Pb can 

displace Ca affecting important neurotransmitters as protein kinase (Bressler et al. 1999). Lead 

induces damage in many regions within the brain such as hippocampus and cerebellum (Sanders 

et al. 2009). 

Similarly, Pb competes with Zn for transport proteins like metallothionein in the gastrointestinal 

tract reducing Zn
 
absorption (Ahamed et al. 2007). Since Zn is a key element of over 300 

enzymes and proteins, deficiency of Zn affects physical and mental growth while its 
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supplementation can reduce the availability of binding sites for Pb and mitigate its toxicity 

(Cengiz et al. 2004; Prasanthi et al. 2010; Malekirad et al. 2010).  

Lead is known to be a noxious element to Fe metabolism, since both metals are absorbed 

intestinally by the common divalent metal transporter-1(DMT-1) (Bressler et al. 2004). That is 

why, Fe deficiency is usually a risk factor for Pb toxicity (Park et al. 2014). Furthermore, Pb 

interferes with a number of important Fe dependent metabolic steps such as heme biosynthesis. 

(Hegazy et al. 2010) showed that BLLs ≥ 10 μg/dL were accompanied by low serum Fe and 

ferritin in children. 

A lead-selenium interaction has been also observed (Yuan & Tang 2001). Selenium (Se) is a 

cofactor of glutathione peroxidase and plays an important role as an antioxidant (Hsu & Guo 

2002). Several studies showed the antagonistic relationship between Pb and Se, where Se can 

reduce Pb-induced oxidative damage (Nehru et al. 1997; Li et al. 2005; Diouf et al. 2006). This 

is probably due to the formation of inactive Pb-Se complexes which hinder the absorption and 

tissue distribution of Pb (Li et al. 2005). 

Moreover, competition between Pb and Cu for binding sites on proteins, such as the ATPase 

complex was demonstrated by (Qian et al. 2005). Herein, the free displaced Cu could induce 

ROS generation by Fenton reaction and hence aggravate Pb driven-oxidative stress. A study of 

(Kasperczyk et al. 2012) revealed positive correlation between both elements in occupationally 

exposed workers. Whereas the studies by Mehdi et al. (2000) and Wasowicz et al. (2001) 

reported no association between Pb and Cu levels.  

1.1.9 Molecular mechanism of lead toxicity 

The susceptibility of an individual toward the harmful effects of Pb toxicity has further been 

linked with the genetic makeup constituting the molecular basis of Pb toxicity (Kim et al. 2014). 

It is quite important to study the influence of gene-environment interactions in the risk 

assessment of an individual. Differences in allele frequencies of genes known to modify body Pb 

levels across populations may explain inter-individual variations in response to Pb toxicity. 

Several single nucleotide polymorphisms (SNPs) and mutations in various genes have been 

stated in literature which believed to play a plausible role in the susceptibility towards Pb 

toxicity (Mitra et al. 2017). 
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Delta-aminolevulinic acid dehydratase (ALAD) enzyme catalyzes the second step of heme 

synthesis (Kelada et al. 2001). ALAD polymorphism allows Pb to bind tightly to ALAD enzyme 

and keeps Pb retained in the blood and tissues increasing the susceptibility to Pb induced 

oxidative stress (Zhao et al. 2007; Scinicariello et al. 2007). Furthermore, divalent metal 

transporter1 (DMT1), one of the proton-coupled metal ion transporter family (Cellier et al. 

1995), which plays a pivotal role in iron uptake and recovery in most cell types besides its role in 

transport of divalent cations like Zn, Mn, Ni, Co and Pb (Garrick et al. 2003; Garrick et al. 

2006). A SNP in DMT1 gene has been reported to be associated with the levels of blood Pb and 

Fe in Turkish people, where individuals with CC genotype had higher BLL and more 

susceptibility to Pb toxicity compared to AA and CA genotypes (Kayaalti et al. 2015). Similarly, 

metallothioneins (MT) are a group of low molecular weight cysteine rich metal-binding proteins 

involved in the hemostasis of essential metals like Cu and Zn and detoxification of toxic heavy 

metals inside the body (Ngu & Stillman 2009). They are ideal candidates in susceptibility to Pb 

toxicity (Raudenska et al. 2014). A SNP in MT (A to G nucleotide transversion) in pregnant 

women with AG genotype resulted in significantly higher maternal Pb levels than those with AA 

genotype. 

Other significant relation between gene polymorphisms and modification of body Pb burden 

were documented such as the transferrin (TF) gene in Mexican children (Hopkins et al. 2008). 

The SNPs in the glutathione S-transferases (GST) gene produce enzymes with variation in their 

catalytic activity and thus also may play a role towards susceptibility to Pb toxicity (Lee et al. 

2012a; Eum et al. 2013). The SNP in Vitamin D receptor (VDR) gene alter bone mineralization 

activity by affecting the amount of VDR protein which may further interact with Pb (Krieg et al. 

2010).  

1.2 Lead and oxidative stress  

1.2.1 Oxidative stress 

Oxidative stress is caused by the shift in balance between oxidants and antioxidants in favor of 

oxidants and compromising the system‘s ability to potentially detoxify the body of those 

oxidants resulting in cellular damage (Flora et al. 2007). Reactive oxygen species (ROS), 

including free radicals, are generated in the living organisms from either endogenous or 

exogenous sources (Willcox et al. 2004). Endogenous free radicals are generated from immune 
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cell activation, inflammation, mental stress, ischemia, infection, cancer, aging (Pacher et al. 

2007). Whereas exogenous ROS result from pollution of air and water, smoking, alcohol, heavy 

metals (Cd, Pb, Hg, Cr, Fe, As), certain drugs, industrial solvents, and radiation (Droge 2002). 

Free radicals, since containing one or more unpaired electrons in their atomic orbital, need 

stability either by donating their unpaired electron to other molecules or by acquiring an extra 

electron from adjacent molecules (Pham-Huy et al. 2008; Salvemini & Botting 1993). As a 

result, these are highly reactive molecules and can damage the cell structures such as 

carbohydrates, nucleic acids, lipids, and proteins and alter their functions (Flora et al. 2004).   

Reactive oxygen species are well documented for playing a twofold job as both deleterious and 

beneficial species, where a delicate balance between the two antagonistic effects is an important 

aspect of life (Valko et al. 2007; Genestra 2007). ROS have been shown to be important 

signaling molecules especially hydrogen peroxide and superoxide in which low levels (usually 

submicromolar concentrations) induce growth but higher concentrations (usually >10–30 μM) 

induce cellular death (Stone & Yang 2006). Cell surface receptors produce ROS upon activation; 

for example, receptors for epidermal growth factor, vascular endothelial growth factor, platelet-

derived growth factor, insulin-like growth factor and various cytokines (Vardatsikos et al. 2009). 

However, higher ROS levels are damaging to organelles, particularly mitochondria (Lee et al. 

2012b), which may result in energy depletion, accumulation of cytotoxic mediators and cell 

death. Oxidative stress plays a major part in the development of chronic and degenerative 

disorders such as cancer (Valko et al. 2004), arthritis (Mahajan & Tandon 2004), aging, 

autoimmune disorders, cardiovascular (Ceriello 2008), and neurodegenerative diseases (Uttara et 

al. 2009). 

1.2.2 Reactive oxygen species and reproduction 

The dual role of ROS in the reproductive system has been justified depending on the nature and 

the concentration of the ROS as well as the location and length of exposure to ROS (Agarwal et 

al. 2005; Agarwal et al. 2006). Free radicals can act as key signal molecules modulating various 

reproductive functions and can influence the oocytes, sperm, and embryos in their 

microenvironments (Valko et al. 2007; Agarwal et al. 2008). The work of Shkolnik et al. (2011) 

demonstrated that reactive species produced in the preovulatory follicle of mice are indispensible 

for ovulation, and inhibition of ROS by antioxidants has been found to disturb ovulation, 
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suggesting a possible harmful effect of antioxidants on ovulation. Moreover, a balance between 

ROS and antioxidants is obligatory for oocyte development and maturation (Kala et al. 2017). 

Oxidative stress has been implicated in male and female infertility. Increased ROS levels 

correlate negatively with sperm concentration and sperm motility (Choudhary et al. 2010). 

Excess ROS production was reported to induce single- and double stranded DNA fragmentation 

in sperms (Dalzell et al. 2004). Fertilization of the oocyte by a spermatozoon with unrepaired 

DNA damage may cause implantation failure, embryo development arrest, pregnancy loss, or 

birth defects (Rubes et al. 2005).  

Oxidative stress has also been implicated in many of the causes of female infertility, such as 

endometriosis, unexplained infertility, tubal infertility, and recurrent pregnancy loss (Bedaiwy et 

al. 2002; Madazli et al. 2002; Tamura et al. 2008; Matsubara et al. 2015). The placenta 

experiences a heightened level of ROS in certain pathologic conditions of pregnancies, including 

gestational diabetes, fetal growth restriction, preeclampsia and miscarriage (Sbrana et al. 2011; 

Smith et al. 2013). Oxidative stress is also considered as one of the important factors beyond the 

limited success rate of in vitro fertilization (IVF) and fertilization outcomes (Wojsiat et al. 2017). 

Excess generation of ROS in the human GCs of women with polycystic ovarian (PCO) syndrome 

adversely affected IVF success rates (Karuputhula et al. 2013). Pregnancy itself is a state of 

oxidative stress arising from the increased metabolic activity in the placental mitochondria and 

increased ROS production due to the higher metabolic demand of the growing fetus (Myatt & 

Cui 2004). Oxidative stress imbalance has a detrimental effect on pregnancy outcome (Jana et al. 

2010). The developing embryo is susceptible to high levels of ROS because of its weak 

antioxidant defense; especially in the early stages of organogenesis (Zaken et al. 2000). Many 

neonatal disorders are correlated with oxidative stress and poor antioxidant status, in particular, 

intra-uterine growth retardation (IUGR) (Hracsko et al. 2008). IUGR is associated with high rate 

of neonatal morbidity and mortality, and deformation of the umbilical cord (Biri et al. 2007). 

Furthermore, oxidative stress-based pregnancy complications may be a contributing factor in 

adulthood consequences like the increased incidence of hypertension, type II diabetes, insulin 

resistance, metabolic syndrome, and obesity (Thompson & Al-Hasan 2012). 
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1.2. 3 Lead-induced oxidative stress 

Although Pb-induced toxicity cannot be linked to a single defined mechanism, oxidative stress 

could be a potential mechanism beyond the pathophysiology of lead toxicity (Flora et al. 2012) 

(Figure 1.1). 

Unlike redox active metals such as Fe and Cu where Fenton-like reactions, appear to play a 

major role in their toxicity in addition to their ability to act as catalyst that to form more free 

radicals (Fisher & Naughton 2003), Pb is a redox-inert metal unable to perform redox reactions 

and the mechanism underlying Pb-induced oxidative stress is not clear or easily understood 

(Solliway et al. 1996). Koedrith & Seo (2011) reported that Pb induces its oxidative stress effects 

by binding to sulfhydryl groups of proteins, which results in depletion of glutathione. Lead 

shows a strong electron sharing activity that allow the formation of covalent bonds between Pb 

and the sulfhydryl moiety (SH) in the antioxidant enzymes, making them highly susceptible to 

Pb attack and rendering them inactive (Jomova & Valko 2011). This mechanism accordingly, 

highlights the impact of Pb exposure on glutathione metabolism. Glutathione, an important 

antioxidant in mammalian tissues to nullify free radicals, is a cysteine-based tripeptide having 

sulfhydryl groups (Mates 2000; Mari et al. 2009). Glutathione exists in cells in two states: 

reduced (GSH) and oxidized (GSSG), where the ratio of both states determines the redox status 

of cells. Under physiological healthy conditions, cells have a GSH/GSSG ratio >100 while the 

ratio decline to 1 to 10 under oxidant stress (Pizzorno 2014). Additionally, glutathione is 

involved in the metabolism of certain drugs and toxins via complex formation (glutathione 

conjugation) in the liver and facilitate their excretion. Lead inactivates glutathione by binding to 

its sulfhydryl groups and in the same way it inactivates other sulfhydryl-containing enzymes like 

δ-amino levulinic acid dehydratase (ALAD), glutathione reductase (GRx), glutathione 

peroxidase (GPx) and glutathione-S-transferase (GST), which further decreases the 

bioavailability of glutathione (Hunaiti et al. 1995; Ahamed & Siddiqui 2007a). Knowing that Pb-

inhibited ALAD increases the level of δ-amino levulinic acid which is further oxidized 

generating more ROS and contributing to the Pb-dependent DNA carcinogenicity (Hiraku & 

Kawanishi 1996). 

Other antioxidant enzymes inhibited by Pb include super oxide dismutase (SOD) and catalase 

(CAT). Apart from targeting their sulfhydryl groups, Pb is able to replace the Zn ions which are 

important co-factors for these antioxidant enzymes. Consequently, decreased level of SOD 
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reduces the clearance of superoxide radical, while reduced CAT hinders the decomposition of 

hydrogen peroxide (Flora et al. 2007). However, the studies of Rico et al. (2009) and Paul et al. 

(2013) revealed that both redox active and non-active metals generate ROS, especially 

superoxide and peroxides. According to Flora (2009) and Gurer-Orhan et al. (2004), the onset of 

Pb induced-oxidative stress could start in two simultaneous pathways: first, the generation of 

ROS such as hydro peroxides, singlet oxygen, and hydrogen peroxide, second, the depletion of 

endogenous antioxidant reserves. 

Another serious biomarker of Pb-driven oxidative stress is lipid peroxidation which reveals the 

negative impact of ROS on lipid membranes (Yiin & Lin 1995; Sandhir & Gill 1995; Adonaylo 

& Oteiza 1999). Lead can bind to phospholipids (mainly to phosphatidylcholine) in the cellular 

membrane and induce changes in the membrane biophysical properties (Adonaylo & Oteiza 

1999). Moreover, the presence of double bonds in the fatty acid weakens the C–H bonds on the 

carbon atom adjacent to the double bonds and making the removal of H removal easier. 

Therefore, in the cell membrane, polyunsaturated fatty acids containing more than two double 

bonds are highly susceptible to Pb-induced oxidation than fatty acids containing zero to two 

double bonds (Yiin & Lin 1995). Moreover, an early study showed that Pb can alter the 

membrane lipid composition, it induces arachidonic acid elongation increasing the rate of 

peroxidation, since fatty acid chain length and unsaturation are linked to membrane vulnerability 

to peroxidation (Lawton & Donaldson 1991). Taken together, Pb-induced lipid peroxidation 

perturb different membrane- related functions such as signal transduction processes, the activity 

of membrane enzymes, the solutes transport in addition to endo- and exocytosis (Adonaylo & 

Oteiza 1999; Ahamed & Siddiqui 2007b). This effect is beyond the increased rate of erythrocyte 

hemolysis under Pb exposure (Shafiq-ur-Rehman 2013). Hemolysis is the end step of ROS-

mediated lipid peroxidation and loss of cell membrane fluidity in the erythrocytes and these 

results in anemia (Vij 2009). Lipid peroxidation of cell membranes has also been demonstrated 

in various regions of the brain of Pb-exposed rats (Flora & Seth 2000). It is noteworthy to 

mention that, malondialdehyde (MDA) which is a by-product of lipid peroxidation, is an active 

aldehyde attacking cell constituents such as proteins and inactivates them by oxidation (Levine 

2002). This events end by loss of protein function; this could be a further consequence of Pb- 

induced ROS and damage in various organs (Flora et al. 2003; El-Nekeety et al. 2009). 

https://en.wikipedia.org/wiki/Chemical_decomposition
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Figure 1.1: Lead induced oxidative damage in different organs and organ systems 

(Bandyopadhyay et al. 2014). 

1.2.4 Management of lead toxicity by antioxidants 

Lead exposure often occurs with little or no distinct symptoms, particularly in lower-level 

chronic exposure, manifesting only once irreparable damage has been done (Leech et al. 2016). 

While acute symptoms of exposure can be treated, there is no treatment for the underlying 

damage which is usually irreversible (Flora et al. 2012). So the soundest approach is to consider 

preventive or prophylactic measures rather than treatment (Guidotti & Ragain 2007). Since Pb 

induces its toxic effects mostly by oxidative stress, several studies suggested targeting oxidative 

stress by the use of naturally occurring antioxidants (Patrick 2006a; Antonio-Garcia & Masso-

Gonzalez 2008). Although chelating agents such as EDTA and D-penicillamine can bind to Pb 

forming nontoxic complex so decrease the Pb body burden (Flora & Pachauri 2010), they still 

have side effects including redistribution of toxic metal, binding to essential metals, pro-oxidant 

effects, increased blood pressure, hepatotoxicity and nephrotoxicity (Kianoush et al. 2015). So 

the use of antioxidants as adjuvant or alternative therapy could have beneficial outcome in the 

management of Pb poisoning.  
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The role of vitamin C and thiamine (vitamin B1) against Pb-induced hepatotoxicity in mice was 

documented by Wang et al. (2007a). The flavonoid, quercetin has been confirmed to protect 

against Pb-induced histopathological alterations in the rat kidney (Liu et al. 2010). Sulfur-

containing antioxidants like N-acetylcysteine, alpha-lipoic acid, methionine and homocysteine 

could mitigate the damaging effect of Pb on red blood cells (RBCs) in rats in addition to 

replenish other endogenous antioxidants (Caylak et al. 2008). Kianoush et al. (2012) reported the 

benefit of herbal antioxidants like garlic powder for workers with occupational Pb poisoning. 

Similarly, the curative role of curcumin with Pb neurotoxicity in male rats was documented by 

Dairam et al. (2007). Nevertheless, uncontrolled administration of antioxidants could render 

them as pro-oxidants especially when using a combination of antioxidants (Flora et al. 2012). 

Taken together, further studies are warranted to assess the safety and efficacy of these 

antioxidants with regard to reproduction.   

1.3 The signaling molecules between oxidative stress and reproduction 

Oxidative stress arises from the imbalance between oxidants and antioxidants. This lead to the 

activation of a variety of signaling pathways, resulting in crosstalk between many transcriptional 

factors (TFs) in the body. These signaling molecules proved to have great significance in the 

etiology of reproductive diseases (Lu et al. 2018).   

Figure 1.2 shows the main ROS-induced signaling pathways associated with reproductive 

diseases, encompassing the p38 MAPK pathway, the Nrf2/Keap1 pathway, the JNK pathway, 

FOXO family, and apoptosis. According to Lu et al. (2018), each of the above-mentioned 

signaling molecules is not independently working but they will integrate forming various 

networks and conferring more complexity of signal molecule research. Oxidative stress during 

pregnancy, in addition to changes in TNF-α and progesterone levels, trigger a series of signaling 

pathways in cells through cAMP messanger, such as stimulation of the Keap1-Nrf2 signaling 

pathway, NF-κB signaling pathway, extracellular signal-regulated kinases (ERK) signaling 

pathway, then promoting an increase in cytokines and changes in antioxidant-related genes. 

Stress-activated c-Jun N-terminal kinase (JNK) phosphorylates cytoplasmic FOXO1 and 

promotes nuclear localization (Essers et al. 2004). FOXO1 induced apoptosis is achieved via the 

pro-apoptotic factor BIM (Dijkers et al. 2000). 
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Figure 1.2: The main ROS-induced signaling pathways associated with reproductive diseases 

(Lu et al. 2018). 

When progesterone is reduced, nuclear translocation occurs in FOXO1, and it is phosphorylated 

so excluded from the nucleus, where it is then ubiquitinated and degraded. Meanwhile, FOXO3 

is involved in these signaling pathways; When FOXO3 is increased, it promotes the binding of 

Keap-1/Nrf2, lowering the level of antioxidants (Guan et al. 2016). A study also revealed that 

FOXO3 is a positive regulator of NF-κB signaling pathway and found that FOXO3 activated NF-

κB by inducing expression of B-cell lymphoma/leukemia 10 (BCL10), an upstream regulator of 

IKK/NF-κB signaling, thereby enhancing cytokines production and apoptosis (Li et al. 2012). 

However the early study of Hu et al. (2004) showed that, IKKβ-mediated phosphorylation 

promotes nuclear exclusion and degradation of FOXO3 (Hu et al. 2004).  

In the next part we focused on two signaling molecules, involved in reproduction, to discuss 

profoundly: 

1.3.1 Nuclear factor erythroid 2-related factor 2 (Nrf2) 

Nrf2 is considered the master regulator of antioxidant, detoxification, and cell defense against 

different oxidative insults (Kobayashi et al. 2004). Under unstressed conditions, Nrf2 resides in 
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the cytoplasm sequestered by the Kelch-like ECH-associated protein 1 (Keap-1) which facilitates 

Nrf2 ubquitination and proteosomal degradation (Dinkova-Kostova et al. 2002). However, 

exposure to ROS mediates oxidation of critical cysteine residues contained in Keap1 enhancing 

the dissociation of the Keap-1/Nrf2 complex and the nuclear accumulation of Nrf2 (Kansanen et 

al. 2013). Afterwards, Nrf2 associates with small Maf proteins (sMaf) and binds to a cis-element 

called the antioxidant-response element (ARE) that are located in the promoter region of genes 

encoding a battery of cytoprotective enzymes namely phase II antioxidant enzymes, like 

superoxide dismutase (SOD), catalase, thioredoxin (Trx), heme oxygenase-1 (HO-1), glutathione 

peroxidase (GPx) and glutathione S-transferase (GST), which buffer the ROS, providing 

protection against the accumulation of toxic metabolites (Thimmulappa et al. 2002; Dinkova-

Kostova & Talalay 2008; Hirotsu et al. 2012). Nrf2-knockout mice were more vulnerable the 

toxicity of many chemicals and carcinogens such as acetaminophen, benzo[a]pyrene, diesel 

exhaust, and N-nitrosobutyl (4-hydroxybutyl) amine (Enomoto et al. 2001; Aoki et al. 2001; Iida 

et al. 2004; Aoki et al. 2007). 

1.3.1.1 Nrf2 and heavy metals 

Exposure to environmental toxic metals has been reported to induce ROS which are supposed to 

activate the Nrf2 pathway; the protective role of Nrf2 against many heavy metals as Cd and Mn 

has been shown (Casalino et al. 2007). The data from Massrieh et al. (2006); Wang et al. 

(2007b) and Lau et al. (2013) showed the upregulation of Nrf2 pathway in response to As-

induced stress in different human cell lines. Nrf2 also plays an important role in reduction of 

methyl mercury toxicity (Kumagai et al. 2013). Nrf2 nuclear translocation and activation was 

demonstrated after exposure to Cr in mouse Hepa1c1c7 cells (He et al. 2007). Moreover, Lewis 

et al. (2006) showed that Ni exposure increased Nrf2 nuclear accumulation in human THP1 

monocyte. On the contrary, a study of Simmons et al. (2011) revealed that Cr, Mn, and Ni did 

not stimulate Nrf2 activity in any cell model tested; however, at high concentrations, they 

induced apparent cytotoxicity that could be through a mechanism other than oxidative stress. 

Such differences in responses between cell models could be according to tissue, cell type, culture 

conditions and the experimental endpoint in addition to the pharmacokinetic of metals (Stohs & 

Bagchi 1995). Moreover, metals exert multiple effects on the Nrf2 pathway, including reduction 

of sulfhydryl groups in Keap-1, inhibition of proteasomal pathways and activation of MAPK and 

hence Nrf2 phosphorylation and upregulation of anti-oxidant genes (Simmons et al. 2011).  
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1.3.1.2 Nrf2 and reproduction 

The significant role of Nrf2 in pregnancy and in protecting the embryo from oxidative stress in 

the womb has been highlighted (Cheng et al. 2013). In normal pregnancy, the level of Nrf2 

declines only after term vaginal delivery revealing its importance for fetal survival. However, it 

significantly decreases and its binding to Keap-1 becomes stronger when the uterus is infected, 

since Nrf2 is sensitive to the maternal immunological status (Lim et al. 2015b; Sussan et al. 

2017). In preeclampsia, several studies described the decreased nuclear localization and hence 

activity of Nrf2 in placentas of both human and rats (Chigusa et al. 2012; Acar et al. 2014). This 

consequently assists the impact of ROS which impair the proliferation of placental trophoblasts 

and increase the risk of intrauterine growth retardation (IUGR) (Kweider et al. 2012). Deficiency 

of Nrf2 caused fetal DNA damage and neurological deficits, and also contributes to 

inflammation-induced trophoblastic apoptosis (Ishii et al. 2000; Cho et al. 2005).  

The importance of Nrf2 in maintaining the ovarian homeostasis and function was demonstrated 

by (Hu et al. 2006). It acts as a chemical sensor that protects the cells from ovotoxicants such as 

chemicals, carcinogens and pathogens (Dinkova-Kostova et al. 2002; Nguyen et al. 2004). 

Exposure to environmental or occupational toxicants could underlie ovarian destruction in 

animals or premature ovarian failure in human which is commonly associated with infertility 

(Hoyer & Sipes 1996). Deletion of Nrf2 was found to reduce the number of ovarian follicles and 

accelerates ovarian ageing in mice (Lim et al. 2015a). A recent study of Akino et al. (2018) 

showed that Nrf2 activation alleviated oxidative stress in human granulosa cells and raised the 

possibility to therapeutically target Nrf2 to combat the oxidative stress-induced fertility 

disorders. 

1.3.1.3 The dark side of Nrf2 

The dark side of Nrf2 activation was discovered in many cancerous cells including ovarian 

cancer (Marchan & Bolt 2013; Grossman & Ram 2013; van der Wijst et al. 2014). Preliminary 

studies demonstrate that deactivation of Nrf2 is as important as activation of Nrf2 (Niture et al. 

2014). Uncontrolled activation of Nrf2 detected in cancerous cells, provides an ideal 

environment for cellular growth against oxidative stress and chemotherapy (Wang et al. 2008). 

Although the cause is not fully understood, it is widely accepted that the sustained activity of 

Nrf2 in cancer is due to Keap-1 mutation that induces overactivation of Nrf2 and its downstream 
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genes in addition to inhibition of Nrf2 degradation (Ganan-Gomez et al. 2013; No et al. 2014). 

Besides, epigenetic modification in both Nrf2 and Keap1 may also activate Nrf2 as reported in 

various human malignancies (Muscarella et al. 2011; Barbano et al. 2013). 

1.3.2 Nuclear factor kappa B (NF-κB) 

NF-κB is a family of transcription factors composed of five subunits; RelA (p65), RelB, c-rel, 

p50 and p52, however, the term NF-κB is usually used to refer specifically to the ‗classical‘ 

p50/RelA (p65) heterodimer (Baldwin, JR 1996; Hayden & Ghosh 2004). The class I (p65, RelB, 

c-Rel) which contains a transactivation domain (TAD), has intrinsic ability to activate 

transcription. The class II (p50 and p52) lacks TAD so their homodimers generally repress 

transcription of target genes but their heterodimers with class I have transcriptional activity 

(Perkins 2007). It is known as pleiotropic agent that regulates immunity and inflammatory 

responses, angiogenesis, apoptosis, cell cycle, and cell proliferation (Shishodia & Aggarwal 

2004; Perkins 2004; Sethi et al. 2008). 

In the cytoplasm, NF-κB is bound to its inhibitory protein, inhibitors of NF-κB (IκBs) 

(Whiteside & Israel 1997). Upon stimulation with pro-inflammatory cytokines as interleukin IL-

1β and tumor necrosis factor TNF-α, viral infection, bacterial lipopolysaccharide (LPS) or ROS, 

IκB is phosphorylated by kinases (IKKs) or MAP kinases and degraded by proteasomes (Karin 

& Ben-Neriah 2000). This allows NF-κB translocation to the nucleus where it binds to a κB 

element located in the promoter regions of proinflammatory genes inducing their expression. 

Activated NF-κB also causes production of IκBα, which enters the nucleus, captures freed NF-

κB, and facilitates its export to the cytoplasm for termination of transcription (Hayden & Ghosh 

2004; Ferreiro & Komives 2010). The transcriptional activation of NF-κB depends also on the 

phosphorylation of its active subunit p65/RelA by IKK, along with the activation of a variety of 

other kinases (Viatour et al. 2005). Furthermore, the cysteine residue in position 62 in p50 which 

is essential for DNA binding is sensitive to oxidative modifications. While NF-κB activation and 

nuclear translocation are stimulated by oxidizing conditions, reducing condition is necessary for 

DNA binding (Bowie & O‘Neill 2000). The complexity of NF-κB response arose from the fact 

that, NF-κB subunits contain 300 amino-acid N-terminal domains, called the Rel homology 

domain (RHD), which is required for dimerization, DNA binding, nuclear translocation and IκB 

binding. 
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The composition of the NF-κB dimer (Figure 1.3) can even vary according to the cell type and 

the nature of activator. Since NF-κB is expressed in all mammalian cell types and there are 

diverse stimulants, the contradictory functions of NF-κB may vary, dependent on the cell type, 

the context and the onset of its activation (Muenchen et al. 2000; Saccani et al. 2003; Perkins & 

Gilmore 2006; Mincheva-Tasheva & Soler 2013). 

 

 

 

 

 

 

           

 

 

 

 

 

 

 

Figure 1.3: Nuclear factor NF-κB dimer pairs (Herrington et al. 2016) 

1.3.2.1 NF-κB and heavy metals 

NF-κB signaling with metals has different attitudes; Zn has been previously reported to inhibit 

the NF-κB pathway by binding directly to IKKβ (Liu et al. 2013). 

It is well established that acute ROS production can stimulate the NF-κB pathway. Knowing that, 

Cd can disrupt the oxidative balance within cells through generation of reactive oxygen species 

(ROS). However, Cd has been shown to inhibit the NF-κB pathway (Xie & Shaikh 2006; Cox et 

al. 2016). In contrast, Cd has been found to be an activator of NF-κB in acute exposure models 

that utilized higher Cd concentration (Freitas & Fernandes 2011). Nickel was shown to activate 

NF-κB in mice (Liu et al. 2015). Mercuric chloride was reported to enhance NF-κB signaling 

pathway in rat‘s liver (Zhang et al. 2017). 
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1.3.2.2 NF-κB and reproduction 

NF-κB is highly expressed in sertoli cells of murine testis where it regulates many genes 

involved in spermatogenesis (Delfino et al. 2003) but can also inhibit steroidogenesis (Hong et 

al. 2004). The role of NF-κB in ovarian cells has been observed, it has anti-apoptotic effects on 

rat corpus luteum and inhibits progesterone (P4) catabolism (Wang et al. 2002; Telleria et al. 

2004) but has no effect on P4 secretion in human luteal cells (Gonzalez-Navarrete et al. 2007). 

(Pavlova et al. 2011) reported that, NF-κB along with FSH regulates porcine ovarian functions 

including proliferation, secretory activities and apoptosis. It has been observed that aberrant NF-

κB/ IκBa signaling is  involved in both murine and bovine oocyte ageing, suggesting a role for 

age-related fertility decline (Patel et al. 2007; Tatone et al. 2008). NF-κB is involved in 

implantation, the menstrual cycle regulation and parturition in human (Cookson & Chapman 

2010). NF-κB can also regulate the endocrine functions in non-ovarian cells. It can induce 

prostaglandin (PG) production via upregulation of cyclooxygenase and prostaglandin E synthesis 

in human amnion mesenchymal cells (Sugino et al. 2004; Ackerman et al. 2008). NF-κB 

inhibited the expression of insulin-like growth factor-I (IGF-I) in hepatocytes (Buzzelli et al. 

2008).   

NF-κB is critical for embryonic development since p65 knockout mice died on E15 and p65/p50 

double knockout mice died on E13 due to the defects in hemopoietic liver progenitors 

(Grossmann et al. 1999). Almost all the NF-κB pathway members are detected in mouse 

embryonic, trophoblastic, and uterine cells. It was supposed that NF-κB, possibly through its 

anti-apoptotic effect, may guard the embryos against embryopathic stressors during 

organogenesis (Torchinsky & Toder 2004). Furthermore, the role of IκBα/NF-κB in bovine 

oocyte maturation and early embryogenesis has been shown, where NF-κB/p65-binding activity 

decrease during oocyte maturation then increases during EGA, suggesting a similar pattern of 

oocyte-to-embryo transition in human (Paciolla et al. 2011). NF-κB signaling is also important in 

regulating the early differentiation of stem cells including embryonic stem cells (Yang et al. 

2010), hematopoietic stem cell (Montano-Almendras et al. 2012), and mesenchymal stem cells 

(Cho et al. 2010). 

1.3.2.3 The dark side of NF-κB 



22   Chapter 1 
 

 

Like Nrf2, several lines of evidence demonstrated that NF-κB signaling acts as a double- edge 

sword (Perkins & Gilmore 2006; Yang et al. 2010; Mukherjee et al. 2015). Extensive studies 

have shown that nuclear transcription factor signaling pathway involving NF-κB could be 

responsible for either term or preterm labor since they have been implicated in the formation of 

pro-inflammatory and pro-labour mediators in human placenta (Lappas & Rice 2009; Lappas 

2012). NF-κB is also involved in many pregnancy maladies like pre-eclampsia and IUGR via its 

proapoptotic activity in the placental tropoblast (Aban et al. 2004; Vaughan & Walsh 2012). NF-

κB signaling is always activated whenever reproductive stress exist (Cindrova-Davies et al. 

2007). In endometriosis, the increased expression of NF-κB has been reported in vitro and in 

vivo (Sakamoto et al. 2003; Lousse et al. 2008).  

Another discrepancy has been observed in the role of NF-κB in cancer (Mukherjee et al. 2015). 

NF-κB induces a crosstalk between inflammation and cancer since the elevated NF-κB activity 

mediates pro-inflammatory cytokines and chemokines at the tumor site which contribute to the 

tumorigenic microenvironment (Luo et al. 2005; Terzic et al. 2010). Herein the role of NF-κB in 

cancer cells as a master regulator of cell proliferation, apoptosis, angiogenesis and metastasis 

was anticipated (Kim et al. 2006). In contrast, other experimental data suggest that NF-κB can 

have tumor suppressor effect in some circumstances which are not as fully understood as its 

tumor promoting roles cellular survival (Perkins & Gilmore 2006; Qin et al. 2007).  

Great efforts have been done by pharmaceutical companies to develop inhibitors of IKK and NF-

κB to treat inflammation, cancer and resistance to chemotherapeutic agents (Kim et al. 2006; 

Duncan et al. 2008; Lounnas et al. 2009; Umezawa 2011). Although about 700 of different NF-

κB inhibitors have been in vitro studied, very few of them has been present in the clinic 

(Herrington et al. 2016). This can be ascribed to the vast and complex range of biological 

activities of NF-κB making its therapeutic targeting a challenge (DiDonato et al. 2012). 

(Camandola & Mattson 2007) suggested the development of drugs targeting NF-κB in a cell-

specific manner. So, NF-κB inhibition should be specific, transient and highly reversible to avoid 

long-term immunosuppression (Baud & Karin 2009). It has been demonstrated that, murine 

macrophages and dendritic cells which are the central mediators of immunity, showed massive 

apoptosis after treatment with several IKK/NF-κB inhibitors. This was induced by ROS 

accumulation, which induces a loss of mitochondrial membrane potential and activation of 
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caspase signaling (Tilstra et al. 2014). While NF-κB inhibitors-mediated suppression of these 

cells is desired in cancer and inflammation management, prolonged NF-κB inhibition can be 

detrimental due to its important role in innate immunity and cellular hemostasis (Gupta et al. 

2010). Moreover, one should consider the complex molecular mechanisms that regulate either 

the oncologic or the therapeutic role of NF-κB (Herrington et al. 2016).  

1.3.3 Nrf2 and NF-κB cross-talk 

As mentioned before, each signaling molecule is not working independently but they will form 

networks and interactions between them, leading to the complexity of signal molecule research. 

Oxidative stress that occurs during reproduction activates many molecules, however the 

interaction among them is not fully understood (Lu et al. 2018).  

Though accumulating studies have been conducted to unravel the interplay between Nrf2 and 

NF-κB, discrepant results still remain. It was found that, the absence of Nrf2 can exacerbate NF-

κB activity leading to increased cytokine production and aggressive inflammation in murine 

astrocytes (Pan et al. 2012). Usually, phytochemicals like 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 as ischemia, LPS and cigarette smoke have been found to increase both Nrf2 and 

NF-κB activity (Wakabayashi et al. 2010, 2010; Meng et al. 2017). In addition, in vivo studies 

have showed that NF-κB activity is decreased in livers isolated from Nrf2−/− mice and NF-κB 

binding activity is lower in Nrf2−/− than in Nrf2+/+ mice (Yang et al. 2005). According to 

(Ganesh Yerra et al. 2013), Nrf2 and NF-κB pathways inhibit each other at their transcription 

level via protein–protein interactions or through secondary messenger effects. It is currently 

well-established that both positive and negative regulations exist between NF-kB and Nrf2/ARE 

pathways (Wardyn et al. 2015). 

As shown in Figure 1.4, Keap-1 was reported to suppress IKK activity either by ubiquitination or 

inhibiting its phosphorylation, thus inhibiting the activity of NF-κB (Lee et al. 2009) whereas, 

p65 helps to increase the abundance of nuclear Keap1 levels and diminish Nrf2/ARE activity 

(Yu et al. 2011). NF-κB also competes with Nrf2 for the transcriptional co-activator CBP which 

shows higher preference to NF-κB. Moreover, p65 suppress ARE by recruitment of the co-

repressor, HDAC3 allowing its interaction with CBP resulting in histone hypoacetylation (Liu et 

al. 2008). Meanwhile, HO-1 which is one of Nrf2- induced genes was found to inhibit NF-κB 
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related pathways (Soares et al. 2004). Nrf2 has many κB sites in its proximal promoter, which 

are subjected to binding and transcription initiation by p65 (Rushworth et al. 2012). It has been 

found also that the N-terminal region of p65 subunit of NF-κB is physically associated with 

Keap-1, and NF-κB not only interacted with cytosolic Keap-1 but also enhanced its nuclear 

translocation.  

This provides further mechanism for Nrf2-ARE inhibition by NF-κB (Yu et al. 2011).  The role 

of Nrf2/ NF-κB cross-talk is to maintain redox homeostasis in healthy cells (Wardyn et al. 2015). 

However, this regulation is disturbed during pathological conditions giving the opportunity for 

therapeutic intervention (Ganesh Yerra et al. 2013; Wardyn et al. 2015; Ahmed et al. 2017; 

Khurana & Sikka 2018). 

Figure 1.4: Molecular cross-talk between Nrf2 and NF-κB signaling pathways (Wardyn et al. 

2015). 
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1.4 Epigenetic modification by lead exposure 

1.4.1 Epigenetics and environment 

Epigenetics, or ―on top of genetics‖ as a literal meaning, is the study of heritable changes in the 

genetic expression without alterations in the underlying DNA sequence of a gene (Wolffe & 

Guschin 2000; Kanherkar et al. 2014). 

It is well-known that, the effect of environment on the cellular functions may occur on different 

levels. Environmental factors may disrupt the cellular functions on the level of signaling 

mechanisms, protein functions or apoptotic pathway, where these events are mainly due to ROS 

production as reported in previous studies (Flora et al. 2004; Avery 2011). Furthermore, the 

environmental agents may affect the genome directly inducing mutations that could result in 

disruptions in the cell function or could pass without any phenotypic alterations (Crow 2000). 

Although such mutations are responsible for genetic diseases affecting human, their incidence is 

relatively low (Wallace 2010). McCarrey (2012) showed that not all environmental toxins are 

able to induce genetic mutation suggesting that there should be other molecular mechanisms 

explaining the gene-environment interactions far from the alterations in genomic sequence. So 

epigenetic processes are often the mechanistic link by which a phenotypic change could exist in 

response to the environment and the change in gene expression (Bollati & Baccarelli 2010). 

Abnormal epigenetic mechanisms can result in alterations in gene expression patterns, these 

epigenetic aberrations can lead to pathological consequences (Crews et al. 2014). Epigenetic 

traits, including modifications of DNA methylation, histone proteins, and the action of 

noncoding RNAs, all contribute to regulating activation or repression of gene expression (Lewis 

et al. 2005; Richards 2006). 

1.4.2 Lead as epigenetic modifier 

Several experimental and epidemiological studies have identified gene–environment interactions 

and epigenetic regulations to have a plausible role in modification of the harmful and long-

lasting effects of Pb (Zheng et al. 2011; Mitra et al. 2017). The studies of Bihaqi et al. (2011); 

Dosunmu et al. (2012) and Eid & Zawia (2016) reported Pb as epigenetic modifier responsible 

for the latent incidence of neurobehavioral disorders like Alzheimer's disease in both animal 

models and human. Fetal Pb exposure has been found to inversely associate with global DNA 

methylation in the cord blood (Pilsner et al. 2009). Lead has been also reported to inhibit TET 



26   Chapter 1 
 

 

enzyme family by oxidative damage (Senut et al. 2012). Similarly, (Schneider et al. 2013) 

reported that hippocampal DNMTs where affected by developmental Pb exposure in animal 

model. Moreover, Pb has showed to modify the methylation of some genes, for example, it 

induces hypermethylation of ALAD gene and downregulation of ALAD transcription (Li et al. 

2011). In vitro Pb exposure of human embryonic kidney cell line showed change in the 

differentially methylated region (DMR) regulating some imprinted genes such as IGF-2 and 

PEG1/MEST (Nye et al. 2015). 

Luo et al. (2014) demonstrated an increase in the level of histone acetylation in brain of Pb 

exposed rats, and concluded that this perturbation in histone proteins could be the underlying 

cause for Pb mediated attention deficit hyperactivity disorder. However, the alteration of histone 

modification under Pb exposure has not been observed in human yet (Mitra et al. 2017).  

Recently, Sanders et al. (2015) showed several miRNA in cervical swabs from 60 pregnant 

women and identified their association with bone and BLL. While the expression of miR-297 

and miR-188 increased in association with BLLs, six miRNAs (miR-320e, miR-22, miR-93, 

miR-769, miR-425, and miR- 361) decreased and miR-297 increased associated with patellar Pb 

level. In the rat model, a set of miRNA related to neurodegenerative diseases has been changed 

due to chronic Pb exposure, for example, increased expression of miR-211, miR-204, miR-448, 

miR-34b, miR-449a, and miR-34c with decreased expression of miR-49 (An et al. 2014). 

1.4.3 Transposable elements 

DNA methylation could be investigated either in specific genes or using genome wide 

methylation markers such as methylation within transposable elements (TEs) (Roman-Gomez et 

al. 2005; Bollati et al. 2007; Pilsner et al. 2007). TEs are highly repetitive DNA sequences, 

occupying at least half of the human genome (Koning et al. 2011), derived from remnants of 

either viral DNA (transposons) or viral RNA (retrotransposons) that were incorporated into the 

human genome over evolutionary history (Carnell & Goodman 2003; Wallace et al. 2008). They 

have been called jumping genes because of their ability to move through the host genome 

(McClintock 1984; Hancks & Kazazian 2012). Unlike DNA-transposons that move by ―cut and 

paste mechanism‖ occupying about 3.2 % of the human genome, retrotransposons move by 

―copy and paste mechanism‖ and they are the most abundant TEs in the mammalian genomes. 
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(Chalopin et al. 2015). Retrotransposons are further divided into autonomous long terminal 

repeat (LTR) and the non-LTR containing retrotransposons. LTR are endogenous retro virus 

(ERVs) ranging from 100 bp to 5kb comprising 8.6% of the human genome and are considered 

fossils of ancient retroviruses (Bannert & Kurth 2006; Jern & Coffin 2008). ERVs are 

transcriptionally active in mice but not in human except under some pathological conditions 

(Munoz-Lopez et al. 2016). Non-LTR retrotransposons include the autonomous long 

interspersed nuclear elements (LINEs) which comprise 17-25% of the human genome and the 

non- autonomous short interspersed nuclear elements (SINEs), occupying 12.8 % of the human 

genome (Kazazian 2004). The term autonomous here indicates the property of self-sufficiency 

for transposition (Carnell & Goodman 2003). 

LINE-1 (L1) is the prime non-LTR retrotransposon since it occupies a substantial proportion of 

the genome, it is also active in both mouse and human, and mediates the transposition of SINEs 

by LINE-1 encoded proteins (Dewannieux et al. 2003). The human genome encompasses more 

than 100,000 copies of LINE-1 elements most of them are defective due to truncation or 

mutation, however about 3000 elements are complete of which 300 are transcriptionally active 

―hot‖ (Brouha et al. 2003). It was believed that L1 are just ―junk DNA‖ with no biological 

functions until their critical roles have been established for human development, genome 

stability, tissue differentiation and gene expression (Belancio et al. 2009). Furthermore, some 

newly inserted L1s were found to be highly polymorphic and specific to a few individuals, 

suggesting that L1 elements may contribute to the susceptibility of individuals to develop disease 

over other (Beck et al. 2010; Huang et al. 2010).  

As shown in Figure 1.5, a typical L1 element has two internal promoters at their 5‘ end, two non-

overlapping open reading frames (ORF1 and ORF2), and a 3′ untranslated region that ends with 

a poly (A) tail (Becker et al. 1993; Beck et al. 2011). TEs are known to be harmful to the host 

genome due to their transposition which may induce DNA breakage, mutational insertions and 

chromosomal rearrangement that contribute to tumor initiation and progression (Iskow et al. 

2010; Criscione et al. 2014). Consequently, the host strives to regulate their expression by many 

mechanisms at DNA, RNA and protein levels. However, the central mechanism to govern 

transposition is the DNA methylation at TEs promoters (Bourc'his & Bestor 2004; Barchitta et 

al. 2014).  
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The L1 promoter contains numerous CpG islands which are extensively methylated to hinder 

their expression and maintain the genome integrity (Liang et al. 2002). The loss of methylation 

has been associated with reactivation of retrotransposons and consequently with altered 

chromosome integrity and modified gene expression by insertion events which characterizes a 

large percentage of human neoplasms (Ross et al. 2010; Jones 2012). So studying DNA 

methylation patterns of L1 could be an informative and cost effective method to evaluate the 

relation between methylation profile and exposure to environmental factors (Wang et al. 2010). 

Moreover, the role of L1 repeats as a surrogate marker for global DNA methylation in human 

genome has been proposed by many authors (Yang et al. 2004; Cordaux & Batzer 2009; Huen et 

al. 2016).  

Figure 1.5: The mechanism of LINE-1 (L1) transposition (Miousse et al. 2015) 
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1.4.4 Lead impact on the expression of transposable elements  

The early study of (Pilsner et al. 2009) showed a decrease in TEs (LINE-1 and SINE) 

methylation in cord blood DNA associated with maternal exposure to Pb. Similarly, (Wright et 

al. 2010) found that exposure to Pb has also been associated with alterations in DNA methylation 

in peripheral blood specially L1 element. They considered changes in L1 methylation as a 

biomarker of past Pb exposure. In vitro exposure of human embryonic kidney HEK293 cells to 

Pb for 24 and 48 hours elicited a significant loss of L1 methylation (Li et al. 2013). These results 

were further confirmed in a case-control study involving workers occupationally exposed to Pb 

in a battery plant that reported a significant hypomethylation of blood L1 as compared to healthy 

volunteers (Li et al. 2013). A recent study revealed the ability of Pb to induce alteration in DNA 

methylation of a member of ERVs family, IAP in different tissues of a murine model (Montrose 

et al. 2017). 

1.5 Bovine as model for human 

In the field of reproductive toxicology, most of data are obtained from case studies, clinical 

analyses and in vivo tests with rodents (Bremer et al. 2007). In human, studies of environmental 

exposure are usually not experimental but observational which lack the significant number of 

samples (Bellinger 2004). The use of in vivo assays studies to test the safety of many thousands 

of chemicals, requires large numbers of animals making an unsolved debate many years ago 

(Lorenzetti et al. 2011), since about 70 % of animals used in toxicological studies are only for 

reproductive toxicological  assays (Spielmann 2009). Moreover, rat and mice are not the most 

suitable models for human, especially when considering oocyte maturation and fertilization 

(Menezo & Herubel 2002). Although, alternative and novel assays have been developed 

including computational and integrative in vitro tests using embryonic stem cells and cell lines, 

they are still unsatisfactory (Piersma et al. 2013). Due to the complicated nature of reproductive 

cells such as oocytes, they cannot be easily mimicked by somatic cells (Li & Albertini 2013). 

The oocytes with their surrounding cumulus cells have to undergo maturation, which is critical 

process involving oocyte meiosis. Furthermore, oocytes are susceptible to epigenetic 

modifications that may interfere with fertilization and subsequent early embryo development 

(Sirard 2012). A recent use of humanized mice to study many human-specific pathogens has 

been encouraged; however translational studies in these animals are not indicative when 

considering female reproduction. Beside, oocyte maturation and fertilization in mice are difficult 
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to be genetically changed to be humanized (Brehm et al. 2013). A growing body of evidence 

from different studies revealed the possibility to apply reliable toxicity screening methods, by 

using bovine or porcine as models for human in vitro IVM, IVF as well as  embryo production 

(Campagna et al. 2007; van Beker Woudenberg et al. 2012). The ovaries of both bovine and 

porcine models are just leftover organs obtained from slaughterhouse as animals enter the food 

production chain. So the problem of using large number of animals for reprotoxic testing can be 

diminished (Magnusson 2005). In addition, these farm animals are supposed to rear on grass or 

locally made fodder, so they can serve as good biomonitor for environmental contamination 

(Lopez Alonso et al. 2004).  

The early work of (Malhi et al. 2005), validated the use of the bovine model to study 

reproductive aging in women and concluded that cow is a sound model to investigate conserved 

ovarian and endocrine functions since the obtained results were similar to those reported for 

women approaching menopause. Oocyte maturation process differs greatly among species, 

where it takes several weeks in mice (Wassarman & Litscher 2012), but several months in 

bovine, porcine and human (Driancourt 2001, 2001; Baerwald et al. 2012). When comparing the 

oocyte diameter and the time to reach the 2-cell stage and blastocyst, they were found to be 

similar between human, porcine and bovine, but shorter in mice (Santos et al. 2014). The 

interactions between embryo and the corpus luteum are similar in cows and humans (Menezo & 

Herubel 2002). The process of DNA methylation which is indispensable for human embryo 

development shows a higher degree of structural similarity with bovine than mouse (Vassena et 

al. 2005; Rodriguez-Osorio et al. 2010). With regard to intrinsic paternal and maternal regulatory 

processes, bovine and human preimplantation embryos look similar (Bilodeau-Goeseels 2011).  

1.6 Objective and rational of the study 

The female reproductive system is greatly affected by exposure to environmental toxicants which 

impairs different aspect of reproduction starting from gametes formation till embryo 

development. Lead being one of the reproductive toxicants, is believed to induce oxidative stress 

resulting in its pathophysiology. However our knowledge of its impact on Nrf2 and NF-κB 

signaling molecules is still low. The role of Pb as epigenetic modifier has been recently clarified 

by many authors that could further be added to its mode of actions. In addition, the data on the 

effect of Pb on bovine model are scarce.  
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Finally, the possibility to protect the pregnant female from Pb exposure using antioxidant 

prophylactic therapy could be a matter of concern to guard against Pb toxicity especially in Pb 

exposed areas. 

1.6.1 Hypothesis 

Lead-induced oxidative stress may affect the Nrf2 and NF-κB dynamic cross-talk which 

subsequently perturb embryo development.   

1.6.2 Objectives of the study 

- To study the effect of Pb on bovine granulosa cells in vitro and its association with Nrf2 and 

NF-κB pathways (Chapter 2).   

- To study the response of bovine preimplantation embryo to stage specific exposure to Pb 

(Chapter 3). 

- To study the effect of in utero Pb exposure and the possibility to use antioxidant (taurine) as 

prophylactic agent against Pb toxicity using rat model (Chapter 4). 
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2.1 Abstract 

Lead (Pb), one of the pervasive and protracted environmental heavy metals, has been believed to 

affect the female reproductive system by inducing oxidative stress. The Nrf2 and NF-κB are the 

two key transcriptional factors (TFs) regulating cellular redox status and response against stress 

and inflammation, respectively. The aim of this study was to investigate the impact of Pb on 

bovine granulosa cells (GCs) and its association with the cross-talk between Nrf2 and NF-κB.  

For this, bovine GCs were cultured in vitro and exposed to different doses of lead acetate (1, 2 or 

3 µg/ml) for 2 hours. Results showed that exposure of GCs to Pb induced ROS accumulation and 

protein carbonylation, in addition to cell cycle arrest at G0/G1 phase, reduction in cell viability 

and decrease in the expression of cell proliferation marker genes (CCND2 and PCNA). 

Moreover, Pb elicited downregulation of 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 pro-apoptotic gene (caspase-3) while the anti-apoptotic 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 

Keywords:  

Lead, granulosa cells, Nrf2, NF-κB, ROS, endoplasmic reticulum, apoptosis.  

2.2 Introduction 

Lead (Pb) is a widespread naturally occurring toxic heavy metal that has a broad spectrum of 

industrial applications (Sanders et al. 2009). Due to its non-biodegradable nature, Pb extends its 

abundance in the environment and constitutes a persistent public health problem throughout the 

world, despite extensive efforts to reduce its use (Ahamed & Siddiqui 2007). Reproductive and 

developmental toxicity of Pb have been demonstrated in both males and females of experimental 

animals and human (Pant et al. 2003; Qureshi et al. 2010; Vigeh et al. 2011). Lead can 

accumulate in testes, epididymis and seminal vesicle inducing adverse effects on 

spermatogenesis, prostatic function, sperm count and motility (Shan et al. 2009; Chowdhury 

2009). Moreover, the impact of Pb on female reproduction is more profound and even could 

exceed other environmental toxins, it has been documented to cause infertility, miscarriage, 

pregnancy hypertension, premature delivery and preeclampsia (Seyom et al. 2015; Bayat et al. 
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2016). Experimental studies have detected Pb in the follicular fluid of many species, in human 

(Paksy et al. 2001), in cattle (Swarup et al. 2005), in sheeps (Bires et al. 1995) and in mouse 

(Taupeau et al. 2001). Ovarian accumulation of Pb irreversibly impaired folliculogenesis, with 

high rate of atresia, decreasing the number of the primary follicles in mice (Taupeau et al. 2001, 

2001; Sharma et al. 2012). The effect of Pb as endocrine disruptor was also documented, as it 

could interrupt several points along the hypothalamic–pituitary–gonadal (HPG) axis, inducing 

disruption of the gonadal function and reproductive hormones (Doumouchtsis et al. 2009; Pillai 

et al. 2010). Moreover, 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 mechanism, oxidative stress could be 

implicated in the pathophysiology of Pb toxicity (Flora et al. 2012). According to (Sharma et al. 

2012), Pb-induced oxidative stress is responsible for ovarian dysfunction and poor fertility 

outcomes. 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 significance in the etiology of reproductive diseases (Bolisetty 

& Jaimes 2013; Lu et al. 2018). The Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and 

Nuclear factor-kappa B (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 (Kang et al. 2005; 

Zhang et al. 2013). Deletion of Nrf2 was reported to reduce the number of ovarian follicles and 

accelerate ovarian ageing in mice (Lim et al. 2015).  

Moreover, the NF-κB is a pleiotropic factor, which plays important roles in immunity and 

inflammation. In addition, it is involved in regulating other processes, including development, 

cell growth, survival, and proliferation (Vallabhapurapu & Karin 2009). The role of NF-κB in 

ovarian cells has been observed, it has anti-apoptotic effects on rat corpus luteum and inhibits 

progesterone (P4) catabolism (Wang et al. 2002; Telleria et al. 2004). Pavlova et al. (2011) 

reported that, NF-κB along with FSH regulates porcine ovarian functions such as proliferation, 

secretory activities and apoptosis. Furthermore, pharmacological animal studies showed a 
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potential crosstalk between Nrf2 and NF-κB pathways, this crosstalk defines the cellular 

response to different environmental insults (Li et al. 2008; Wardyn et al. 2015; Lu et al. 2018). 

Ovarian granulsa cells (GCs) are sensitive to reactive oxygen species (ROS) and can protect 

oocytes from oxidative damage 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, little is known about the effect of Pb on bovine GCs, with regard 

to role of both Nrf2 and NF-κB. Meanwhile; the Center for Disease Control and Prevention 

(CDC), stated that there is no safe level for Pb exposure especially in case of pregnancy or 

developing embryos (Chandramouli et al. 2009; Taylor et al. 2013). So in the current study, we 

exposed bovine GCs to Pb once for just 2 hours, and 24 hours after changing Pb-containg media, 

we investigated whether GCs recovered from Pb insult or the effect of Pb persisted to distress 

GCs. We postulate that Pb exposure affects in vitro cultured bovine GCs proliferation via 

perturbation of Nrf2/ NF-κB.  

2.3 Materials and methods 

2.3.1 Collection of ovaries and granulosa cells 

Bovine ovaries were collected from a local slaughter house and transported to the laboratory in 

thermo flask containing warm physiologic saline solution (0.9 % NaCl) within 2 hours of 

collection. Ovaries were processed as described previously by (Gebremedhn et al. 2015). Upon 

arrival, ovaries were first washed three times with pre-warmed 0.9 % NaCl solution. Then they 

were rinsed in 70 % warm ethanol for 30 seconds, followed by additional washing three times 

with warm 0.9 % NaCl. Aspiration of follicular contents was done from small healthy follicles 

(with a diameter of 3-5 mm) using 18-gauge sterile  needle (B-Braun, Germany) and transferred 

into a 15 ml sterilized Falcon tube (Thermo  Fisher Scientific, Germany) containing warm PBS 

(without Ca and Mg). The cumulus oocyte-complexes (COCs) and cellular debris were allowed 

to settle down while the upper suspension containing the GCs was carefully transferred into 15 

ml tubes and centrifuged at 750 rpm for 7 minutes. The supernatant follicular fluid was 

discarded, and GCs pellets were re-suspended in 1 mL red blood cell (RBC) lysis buffer for 1 

minute. The pellets were then washed twice with DMEM/F-12 Ham (Roth, Karlsruhe, Germany) 

culture medium supplemented with 10 % fetal bovine serum (FBS) (Sigma-Aldrich, Germany) 

and centrifuged. The GCs were re-suspended in DMEM/F-12 Ham (Roth, Karlsruhe, Germany) 
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culture media supplemented with 10 % FBS (Sigma-Aldrich, Germany). Cell viability was 

determined via trypan blue exclusion method. 

2.3.2 Granulosa cell culture  

Granulosa cells (2x10
5
 cells per well) were seeded in a 24-well plate (Starlab, Hamburg, 

Germany) with 600 µl of culture media per well comprised of DMEM/F-12 Ham (Roth, 

Karlsruhe, Germany) supplemented with (10 % FBS, 1 % penicillin-streptomycin, and 1 % 

Amphotericin, Sigma-Aldrich, Germany). After the cells were grown to 70 % confluency at 37
° 

C under 5 % CO2 in humidified air, cells were exposed to different concentration of lead acetate 

(1, 2, 3, 5, 10 µg/ml) (Sigma-Aldrich, Germany) for 2 hours under culture condition. Based on 

phenotypic evaluation of treated cells, three concentrations (1, 2 and 3 µg/ml) were chosen for 

further investigations in addition to untreated cells (control). Cultured GCs were harvested using 

0.25 % trypsin-EDTA (Sigma-Aldrich, Germany) 24 hours after treatment and kept under -80°C 

for further use.  

2.3.3 Cell proliferation assay 

2x10
4
 of GCs were cultured in 96-well plate containing 100 µl of medium and after sub-

confluency, cells were treated with lead acetate. Cell viability was assessed using a Cell 

Counting Kit-8 (CCK-8) (Dojindo EU GmbH, Germany) for both treated and untreated cells 

(control). Briefly, 24 hours post treatment, 10 µl of CCK-8 solution was added to each well, and 

the plates were incubated for 4 hours at 37
o 

C in 5 % CO2 in humidified air. The optical density 

(OD) of released formazan dye, which is proportional to the number of living cells was measured 

at a wave length of 450 nm using Synergy™ H1 Multi- Mode Reader (BioTek Germany, 

Germany). Blank measurements were obtained from wells containing only culture medium and 

used for normalization.  

2.3.4 Detection of intracellular ROS accumulation  

The intracellular levels of ROS were measured by loading GCs with H2-dichlorofluorescein 

diacetate (H2DCF-DA) (Life Technologies, Germany). Dichlorofluorescein diacetate (DCF-DA) 

is taken up by cells, is cleaved to DCF by intracellular esterases, and is oxidized in the presence 

of ROS to DCF. The H2DCF-DA probe was freshly reconstituted in DMSO before loading. In 

brief, 2x10
4 

cells per well were cultured in 96-well plate till confluency The cells were loaded 

with 50 µl of freshly prepared 75 μM H2DCF-DA in serum free medium for 20 min at 37° C in 
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dark. Then the H2DCF-DA containing medium was removed, cells were washed twice with PBS
 

and imaged using Leica DM IRB inverted microscope (Leica, Bensheim, Germany). Images 

were analyzed using imageJ 1.48v (National Institutes of Health, Bethesda, MD, USA). 

2.3.5 Analysis of cell cycle using flow cytometry 

Cultured granulosa cells were harvested 24 hours after treatment in a 15 ml Falcon tube (Thermo 

Fisher Scientific, Germany), and washed twice with 1x PBS. A minimum of ~1x10
6
 cells were 

fixed in ice-cold 70 % and ethanol and kept at 4
o 

C overnight. Ethanol was discarded after 

centrifugation, and the cell pellets were washed twice with 500 µl of 1x PBS then re-suspended 

in 500 µl of 1x PBS containing 50 µg/ml of propidium iodide (PI, ab14083) and 50 µg/ml of 

RNase for 30 minutes at 37
o 

C. GCs relative number in different phases was determined by 

LSRFortessa™ Flow cytometer (BD Biosciences, USA) using ModFit LT software 

(http://www.vsh.com/products/mflt/index.asp) and the percentages of cells calculated in G0/G1, S 

and G2/M phases of the cell cycle. 

2.3.6 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. Annexin V binds phosphatidylserine residues, which are translocated from the 

inner to the outer leaflet of the plasma membrane early in apoptosis (van Engeland et al. 1996). 

However, PI will stain double-stranded nucleic acids from cells lacking intact plasma 

membranes (necrotic nonviable). Detached cells of all treatments were collected with the 

supernatant media, pelleted by centrifugation and washed with cold PBS. The adherent cells 

were then harvested via trypsnization centrifuged and washed with PBS. Detached and adherent 

cells pellets were pooled and resuspended in 200 µl Assay Buffer. Afterward, 2 µl of 100X APC-

annexin V and 2 µl 100X PI were added into the cells for 20 minutes at room temperature in 

dark. Additional 200 µl of Assay Buffer were added to increase the volume of cells before 

analyzing with LSRFortessa™ Flow cytometer (BD Biosciences, USA). Data was processed 

using FACSDiva 6.1.3 software (Becton Dickinson).  

 

http://www.vsh.com/products/mflt/index.asp
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2.3.7 Extraction of total RNA and cDNA synthesis 

Total RNA was isolated using miRNeasy mini kit (Qiagen, Hilden, Germany) according to the 

manufacturer‘s instruction. Genomic DNA contamination was removed by on-column DNA 

digestion using RNase-free DNase (Qiagen GmbH, Hilden, Germany). The purity and 

concentration of total RNA were assessed by a Nanodrop ND-8000 (NanoDrop technologies). 

The RNA was then reverse transcribed using cDNA Synthesis Kit (Thermo Fisher scientific, 

Germany) according to the manufacturer‘s instruction. The concentration of RNA was adjusted 

using RNase free water to a final volume of 10 μl. Briefly, oligo (dT)18 and Random primer (0.5 

μl each) were added to each RNA sample and incubated for 5 min at 65° C. Then other 

components were added to the mixture, RiboLock RNase Inhibitor (1 µl); 5× RT Buffer (4 μl); 

dNTP mix (2 μl), Revert Aid Reverse Transcriptase Enzyme mix (2 μl) and incubated for 5 min 

at 25° C followed by 60 min at 37° C and the reaction was terminated by heating at 70° C for 5 

min. The resulting cDNA samples were stored in –20° C until further use.  

2.3.8 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). All samples were run in triplicates. The qRT-PCR were performed in a reaction 

volume of 20 µl with 7.4 µl of dd H2O, 0.3 µl of forward and reverse primers, 10 µl of 1x SYBR 

Green master mix (Bio-Rad Laboratories GmbH, Germany), and 2 µl of cDNA template. The 

thermal cycling conditions were: pre-heating for 3 minutes at 95
o
 C, then 40 cycles of 

amplification at 95
o 
C for 15 s, and 1 minute at 60

o
 C. Gene-specific primers were designed using 

Primer3web version 4.0.0 (http://bioinfo.ut.ee/primer3/ Primer3web version 4.0.0 

(http://bioinfo.ut.ee/primer3/) and Primer blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) 

(Table 2.1). 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 & Schmittgen 2001) and the 

expression levels of β- Actin and GAPDH housekeeping genes were used for normalization. 

 

http://bioinfo.ut.ee/primer3/
http://bioinfo.ut.ee/primer3/
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Table 2.1: Details of primers used in qPCR: 

Gene Primer sequence 
Size 

(bp) 
Accession Number 

BAX 

F: 5´- ACTCTCCCCGAGAGGTCTTT-3´ 

R: 5´- GGGTGTCCCAAAGTAGGAGA-3´ 

248 NM_173894.1 

BCL-2 

F: 5´- TCTTTGAGTTCGGAGGGGTC-3´ 

R: 5´- ATGCTAGGGCCATACAGCTC-3´ 

169 NM_001166486.1 

Caspase-3 

F: 5´- TGCCACTGTATCAGGGAACA-3´ 

R: 5´- TGCTCAGCACAAACATCACA-3´ 

185 NM_001077840.1 

CAT 

F: 5´-TGGGACCCAACTATCTCCAG-3´ 

R: 5´-AAGTGGGTCCTGTGTTCCAG-3´ 

178 NM_001035386.1 

CCND2 

F: 5´-CGACTTCATCGAACACATCC-3´ 

R: 5´-ATCTTTGCCAGGAGATCCAC-3´ 

234 NM_001076372.1 

CHOP 

F: 5´- GCCAAAATCAAAGCCGGAAC-3´ 

R: 5´- GTCCTCATACCAGGCTTCCA-3´ 

172 NM_001078163.1 

GAPDH 

F: 5´-CCCAGAATATCATCCCTGCT-3´ 

R: 5´-CTGCTTCACCACCTTCTTGA-3´ 

185 NM_001034034 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_173894.1?report=genbank&log$=nucltop&blast_rank=3&RID=KT50TY81015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001077840.1?report=genbank&log$=nucltop&blast_rank=2&RID=KPKTBX9Z015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001078163.1?report=genbank&log$=nucltop&blast_rank=2&RID=KT303M6S014


Chapter 2   41 
 

 

GRP78 

F: 5´- AACACAGTCTTCGACGCCAA-3´ 

R: 5´- TTGCCCACCTCCAACATCAA-3´ 

141 

 

 

XM_024998380.1 

HO-1 

F: 5´- GCTATGTTCAGCGACTCCAG-3´ 

R: 5´- GGGGTCATCTCCAGAGTGTT -3´ 

241 NM_001014912.1 

IKK 

F: 5´-AGAGCGAGATGGACATTGTG-3´ 

R: 5´- TGTTCAGGACATGAAGCAGC-3´ 

237  NM_174353.2 

Keap-1 

F: 5´-TCACCAGGGAAGGATCTACG-3´ 

R: 5´-AGCGGCTCAACAGGTACAGT-3´ 

199 NM_001101142.1 

NF-κB 

F: 5´-AATTTGGGAAGGATTTGGAG-3´ 

R: 5´- CTGTCGTTTCCTTTGCACTT-3´ 

217 NM_001076409.1 

Nrf2 

F: 5´-CCCAGTCTTCACTGCTCCTC-3´ 

R: 5´-TCAGCCAGCTTGTCATTTTG-3´ 

165 NM_001011678 

PCNA 

F: 5´-CACCAGCATGTCCAAAATAC-3´ 

R: 5´-CTGAGATCTCGGCATATACG-3´ 

240 NM_001034494.1 

SOD 

F: 5´-TGCCATCGTGGATATTGTAG-3´ 

R: 5´-GCAATTCCAATTACACCACA-3´ 

174 NM_174615 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_001014912.1?report=genbank&log$=nucltop&blast_rank=9&RID=KPJZRARM015
https://www.ncbi.nlm.nih.gov/nucleotide/NM_174353.2?report=genbank&log$=nucltop&blast_rank=1&RID=KT3C6HX7014
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Thrx 

F: 5´-AGCTGCCAAGATGGTGAAAC-3´ 

R: 5´-ACTCTGCAGCAACATCCTGA-3´ 

215 NM_173968.3 

TNF-α 

F: 5´-CTTCCACCCCCTTGTTCCT-3´ 

R: 5´- AGGCGATCTCCCTTCTCCA-3´ 

187 NM_173966.3 

β -Actin 

F: 5´-TGTCCACCTTCCAGCAGAT-3´ 

R: 5´-TCACCTTCACCGTTCCAGT-3´ 

249 NM_173979 

 

2.3.9 Western blot analysis 

Whole cell protein lysate was prepared from bovine granulosa cell samples using 1x passive lysis 

buffer (Promega GmbH, Mannheim, Germany). Protein concentration was verified using the 

Bradford method and equal amounts of protein lysate (30 µg) were resolved with 4–18 % 

gradient SDS-polyacrilamide gel and transferred onto a nitrocellulose membrane (Whatman-

protran, Germany). Ponceau S staining was used to confirm consistent transfer of proteins. To 

block the non-specific binding sites, the membranes were incubated in 1x Roti-Block blocking 

solution (Carl Roth, Germany) for 1 hour at room temperature. They were then incubated 

overnight at 4
o 

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 antibody (1:250 dilution; sc-1050, Santa Cruz Biotechnology, Germany), anti-catalase 

rabbit polyclonal antibody (1:500 dilution; LS-B1441) and anti-β-Actin mouse monoclonal 

antibody (1:500 dilution; Santa Cruz Biotechnology, Germany), as an internal  control. After 

washing with Tris-Buffered Saline with Tween 20 (1x TBST), the membranes were incubated 

with horseradish peroxidase (1:5000 dilution; Santa Cruz Biotechnology, Germany), goat anti-

rabbit, donkey anti-goat or goat anti-mouse secondary antibodies for 1 hour at room temperature. 

Afterwards, membranes were washed with 1x TBST and protein bands were visualized with 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_173966.3?report=genbank&log$=nucltop&blast_rank=1&RID=KSZ6DBW201R
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enhanced chemiluminescence using Clarity Western ECL Substrate (Bio-Rad, USA) and 

acquired using Gel Doc XRS+ imaging system (Bio-Rad, Germany). 

2.3.10 Oxyblot procedure 

Oxidized Protein Western Blot Detection Kit (ab178020) was used for detection of carbonyl 

groups introduced into proteins by oxidative reactions, according to the manufacturer's 

instructions with minor modifications as described elsewhere (Kriebardis et al., 2006). Briefly, 

DNPH derivatization was carried out on equal amounts (5 μg) of proteins, for 10 min at room 

temperature. Following neutralization, the sample mixtures were separated by SDS-PAGE then 

transferred to nitrocellulose membranes. The nonspecific protein binding was blocked by 

incubation with 5 % non-fat milk dissolved in PBS containing 0.1 % Tween 20. Thereafter, the 

proteins were incubated with a primary anti-DNP rabbit antibody (1:5000 dilution) specific for 

the 2,4-dinitrophenol group (DNP moiety of the proteins) and a peroxidase-labelled secondary 

antibody goat anti-rabbit (1:5000 dilution), appropriately diluted in blocking buffer, for 1 hour 

each. After the blots were developed using enhanced chemiluminescence reagent kit, the images 

were acquired using Gel Doc XRS+ imaging system (Bio-Rad, Germany). Due to the sample 

processing procedure for protein carbonylation analysis, it was not possible to re-probe 

membranes for a loading control. Therefore equal protein loading of samples was verified with 

use of Panceau S stain. 

2.3.11 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 washed three times in phosphate- buffered saline (PBS), and then fixed 

overnight at 4
ο 

C in 4 % (w/v) paraformaldehyde in PBS. Fixed cells were washed twice with 

PBS Tween 20 (PBST), 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 hour at room temperature, followed by incubation with 

specific primary antibodies against Nrf2 (1:100 dilution, orb11165, Biorbyt) or NF-κB (1:100 

dilution, orb11118, Biorbyt, UK) overnight at 4
ο 

C. Then, cells were washed three times with 

PBS and further incubated at room temperature for 2 hours in the dark with Alexa Fluor 568-

conjugated goat anti-rabbit secondary antibody (1:300 dilution, A-11011, Life Technologies). 

The secondary antibody without the primary antibody was used as negative control. A droplet of 
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Vectashield mounting medium (Vector Laboratories, USA) containing 4‘, 6-diamidino-2-

phenylindole (DAPI) was used to stain the nuclei. Finally the slides were mounted, and samples 

were visualized under a CLSM LSM-780 confocal laser scanning microscope (Zeiss, Germany; 

magnification 20 x; Scale bar 50 µm) and analyzed using imageJ 1.48v. 

2.3.12 Statistical analysis 

Data obtained from all groups were compared statistically by ANOVA Test followed by Tukey-

Kramer multiple comparison test. Statistical analysis was performed using GraphPad Prism 

Software (version 5, San Diego, CA, USA). Values of P < 0.05 were considered for statistical 

significance. All values represent the mean ± SEM from three independent experiments.  

2.4 Results  

In order to investigate the dose dependent effect of Pb treatment on GCs, different doses of Pb 

namely, 1, 2, 3, 5 and 10 µg/ml were used to treat the GCs for 2 hours. Morphological 

observation, 24 hours post treatment, showed that there was no significant difference between 

doses of 1, 2, 3 µg/ml and the control untreated cells. However, cells exposed to 5 µg/ml and 10 

µg/ml showed cellular shrinkage and detachment from the plate, respectively (Figure 2.S1). 

2.4.1 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 counterparts, confirming that Pb provoked intracellular ROS in GCs (Figure 2.1A & 

2.1B).  However, the doses 5 and 10 µg/ml showed less fluorescence signals revealing that these 

doses may cause cytotoxicity (Figure 2.S1). Accordingly, the doses 1, 2 and 3 µg/ml were 

chosen to investigate cellular behavior under Pb- induced oxidative stress.  
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Figure 2.1: Lead induced intracellular reactive oxygen species (ROS) accumulation in bovine 

granulosa cells: Fluorescent photomicrographs of bovine GCs stained with 2′, 7′-

dichlorofluorescin diacetate (H
2
DCFDA) were shown in untreated control and Pb-exposed 

groups (A). Quantitative analysis of relative fluorescence emission (B). Values are expressed as 

mean ± SEM of n = 3. a, b indicate statistically significant differences (P < 0.05). Magnification: 

10 x. 

2.4.2 Lead inhibited proliferation of bovine granulosa cells in vitro 

The impact of Pb on GCs proliferation was assessed using cell proliferation assay and it was 

observed that all doses of Pb significantly reduced GCs viability compared to the control ones 

(Figure 2.2A). Cell proliferation markers (PCNA and CCND2) were further investigated and it 

was found that the mRNA expression of both markers was downregulated under Pb exposure 

(Figure 2.2C & 2.2D). Protein level of PCNA showed almost parallel expression patterns (Figure 

2.2B). 
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Figure 2.2: Effect of lead on bovine granulosa cell proliferation and expression of proliferation 

marker genes: Cell proliferation assay (A), protein expression of PCNA (B), mRNA expression 

of CCND2 (C) and PCNA (D) in bovine GCs co-cultured with Pb and their corresponding 

control. β-Actin and GAPDH were used to normalize the expression of targets genes while β-

Actin was used as internal control for protein expression of PCNA. Data shown as means ± 

SEM, n=3. a, b indicate statistically significant differences (P < 0.05). 

2.4.3 Exposure of cells to lead altered the expression of Nrf2 and NF-κB 

QPCR results in Figure 3A showed that there was significant attenuation of Nrf2 and Keap-1 

genes in GCs exposed to the three doses of Pb (1, 2, 3 µg/ml) compared to control group 
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Concerning Nrf2 downstream antioxidant genes namely SOD, CAT, Thrx, and HO-1, it was 

observed that the expression of SOD was significantly reduced (Figure 2.3A) Additionally, both 

mRNA and protein analysis of CAT showed marked reduction in its expression (Figure 2.3B). 

However, there were no significant differences in the expression of other genes. Other striking 

finding was that, there was significant decrease in the expression of NF-κB concomitantly with 

no change in the expression of IKK (Figure 2.4A & 2.4B). We further investigate TNF-α gene to 

validate if the inflammatory pathway involved in this dosing paradigm and we found a 

significant reduction in TNF-α expression (Figure 2.4C).  
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Figure 2.3: Expression levels of genes associated with the Nrf2 pathway: mRNA expression 

level of Nrf2, its inhibitor Keap-1, and its downstream candidate genes: HO-1, SOD, CAT and 

Thrx (A) protein expression of CAT (B) in bovine GCs exposed to Pb
 
and their corresponding 

control. β-Actin and GAPDH were used to normalize the expression of targets genes, values are 

expressed as mean ± SEM of n = 3. a, b indicate statistically significant differences (P < 0.05). 
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Figure 2.4: Expression levels of genes associated with the NF-κB pathway: mRNA expression 

level of NF-κB (A), IKK (B), and TNF-α (C) in bovine GCs exposed to Pb for 2 hours and their 

corresponding control. β-Actin and GAPDH were used to normalize the expression of targets 

genes, values are expressed as mean ± SEM of n = 3. a, b & c indicate statistically significant 

differences (P < 0.05). 

2.4.4 Immunofluorescence staining for Nrf2 and NF-κB 

The protein expression level of NF-κB tend to be high in Pb exposed groups being significant at 

the highest dose, while the level of Nrf2 showed significant elevation only in 1 and 2 µg/ml 

compared to the untreated control counterparts (Figure 4.5A, 4.5B & 4.5C). 
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Figure 2.5: Protein expression of Nrf2 and NF-κB: Bovine GCs cultured under Pb challenge and 

their corresponding control. Red fluorescence signals reveal Nrf2 and NF-κB protein 

localization, while blue fluorescence showed nuclear staining using Dapi (A). Scale bars 50 µm. 

Mean values of fluorescence intensity of Nrf2 (B) and NF-κB (C) as analyzed by imageJ 

software. a, b indicate statistically significant differences (P < 0.05). 

2.4.5 Effect of lead on the protein carbonyl content 

The introduction of carbonyl groups (aldehydes and ketones) to protein side chains could be 

studied as a sign of oxidative stress and is also characterized by their stable and irreversible 

nature (Kriebardis et al. 2006). In comparison with untreated control group, Pb -treated samples 

displayed an evident increment in the intensity of the carbonylated protein bands as shown in the 

immunostained gel, ranging from about MW 180 KDa to 17 KDa (Figure 2.6A & 2.6B).  
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Figure 2.6: Lead induced protein carbonylation in bovine granulosa cells: Carbonylated proteins 

in cell lysates were investigated using OxyBlot protein oxidation detection kit then subjected to 

western blotting. Panceu S staining shows equal protein loading for each sample (A). 

Carbonylation level in the control and Pb-exposed groups (B).  

2.4.6 Lead exposure induced 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 investigated. 

Results indicated that the transcript level of BCL-2 was significantly downregulated under Pb 

exposure as compared to control untreated group (Figure 2.7A) with non-significant increase in 

BAX level which was further confirmed by western blot (Figure 2.7B & 2.7D). This in turn 

resulted in a substantial decrease of BAX/BCL-2 ratio. However, caspase-3 showed upregulation 

with the dose 3 µg/ml in comparison to the untreated group (Figure 2.7C).  

Apoptosis was further assessed by flow cytometric analysis using annexin V-APC/PI stain. As 

shown in Figure 2.8, the percentage of apoptotic granulosa cells (early and late apoptosis as 

determined by the Annexin V+/PI- (Quadrant 4) or Annexin V+/PI+ (Quadrant 2) cells 

respectively) in the groups subjected to Pb were higher than the basal levels of Annexin V+/PI- 

(Quadrant 4) or Annexin V+/PI+ (Quadrant 2) cells in the control untreated group. 

A B 
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Figure 2.7: Lead induced apoptosis in bovine granulosa cells: mRNA expression levels of BCL-

2 (A) BAX (B) and caspase-3 (C) as well as protein level of BAX (D) in bovine granulosa cells 

exposed to Pb and their corresponding control. Data shown as means ± SEM, n=3. a, b & c 

indicate statistically significant differences (P < 0.05). Expression of β-Actin and GAPDH acted 

as internal control for gene expression while β-Actin was used for protein analysis. 
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Figure 2.8: Flow cytometric analysis of annexin V-APC/PI- stained bovine GCs cultured under 

Pb
 
exposure and their corresponding control. The lower left quadrant (Q3) shows viable cells, the 

lower right quadrant (Q4) shows early apoptotic cells, the upper right quadrant (Q2) shows late 

apoptotic cells, and the upper left quadrant (Q1) shows necrotic cells. Representative histograms 
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from one typical experiment are shown. APC, allophycocyanin; PI, propidium iodide. The 

percentage of apoptotic cells presented on histograms (A) and on the graph (B) is the sum of 

cells in early and late stages of apoptosis. Data from three independent experiments are 

expressed as average percentages of viable, apoptotic (early plus late), and necrotic cells. Each 

value on the graph represents the mean value ± SEM, n = 3 independent experiments.  

2.4.7 Lead altered cell cycle transition in bovine granulosa cells 

Cell cycle was evaluated in GCs by FACScan flow cytometry. As depicted in (Figure 2.9A & 

2.9B.), the exposure of GCs to Pb increases the percentage of cell populations in the G0/G1 phase 

while reduces the cell populations in S phase (DNA synthesis) as compared with the untreated 

control groups. 
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Figure 2.9:  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). Quantitative analysis of cell populations at different cell cycle stages (B). Data 

shown as means ± SEM, n=3. a, b indicate statistically significant differences (P < 0.05). 

2.4.8 Lead exposure upregulated GRP78 and CHOP expression 

To determine the potential effect of Pb in ER stress response of GCs, the expression of GRP78 

and CHOP was investigated in GCs exposed to Pb. The results showed that Pb triggered both 

GRP78 and CHOP expression in dose dependent manner (Figure 2.10A & 2.10B). Moreover, 

similar expression pattern of GRP78 protein was detectable as indicated by western blot analysis 

(Figure 2.10C). 
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Figure 2.10: Lead triggered expression of unfolded protein response (UPR) marker genes: 

mRNA expression level of GRP78 (A), CHOP (B) and protein level of GRP78 (C) in bovine 

GCs cultured under Pb exposure and their corresponding control. β-Actin and GAPDH were 

used to normalize the expression of targets genes while β-Actin as internal control for protein 

expression of GRP78. The results are expressed as the mean ± SEM of n = 3. a, b indicate 

statistically significant differences (P < 0.05). 

2.5 Discussion 

Lead exposure is known to affect female fertility in human and animals (Qureshi & Sharma 

2012). The reproductive impact of Pb is complicated and seems to involve multiple pathways, 

most of which are not fully understood. It has been suggested that, ROS-mediated cellular 

damage could be one major mechanism implicated in Pb pathogenesis (Flora et al. 2007). In this 

context, our results demonstrated that, Pb exposure induced significant ROS accumulation in 

bovine GCs, which remain prominent even 24 hours after changing the Pb-containing media. 
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The integrity of ovarian GCs, being the key marker of oocyte quality and viability, is critical to 

protect the oocytes from oxidative stress damage (Tripathi et al. 2013). Increased ROS can 

induce oxidative stress when the balance between oxidation and reduction-regulated cellular 

processes is disturbed hence, causes GCs dysfunction (Luderer 2014). It was also reported that 

Pb-treated mice exhibited reduced number of developing follicles and increased number of 

atretic follicles (Sharma et al. 2012; Nakade et al. 2014). 

In the current work we have attempted to investigate the effect of Pb on the fine-tuned events 

induced by two major redox-sensitive transcription factors, NF-κB and Nrf2, which are crucial to 

maintain cellular hemostasis. The Nrf2/ARE pathway is a pivotal protective self-defense 

mechanism against oxidative stress within the cell by activating an array of downstream 

detoxifying genes (Kaspar et al. 2009). We showed here significantly lower Nrf2 and Keap-1 

transcript abundance under Pb challenge in addition to downregulation of both SOD and CAT 

levels. A previous report of  Liu et al. (2017) showed that Pb decreased the levels of Nrf2  and 

Keap-1 in the rat kidney. They further demonstrated the ability of Pb to activate miR-153 that 

target Nrf2 mRNA suggesting the probable effect of Pb as epigenetic modifier. This may explain 

the transient elevation then decline of Nrf2 protein level along with the decreased transcript 

abundance, however further investigations are required with different Pb doses and exposure 

periods. 

The NF-κB, is an inducible, pleiotropic transcription factor involved in many physiological and 

pathological processes, efficiently regulating an array of gene expression (Bellezza et al. 2010). 

The activity of NF-κB was markedly reduced in the present work in Pb-treated groups, without 

significant difference in mRNA level of its regulator IKK, while NF-κB protein level, being 

mostly cytoplasmic, increased only in 3 µg/ml treatment group. Though accumulating 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 leading to 

increased cytokine production (Pan et al. 2012). Usually, phytochemicals like 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 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 striking 

finding in our work was the downregulation of both transcriptional factors under metal exposure 
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at the transcriptional level. There is growing consensus that the ROS level may define the 

cellular fate by modulating these redox-sensitive TFs. According to Bolisetty & Jaimes (2013), 

low ROS levels are neutralized by Nrf2 activation and its downstream signaling, while NF-κB is 

activated with moderate ROS levels. However, apoptosis is induced with persistent ROS 

accumulation in the cell. It is widely accepted that NF-κB signaling pathways may be triggered 

to protect against increased cellular stress by inducing a list of anti-oxidant genes such as SOD, 

CAT, Thrx, Ferritin, HO-1, glutathione peroxidase and many others (Perkins & Gilmore 2006). 

Conversely, NF-κB plays also an important role in inflammation through upregulation of pro-

ROS enzymes like NOS, NADPH oxidase, and cyclooxygenases (Deng et al. 2003; Nakata et al. 

2007). Furthermore, while reports showed that ROS can mediate NF-κB activation in many cell 

types (Morgan and Liu 2011). Recent studies suggested that ROS can potentially repress NF-κB 

activity (Nakajima & Kitamura 2013). 

Another intriguing point is that many metals are able to affect NF-κB signaling mediating both 

activation and inhibition of NF-κB even without the ROS effect (Chen & Shi 2002). The early 

work of Xie & Shaikh (2006) showed the involvement of ROS in apoptosis induction through 

the suppression of NF-κB signaling under cadmium challenge. They attributed this to the 

oxidation of IKK and hence inhibition of IκB and NF-κB phosphorylation in addition to 

interference with its DNA binding. Furthermore, no associated decrease was observed in IKK 

protein suggesting that the metal inhibited IKK activity but not its protein level. Thus, it appears 

that suppression of NF-κB and its downstream pathway is an underlying mechanism drive to 

apoptosis by a number of divalent metals (Dieguez-Acuna et al. 2004), where the binding of 

metals to the sulfhydryl groups of target protein molecules and the oxidative stress caused by 

these metals could be plausible mechanisms beyond their effects on the NF-κB activity. 

Similarly, it has been reported that thiol groups in the enzymes and proteins are a target for Pb, 

and further its irreversible binding might alter their function, being a major underling cause of 

Pb-derived oxidative stress (Surh 2008; Haleagrahara et al. 2010; Hasanein et al. 2017).  

Furthermore, many studies reported the existence of the auto-regulatory loop between NF-κB 

and proinflammatory cytokines like TNF-α and IL-1β, where NF-κB activation leads to the 

induction of these cytokines, which in turn further induce NF-κB activation (Fan et al. 2015).  

Based on our results, it is inferred that inflammatory pathway may not be involved in the time or 

the dosing paradigm used in this study. 
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Proteins can undergo post-translational modifications by a large number of reactions involving 

ROS. Among these reactions, carbonylation has attracted a proufound attention owing to its 

stable and irreversible nature (Nyström 2005). It is also assumed that, the elevated level of 

protein carbonyls is generally a marker of oxidative stress as well as protein dysfunction 

(Kriebardis et al. 2006). Protein carbonylation can be emerged through either oxidative cleavage 

of proteins or by secondary reaction of protein side chain at  cysteine, lysine, and histidine 

through lipid peroxidation by-products like malondialdehyde (MDA) (Levine 2002). Indeed, Pb 

is unable to induce ROS directly; however, it could affect the process of lipid peroxidation by 

antioxidant exhaustion resulting in elevated free radicals and protein carbonyls hence loss of 

plasma membrane integrity structure and function which are partially responsible for Pb 

accumulation (Sivaprasad et al. 2004; Haleagrahara et al. 2010; Ashafaq et al. 2016). In this 

context, our oxyblot results showed that the level of protein carbonyl was significantly higher in 

Pb-exposed groups than in their control counterpart.  

The cell cycle is a fine regulated process that regulate cellular growth and differentiation 

(Darzynkiewicz et al. 2012). The major check points of the cell cycle, G1 and G2 phases, possess 

a critical role in cell cycle transition (Chakravarti et al. 2012). Previous study reported that, Pb 

increased the cell population at the G0/G1 yet reduced the cell population at the S phase in human 

leukemia cells (Yedjou et al. 2015). Likewise, our results revealed cell cycle arrest at the G0/G1 

checkpoint with decreased cell population at S phase in Pb-exposed bovine GCs. This was 

further confirmed by investigating two markers of proliferation (PCNA and CCDN2) which 

showed downregulation under Pb challenge suggesting that the cells were driven to apoptosis. 

Moreover, 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 was significantly up-regulated only in 3 µg/ml Pb-exposed group. Our results 

demonstrated that Pb- induced apoptosis in GCs by enhancing BAX/BCL-2 ratio as compared to 

control group and this was further confirmed by results obtained by flow cytometry. These data 

were consistent with previous results that hepatic apoptosis induced by low-dose of Pb, was 

accompanied by changes in levels of apoptogenic proteins, such as BCL-2, BAX, and caspase-3 

(Yuan et al. 2014; Abdel Moneim 2016). 
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NF-κB has been suggested to control the proliferation and secretory function of porcine ovarian 

cells accumulating PCNA and inhibiting nuclear apoptosis (Pavlova et al. 2011). Additionally, 

Nrf2 has been recently shown to control the expression of several antiapoptotic proteins, as 

BCL-2 and BCL-xl, since Nrf2 binds to the antioxidant response element (ARE) located in the 

promoter region of these genes (Niture & Jaiswal 2012). So we could speculate that, alteration in 

both Nrf2 and NF-κB may underline the mechanism of Pb-induced apoptosis.  

Previous studies showed that Pb could induce protein misfolding and endoplasmic reticulum 

(ER) stress responses in the liver tissue of rats (Liu et al. 2013; Fang et al. 2014). In consistence 

with these data, our results displayed that Pb induced ER stress in bovine GCs by upregulating 

ER stress-related protein GRP78 and CHOP. Under ER stress and accumulation of unfolded 

proteins, cells trigger a cascade of protective signaling pathways, named the unfolded protein 

response (UPR). These include transient inhibition of translation to reduce the protein folding 

load, activation of chaperone proteins (such as GRP78) to elevate the folding capacity of the ER, 

degradation of misfolded proteins via proteosomes, and induction of apoptosis (via pro-apoptotic 

genes as CHOP) in case of severe ER mess-up (Ron & Walter 2007; Olzmann et al. 2013; 

Iurlaro & Munoz-Pinedo 2016). According to Luo et al.(2006), GRP78 is a known stress induced 

ER chaperone and is necessary in early mouse embryo for cell proliferation and guard the inner 

cell mass against apoptosis. Moreover, ER stress is the main signaling pathway entangled in goat 

ovarian GCs apoptosis and follicular atresia (Lin et al. 2012). The early studies of Qian et al. 

(2000); Zhang et al. (2008) suggested that, Pb even at low concentration could bind firmly to 

GRP78 to stimulate its removal from the cell or sequester it in a nontoxic site. Accordingly, the 

up-regulation of GRP78 suggests a defense mechanism of cells against the accumulation of 

intracellular Pb. Meanwhile, this up-regulation may be an adaptive response to the potential 

inactivation of GRP78 by its binding to Pb and this may also reveal the paradox of upregulation 

of CHOP simultaneously with GRP78. According to Lee (2014), GRP78 depletion triggers not 

only the pro-apoptotic CHOP but also intrinsic apoptosis. Moreover, it was reported that, in the 

absence of Nrf2, UPR is compromised and CHOP has also been found to be upregulated 

(Meakin et al. 2014; Tebay et al. 2015). 

It is noteworthy to mention that, the toxicity of Pb is highly cell and species specific. For 

example, from its intake, about 50 % is absorbed in human, 90 % is absorbed in bovine while 
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only 2 % in ovine (Georgescu et al. 2011). Moreover, Taupeau et al. ( 2003) demonstrated that 

Pb could accumulate in human granulosa cells after 5 hours of exposure affecting the level of 

p450 aromatase without affecting the cellular viability. While, Gargouri et al. (2013) showed that 

exposure of kidney cell line to different doses of Pb for 4 hours did not affect the viability but 

induced ROS accumulation. Although, prolonged time of Pb exposure may induce great cellular 

damage, the effect of short term exposure cannot be neglected and could intervene with 

important cellular signaling pathways. To the best of our knowledge, no sufficient data was 

found in the literature concerning Pb impact on bovine GCs with regard to Nrf2/NF-κB signaling 

interplay. In the present work we demonstrated that exposure to Pb induces oxidative stress that 

attenuates bovine GCs proliferation and alter cell cycle progression exposing the cells to 

apoptosis may be in part through disrupting the Nrf2/NF-κB interaction. However, it is not easy 

to draw conclusions about the mechanisms involved in this interaction, since the cross-talk 

between Nrf2 and NF-κB involves wide range of complicated molecular interaction that may be 

also dependent on cell type and tissue context. Therefore, further functional investigations are 

required to understand different aspects of Nrf2 and NF-κB interactions and their potential role 

in development of strategies aiming at modulating the resistance against environmental toxins.  
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Figure 2.S1: Effect of lead on the morphology of bovine granulosa cells: Cell were exposed to 

Pb at concentrations of (1, 2, 3, 5, 10 µg/ml) for 2 hours then observed 24 hours after exposure. 

The confluency of the monolayer and cellular contacts was still kept at lower doses as compared 

to untreated control while, at higher doses, shrinkage of cells and detachment from the plate were 

noted.  Magnification: 10 x. 
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Figure 2.S2: Cytotoxic effect of lead on bovine granulosa cells:  ROS accumulation (A), 

quantitative analysis of relative fluorescence emission (B) and Cell proliferation assay (C) in 

bovine GCs exposed to different concentrations of Pb for 2 hours then investigated 24 hours post 

treatment along with their corresponding control. Data shown are mean ± SEM, n = 3. a, b 

indicate statistically significant differences (P < 0.05). 
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3.1 Abstract 

Lead (Pb), a widespread environmental heavy metal, has been shown to be embryo-toxic in a 

variety of animal species. However, little is known about the mechanism beyond Pb toxicity in 

bovine model. In the current study, we aimed to investigate the effect of Pb on in vitro early 

embryonic development. Oocytes were aspirated from bovine ovaries and matured in vitro in the 

absence (Control) or presence of Pb (10 µg/ml) followed by in vitro fertilization. The resultant 

zygotes were divided into two groups, those cultured in vitro without Pb (Control), while Pb-

exposed zygotes were further randomly divided into three groups, cultured in the absence of Pb 

(Oocyte only) or presence of Pb until the 16 cell (1-16 cell) stage and those cultured until the 

blastocyst stage (All stages). Results showed that Pb impaired the embryonic cleavage, 

blastocyst rates and blastocyst cell number. Moreover, higher ROS accumulation was observed 

in all Pb-exposed groups. Pb
 
induced downregulation of Nrf2 protein level accompanied by 

downregulation of Keap-1 and CAT and no change in Nrf2, SOD and HO-1 at mRNA level. 

Additionally, NF-κB showed significant increment in both mRNA and protein levels with 

upregulation of TNF-α. Apoptosis was induced by Pb as manifested by elevation of BAX/BCL-2 

ratio and the number of positive TUNEL apoptotic cells. Our results suggest the detrimental 

effect of Pb on early embryonic development could originate from its effect on oocyte 

maturation which perturbs subsequent embryo development probably via altered Nrf2/ NF-κB 

signaling.  

3.2 Introduction 

Heavy metals are widespread environmental pollutants due to their integration in different 

industries in our modern life. They are highly toxic and can cause damaging effects even at very 

low concentrations (Korashy & El-Kadi 2006). Of these, lead (Pb) is one of the most common 

natural substances in the environment. It is present in cigarette smoke, cutlery, hair dyes, lead 

pipes, car exhaust, and paints. Over the past decades, efforts have been made to reduce Pb 

exposure (Karimooy et al. 2010). However, due to its non-biodegradable nature, it has 

accumulated in the soil, entered the food chain and resided in animal and human bodies. 

Environmental and occupational exposures to Pb have been associated with detrimental 

consequences affecting almost all aspects of the female reproductive system in mammals (Pant et 

al. 2003; Patrick 2006; Ahmed et al. 2012). Lead has been reported to cause wide array of 

reproductive pathologies such as infertility, miscarriage, pregnancy hypertension, premature 
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membrane rupture, premature delivery and preeclampsia (Seyom et al. 2015; Bayat et al. 2016). 

Experimental studies have detected Pb in the follicular fluid of many species including human 

(Paksy et al. 2001), cattle (Swarup et al. 2005), sheeps (Bires et al. 1995) and mouse (Taupeau et 

al. 2001). Moreover, the accumulation of Pb in the ovaries could impair folliculogenesis even 

damage the ovarian follicle and the oocytes (Avazeri et al. 2006) and hence compromises 

pregnancy (Silberstein et al. 2006). Lead disrupts the pituitary-gonadal axis which in turn inhibit 

ovulation and pregnancy (Choi et al. 2004; Nampoothiri et al. 2007). The decline in female 

fertility worldwide has prompted the assisted reproductive techniques (ART) (Mouzon et al. 

2010). Meanwhile, the exposure to environmental toxic metals might affect oocyte maturation 

and fertilization during in vitro fertilization (IVF) (Bloom et al. 2010). Blood lead level (BLL) 

was found to negatively affect human fertilization outcome (Al-Saleh et al. 2008). An inverse 

association was also detected between Pb level in the follicular fluid and fertilization (Bloom et 

al. 2012). The relation between Pb exposure and pregnancy outcome is still controversial. In a 

prospective cohort study, an inverse association of BLL and oocyte fertilization was detected but 

this effect did not extend to pregnancy (Al-Saleh et al. 2008). A report by Nandi et al. (2010) 

showed significant decline in buffalo embryo cleavage rate following the culture of oocytes in 

Pb-containing media. In contrary, many studies on occupationally Pb-exposed women reported 

no association between BLL and the probability to conceive (Sallmen et al. 1995; Cole et al. 

2006; Bloom et al. 2011a). The differential susceptibility of developing human conceptus to Pb 

impact is still unresolved question (Bloom et al. 2011b). 

Although the mechanisms underlying Pb-induced toxicity are complex, oxidative stress could be 

a potential mechanism beyond the pathophysiology of Pb toxicity (Flora et al. 2012). Oxidative 

stress arises from the imbalance between oxidants and antioxidants. This leads to the activation 

of a variety of transcriptional factors (TFs) which proved to have great significance in the 

etiology of reproductive diseases (Lu et al. 2018a). In this context, we focused on two relevant 

redox-sensitive transcription factors: nuclear factor erythroid 2-related factor 2 (Nrf2), and 

nuclear factor κB (NF-κB) which play an important role in antioxidant defense mechanism and 

inflammation, respectively (Pedruzzi et al. 2012). Additionally, these TFs do not work 

individually or independently but a functional cross-talk between them has been revealed in 

previous studies (Li et al. 2008; Wardyn et al. 2015; Sivandzade et al. 2018). Very limited 

studies have been conducted on the effect of Pb on mammalian oocytes maturation and early 
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embryo development. Therefore, we aimed to investigate the effect of Pb on the bovine in vitro 

oocyte maturation (IVM), fertilization (IVF) and subsequent embryo development.  

3.3 Materials and methods 

3.3.1 Oocyte collection, in vitro maturation, fertilization and embryo culture. 

Bovine ovaries were obtained from a local slaughterhouse, maintained in saline at 37° C, and 

transported to the laboratory. After washing the ovaries twice, follicles that were 3–8 mm in 

diameter were aspirated. Cumulus-oocyte complexes (COCs) surrounded by more than three 

layers of cumulus cells were washed three times with TL-HEPES then assigned into two groups 

(control and Pb groups). In the control group, COCs were cultured in modified TCM 199 culture 

medium (Sigma-Aldrich, Munich, Germany) with 12 % heat inactivated oestrus cow serum, 0.02 

U/mL FSH and 50 mg/ml gentamicin at 38.5° C in a humidified atmosphere of 5 % CO2. The 

COCs of Pb group were cultured in the same previous medium but supplemented with 10 µg/ml 

lead acetate (Sigma-Aldrich, Germany). After 24 hours, matured COCs of both groups (control 

and Pb groups) were in vitro inseminated with frozen thawed bull sperm at a concentration of 

2x10
6
 sperm/ ml and cultured for 18 hours in Tyrode‘s albumin-lactate-pyruvate media with 0.6 

% (w/v) fatty acid-free bovine serum albumin (BSA), 50 mg/ml gentamicin, 1 mg/ml heparin 

and 10 mM hypotaurine and 2 mM noradrenaline. 

After fertilization, the control presumptive zygotes (without Pb) were in vitro cultured in GM501 

basic medium (M) (Gynemed, Lensahn, Germany) supplemented with 3 mg/ml BSA, kept under 

mineral oil at 38.5° C in an atmosphere of 5 % CO2, 5 % O2 and 90 % N2  and allowed to 

proceed to blastocyst stage. While Pb-exposed zygotes were randomly divided into three 

experimental groups (Figure 3.1); Oocyte only group:  COCs that exposed to Pb till fertilization, 

continued division to the blastocyst stage in M medium without Pb, 1-16 cell group:  zygots 

exposed to Pb till 16 cell stage then continued division without Pb until the blastocyst stage and 

All stages group: Pb-exposed zygots until the blastocyst stage. The cleavage and blastocyst rates 

were determined for each group. Expanding blastocysts (Day 7–8) were harvested, frozen in 

liquid nitrogen and stored at −80° C. 
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Figure 3.1: Diagram of the experimental design. Bovine embryos were subjected to in vitro 

culture under four experimental groups: (1) Control group: GM501 basic medium (M), (2) 

Oocyte only group Pb added to the maturation media only, (3) 1–16 Cell group: Pb added to the 

media from the oocyte maturation until 16-cell stage and (4) All stages group: Pb added to the 

media from the oocyte maturation until the blastocyst stage.  

3.3.2 Reactive oxygen species (ROS) detection 

The level of ROS was assessed using H2-dichlorofluorescein (H2DCFDA) (Life Technologies, 

Germany). Fifteen blastocysts from each group were incubated with 400 µl of (M) medium 

containing 5 mM H2DCFDA for 20 min in dark at 37
ο 

C. Embryos were then washed twice with 

PBS and imaged using Leica DM IRB inverted microscope (Leica, Bensheim, Germany).  

3.3.3 Assessment of blastocyst cell number 

Total blastocyst cell number was quantified using nuclear fluorescence staining with the 

glycerol-based Hoechst 33342 according to the manufacturer‘s recommendation. 15 blastocysts 

derived from each experimental group were fixed for 5 min in a solution containing 2 % formalin 

and 0.25 % gluteraldehyde. The fixed blastocysts were stained for 10 min with Hoechst 33342 

solution on clean glass slides and visualized using Leica DM IRB inverted microscope (Leica, 

Bensheim, Germany). The cell number was scored for individual blastocysts from each culture 

group. 

3.3.4 RNA isolation and cDNA synthesis  

Four biological replicates each containing 15 embryos (day 8 blastocysts) from each group were 

used for RNA isolation. Total RNA was isolated using Pico Pure RNA isolation kit (Arcturs, 
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Munich, Germany) with some modifications (Norhazlin et al. 2015). Embryos were incubated 

with 100 μl extraction buffer at 42° C for 30 min. The lysates were homogenized and vortexed 

for 30 s, then centrifuged at 3000 g for 2 min. A total of 100 μl 70 % ethanol was added and 

mixed by pipetting then the mixture was transferred into the preconditioned column and 

centrifuged at 100 g for 2 min, followed by 1 min at 16,000 g. Wash buffer 1 (100 μl) was added 

into the column and centrifuged at 8000 g for 1 min. On-column DNase treatment was done 

using RNase-free DNase enzyme (Qiagen GmbH, Hilden, Germany) by incubating 5 μl RNase-

free DNase I with 35 μl RDD buffer for 15 min at room temperature. After two times washing, 

RNA was recovered in 20 µl elution buffer, checked for quality using nanodrop ND-8000 

(NanoDrop technologies). The RNA from each blastocyst group was then reverse transcribed to 

cDNA using cDNA Synthesis Kit (Thermo Fisher scientific, Germany) according to the 

manufacturer‘s instruction. Briefly, oligo (dT)18 and Random primer (0.5 μl each) were added to 

each RNA sample and incubated for 5 min at 65° C. Then other components were added to the 

mixture, RiboLock RNase Inhibitor (1 µl); 5× RT Buffer (4 μl); dNTP mix (2 μl), Revert Aid 

Reverse Trancriptase Enzyme mix (2 μl) and incubated for 5 min at 25° C followed by 60 min at 

37° C and finally 70° C for 5 min. The resulting cDNA samples were stored in –20° C till further 

use 

3.3.5 Real time quantitative PCR 

A total of 13 genes Nrf2, Keap1, Nrf2-target antioxidant genes (SOD, CAT, HO-1), NF-κB, 

TNF-α, apoptosis relarted genes (BAX and BCL-2), DNA methyltransferases (DNMT1, 

DNMT3A, and DNMT3B), were investigated for their expression using sequence-specific 

primers (previously mentioned in Table 2.1 and Table 3.1). Quantitative PCRs were performed 

in 20 µl reaction volumes containing 10 µl SYBR green master mix (Eppendorf, Hamburg, 

Germany), 2 µl cDNA, and an optimized amount of forward and reverse primers diluted in water 

to a volume of 8 µl. Following initial denaturation step at 95° C for 3 min, then 40 cycles of 15 

sec at 95° C and 45 sec at 60° C was used as thermal cycling program and the relative quantity 

was normalized using β- Actin and GAPDH. 
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Table 3.1: Details of primers used in qPCR: 

Gene Primer sequence 
Size 

(bp) 
Accession Number 

DNMT1 

F: 5´-AGCAATGGGCAGATGTTCCA-3´ 

 R: 5´-ATCTCGCGTAGTCTTGGTCG-3´ 

268 XM_015471995.2 

DNMT3A 

F: 5´-GTGCTGAAGACAGGAAAAGGA-3´ 

F: 5´-TTGGACGGGGGAGAATAAGTA-3´ 

189 NM_001206502.2 

DNMT3B 

F: 5´-CTGCTGAATTACACTCGCCC-3´ 

F: 5´-CCAGAAGTATCGGGCTCTGT-3´ 

177 XR_003037672.1 

 

3.3.6 Immunofluorescence detection of Nrf2 and NF-κB proteins 

Immunohistochemistry was performed to localize Nrf2 and NF-κB proteins in (day 8) 

blastocysts. Briefly, 10 blastocyst from each group were fixed overnight at 4
ο 

C in 4 % (w/v) 

paraformaldehyde in PBS. Fixed blastocysts were washed and permeabilized with 0.5 % (v/v) 

Triton-X 100 (Sigma-Aldrich) in PBS (PBSX) for 2 hours at room temperature. The samples 

were washed and blocked with 3 % BSA (Sigma-Aldrich) in PBS for 1 hour at 37
ο 

C, followed 

by incubation with primary antibodies against Nrf2 (1:100 dilution, orb11165, Biorbyt; UK) or 

NF-κB (1:200 dilution, orb11118,  Biorbyt, UK) overnight at 4
ο 

C. After washing, embryos were 

further incubated at room temperature for 1 hour in the dark with Alexa Fluor 568-conjugated 

goat anti-rabbit secondary antibody (1:300 dilution, A-11011, Life Technologies). Blastocysts 

were stained and mounted into slide with Vectashield mounting medium containing 4‘,6-

diamidino-2-phenylindole (DAPI) (Dabco; Acros, Geel, Belgium) then visualized using CLSM 

LSM-780 confocal laser scanning microscope (Zeiss, Germany; Scale bar 50 µm). 

 

https://www.ncbi.nlm.nih.gov/nucleotide/XM_015471995.2?report=genbank&log$=nucltop&blast_rank=1&RID=H9CGRPW0014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001206502.2?report=genbank&log$=nucltop&blast_rank=1&RID=H9CN4SC3014
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3.3.7 Immunofluorescence detection of 5mC 

Day 8 blastocysts were fixed overnight in 4 % (w/v) paraformaldehyde in PBS. This was 

followed by denaturation with 1 N HCl at room temperature for 30 min and neutralization with 

0.1 M Tris-HCl, pH 8.0 for 15 min. Subsequently, blastocysts were incubated in PBS containing 

1% BSA, and then incubated overnight at 4 °C with 5mC antibody (1:250 dilution, orb499937, 

Biorbyt; UK). After washing three times with PBS/PVA, the oocytes and embryos were 

incubated at 37 °C for 1 h with goat anti-rabbit IgG (A11011, 1:200, Invitrogen). The embryos 

were then stained with DAPI, mounted onto slides, and examined using a confocal microscope 

(Zeiss LSM 780, Germany). 

 

3.3.8 TUNEL assay (Terminal deoxynucleotidyl transferase-mediated 2′-deoxyuridine 5′-

triphosphate (dUTP) nick-end labeling) 

Blastocysts (n =10) were fixed in 4 % paraformaldehyde for 15 min at room temperature then 

permeabilized by incubation in 0.5 % Triton X-100 for 30 min at 37 °C. The embryos were 

incubated with TUNEL reagent (In Situ Cell Death Detection Kit, Roche-11684795910) for 1 

hour at 37 °C, then washed three times with PBS/PVA. Samples used as positive control were 

treated with DNase (Promega, WI; USA) and the negative controls were incubated only with 

working solution. After mounting into slide with Vectashield mounting medium containing 

DAPI, the embryos were visualized using confocal laser microscope. 

3.3.9 Statistical Analysis 

Data obtained from different experimental groups were statistically analyzed using one-way 

analysis of variance (ANOVA) followed by a multiple pairwise comparison (Tukey test). 

Differences were considered significant at P < 0.05. All values represent the mean ± SEM from 

three independent experiments. 

3.4 Results 

3.4.1 Effect of lead exposure on in vitro development of bovine embryos  

We examined the effects of Pb exposure on the cleavage and blastocyst developmental rates at 

days 7, 8 and 9 of bovine embryos. Post fertilization cleavage rate in presumptive zygotes and 

blastocyst development (day 7 and day 8) in all Pb-exposed groups were significantly lower than 

(P<0.05) the control group (Figure 3.2).  
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Figure 3.2: Effect of lead on developmental rates of in vitro cultured bovine embryos at different 

time points: Percentage of cleaved embryos (A), blastocyst rate at day 7 (B), blastocyst rate at 

day 8 (C), and blastocyst rate at day 9 (D).  Values are expressed as mean ± SEM. a, b indicate 

statistically significant differences (P < 0.05).  

3.4.2 Effect of lead exposure on reactive oxygen species (ROS) accumulation and blastocyst 

total cell number in bovine embryos 

As shown in Figure 3.3A, Pb induced ROS accumulation in the treated group in addition to 

significant decline in the blastocyst cell number (Figure 3.3B). 
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Figure 3.3: Lead induced intracellular reactive oxygen species (ROS) accumulation and 

decrease in blastocyst cell number: Fluorescent photomicrographs of bovine blastocysts in vitro 

cultured with or without Pb at different time points during early embryo development, stained 

with 2′, 7′-dichlorofluorescin diacetate (H2DCFDA) (A). Blastocyst total cell number (B). Scale 

bar: 50 µm. Values are expressed as mean ± SEM. a, b & c indicate statistically significant 

differences (P < 0.05).  

3.4.3 Effect of lead exposure on Nrf2 and NF-κB pathways in bovine embryos 

As shown in Figure 3.4, there was no significant difference in the gene expression level of Nrf2 

in all Pb-exposed groups with significant downregulation of its inhibitor Keap-1 (P<0.05).  

However, we observed significant downregulation of CAT without significant change in SOD 

and HO-1 levels, as downstream genes for Nrf2. The NF-κB gene expression level showed 

significant increase in Pb- exposed groups in addition to upregulation of TNF-α (Figure 3.5). 

The co-localization of Nrf2 and NF-κB was further assessed using immunofluorescence staining. 

The result showed significant reduction (P < 0.05) in the level of Nrf2 in day-8 blastocysts 
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derived from all Pb-exposed groups compared to the non-treated control ones. Moreover, 

embryos groups of (16-cell) and (All stages) showed significant upregulation of NF-κB 

compared to control.  

 

Figure 3.4: Expression levels of genes associated with the Nrf2 pathway: mRNA expression 

level of Nrf2, its inhibitor Keap-1, and its downstream candidate genes: SOD, CAT and HO-1 in 
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bovine blastocysts in vitro cultured with or without Pb at different time points during early 

embryo development. β-Actin and GAPDH were used to normalize the expression of targets 

genes. Values are expressed as mean ± SEM. Data are obtained from four replicates of 

independent groups of 15 blastocysts (day 8). a, b indicate statistically significant differences (P 

< 0.05).  

 

 

 

 

 

 

 

 

Figure 3.5: Expression levels of NF-κB and TNF-α mRNA in bovine blastocysts in vitro 

cultured with or without Pb at different time points during early embryo development. β-Actin 

and GAPDH were used to normalize the expression of targets genes. Values are expressed as 

mean ± SEM. Data are obtained from four replicates of independent groups of 15 blastocysts 

(day 8). a, b & c indicate statistically significant differences (P < 0.05).  
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Figure 3.6: Effect of lead exposure on Nrf2 and NF-κB protein expression: Bovine blastocysts 

in vitro cultured with or without Pb at different time points during early embryo development. 

Red fluorescence signals reveal Nrf2 and NF-κB protein localization, while blue fluorescence 

A 

B C 
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showed nuclear staining with Dapi (A). Scale bars: 50 µm. Mean values of fluorescence intensity 

of Nrf2 (B) and NF-κB (C) as analyzed by imageJ software. a, b & c  indicate statistically 

significant differences (P < 0.05).  

3.4.4 Lead exposure induced apoptosis in bovine embryos 

The mRNA level of the anti-apoptoic gene BCL-2 showed significant decrease in (Oocyte only) 

and (All stages) groups compared to control ones (Figure 3.7A).  However, gene expression level 

of BAX showed no significant variation between (Oocyte only) and (1-16 Cell) groups compared 

to control, while it was higher in (All stages) group (P < 0.05). Moreover, the number of positive 

apoptotic cells in individual blastocysts exposed to Pb was significantly higher as compared to 

control group (Figure 3.7B & 3.7C). 
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Figure 3.7: Effect of lead exposure on apoptosis: Relative gene expression level of BAX and 

BCL-2 (A). Representative image of TUNEL positive cells (arrows) (B). The average number of 

TUNEL positive cells (C) in bovine blastocyst in vitro cultured with or without Pb at different 

B 

C 
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time points during early embryo development. Scale bars: 50 µm. Values are expressed as mean 

± SEM. Data are obtained from four replicates of independent groups of 15 blastocysts (day 8). 

a, b & c  indicate statistically significant differences (P < 0.05).  

3.4.5 Lead exposure induced alteration in DNA methylation  

To investigate the probable impact of embryo exposure to Pb on DNA methylation, we analyzed 

the mRNA levels of DNA methyltransferase (DNMT1, DNMT1A and DNMT1B). Result 

showed that there was significant (P < 0.05) increase of DNMT1 in both (1-16 cell) and (All 

stages) groups compared with control group (Figure 3.8A). We further assessed the level of 5-

methyl cytosine (5-mC), as shown in figure 3.8B, the relative intensity of 5-mC decreased 

compared with that in the control blastocysts. 
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Figure 3.8: Lead exposure modifies DNA methylation: Relative mRNA expression of DNMTs 

in bovine blastocyst in vitro cultured with or without Pb at different time points during early 

embryo development (A) Immunostaining detection of 5mC (B). Values are expressed as mean ± 

SEM. Data are obtained from four replicates of independent groups of 15 blastocysts (day 8). a, 

b & c  indicate statistically significant differences (P < 0.05).  

B 
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3.5 Discussion 

Lead (Pb) is one of the prevalent heavy metals that has high environmental concern due to its 

substantial impact on human and animals (Nandi et al. 2010). The exposure to environmental 

toxic metals might affect oocyte maturation and fertilization during in vitro fertilization (IVF) 

(Bloom et al. 2010).  Results of the present study demonstrated a significant adverse effect of Pb 

on in vitro bovine oocyte maturation and embryo development. Because oocyte maturation 

determines the success of in vitro fertilization (IVF) and embryo development (Revelli et al. 

2009), we propose that the reprotoxic effect of Pb results, in part, from its interference with 

oocyte maturation and its ability to support the subsequent steps of development until the 

embryonic genome activation (EGA). Our results were  in agreement with earlier work of 

Avazeri et al. (2006) which showed that, Pb could interfere with oocyte meiotic arrest and 

meiotic resumption propapely by disrupting protein kinase (PKC) pathway. A report of Nandi et 

al. (2010) showed significant decrease in buffalo embryo cleavage rate and subsequent 

blastocyst development following the culture of oocytes in Pb-containing media. There could be 

more than one mechanism beyond the effect of Pb on oocyte maturation. According to Taupeau 

et al. (2003) and Nampoothiri et al. (2007), Pb being an endocrine disruptor can alter the 

steroidogenic activity of granulosa cells which impair its function to support oocyte maturation. 

In addition, Pd can compete and displace many nutritive metals, such as Ca, Zn, Fe, Cu and Mn, 

because of their ionic mimicry. This in turn affects various biological processes such as cellular 

signaling, cell adhesion, and apoptosis (Lidsky & Schneider 2003; Garza et al. 2006). 

Alternatively, Pb possess a strong electron sharing activity that allow the formation of covalent 

bonds with the sulfhydryl moiety (SH) of the cellular protein reserves such as antioxidant 

enzymes rendering them inactive (Jomova & Valko 2011).  

In the present work, Pb exposure resulted in significant decrease in the blastocyst cell number 

along with reactive oxygen species (ROS) accumulation in all exposed groups compared to the 

control group. Cell number is one of the most critical indicators for development potential, since 

it could directly reflect an embryo‘s ability for cell cycle progression (Stylianou et al. 2012). 

Lower or higher embryo cell numbers are considered morphological anomalies associated with 

reduced developmental potential and poor implantation (Alikani et al. 2000; Kochhar et al. 

2002). Moreover, exposure to ROS is always a challenge during in vitro embryo production and 

could be an underling cause for the poorly developed in vitro preimplantation embryos when 
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compared to their in vivo counterparts (Takahashi 2012). Lead has been shown to induce ROS in 

animals as well as in cell cultures (Stacchiotti et al. 2009; Abdel Moneim et al. 2011). Besides, 

oxidative stress could be a potential mechanism beyond the pathophysiology of Pb toxicity 

(Flora et al. 2012). 

Oxidative stress triggers the activation of a variety of signaling pathways, resulting in crosstalk 

between many transcriptional factors (TFs). These signaling molecules proved to be significantly 

implicated in the etiology of reproductive diseases (Lu et al. 2018a). Herein we investigate the 

effect of Pb on Nrf2 and NF-κB pathways and the results revealed that Pb induced its deleterious 

effect by targeting Nrf2/Keap-1 signaling. Typically, ROS elevation induces the dissociation of 

Nrf2 from its inhibitor Keap-1 and allows Nrf2 nuclear translocation where it binds to the 

antioxidant responsive elements (ARE) and enhances the expression an array of downstream 

antioxidant genes like CAT, SOD and HO-1 (Kansanen et al. 2013). Although we demonstrated 

that Keap-1 expression level significantly decreased under Pb exposure, we expected 

upregulation of Nrf2. However, our results showed almost no change in mRNA of Nrf2 and 

further downregulation of its protein level. Similar data were obtained by Liu et al. (2017) who 

showed that Pb decreased the levels of both Nrf2 and Keap-1 in murine kidney. They attributed 

this to the ability of Pb to activate miR153 that target Nrf2 mRNA and suggested the probable 

effect of Pb as epigenetic modifier. The importance of Nrf2 in maintaining the ovarian 

homeostasis and function was demonstrated earlier by Hu et al. (2006). It acts as a chemical 

sensor that protects the cells from ovo-toxicants such as chemicals, carcinogens and pathogens 

(Dinkova-Kostova et al. 2002; Nguyen et al. 2004). Deletion of Nrf2 results in reduction of the 

number of ovarian follicles and accelerates ovarian ageing in mice (Lim et al. 2015). A recent 

study (Akino et al. 2018) showed that Nrf2 activation combat oxidative stress in human 

granulosa cells and this raises the possibility to therapeutically target Nrf2 to manage oxidative 

stress-related fertility disorders. 

In the present work, upregulation of NF-κB has been found on both mRNA and protein levels in 

Pb-exposed groups. Similar results were obtained by Lu et al. (2018b). The nuclear factor kappa 

B, NF-κB is a pleiotropic transcription factor that regulates immunity and inflammatory 

responses, angiogenesis, apoptosis, cell cycle, and cell  proliferation (Sethi et al. 2008; Hayden 

& Ghosh 2011). The role of NF-κB during embryonic development have been documented 
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(Espin-Palazon & Traver 2016). This was emphasized earlier by the embryo lethality of 

knockout mice with disruption of any member of the NF-κB pathway such as p65 (Beg et al. 

1995), IκBa (Klement et al. 1996) or IKK (Li et al. 1999). It has been observed that aberrant NF-

κB/IκB signaling are involved in both murine and bovine oocyte ageing (Patel et al. 2007; 

Tatone et al. 2008). NF-κB signaling is reported to be activated whenever reproductive stress 

exist which necessitates its targeting by novel therapeutic intervention (Giridharan & Srinivasan 

2018). In the present study, upregulation of TNF-α in Pb-exposed groups was observed and this 

was in accordance with (Hossain et al. 2016). Studies reported the existence of the auto-

regulatory loop between NF-κB and proinflammatory cytokines like TNF-α, where NF-κB 

activation leads to the induction of these cytokines, which in turn further induce NF-κB 

activation (Fan et al. 2015).  Moreover, a functional interaction between Nrf2 and NF-κB, being 

mostly antagonistic, has been reported before (Wardyn et al. 2015). Kobayashi et al. (2016) has 

also shown that, Nrf2 has the ability to block inflammatory cytokines production, independent on 

its redox control activity. Consequently, in the present work we may suggest that NF-κB 

activated by Pb and subsequent ROS accumulation, induces inflammatory responses and can 

antagonize the activity of Nrf2 at their transcriotional levels (Sivandzade et al. 2018).  

We assessed the expression of apoptosis related genes and we demonstrated that Pb triggered 

embryonic apoptosis which was manifested by downregulation of the pro-apoptotic gene BCL-2 

along with upregulation of BAX. This has been confirmed by the high number of TUNEL 

positive cells in the blastocysts derived from all exposed groups. A direct link between Nrf2 and 

the anti-apoptotic proteins, BCL-2 and BCL-xl (and not the apoptotic protein BAX) expression 

was previously reported by Ariza et al. (2016), since Nrf2 binds to the ARE located in the 

promoter region of both BCL-2 and BCL-xl genes and control their expression. So attenuation of 

Nrf2 pathway triggers apoptotic pathway as observed in our study. 

Several experimental and epidemiological studies have correlated gene- environment interactions 

and epigenetic regulations with the harmful and long-lasting effects of Pb (Zheng et al. 2011; 

Mitra et al. 2017). DNA methylation, the major epigenetic mechanism, is a reversible event 

essential for normal embryo development  since it modifies the genome function, chromosomal 

stability, cell cycle and differentiation (Golding et al. 2011; Messerschmidt et al. 2014). Lead 

exposure was reported to alter the epigenome by inducing aberrant DNA methylation (Bihaqi et 
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al. 2011; Dosunmu et al. 2012; Eid & Zawia 2016). We found in the present work modification 

in the expression of DNMTs with significant elevation of DNMT1, gene involved in 

maintenance of DNA methylation. Overexpression of DNMT1 was reported to causes genomic 

hypermethylation, loss of imprinting, and embryonic lethality (Biniszkiewicz et al. 2002). 

Similarly, Schneider et al. (2013) reported that hippocampal DNMTs where affected by 

developmental Pb exposure in animal model. In vitro Pb exposure of human embryonic kidney 

cell line showed change in the differentially methylated region (DMR) regulating some 

imprinted genes such as IGF-2 (Nye et al. 2015).  

In summary, we conclude that Pb displayed a harmful effect on bovine early embryonic 

development, regardless the stage of exposure, by inducing oxidative and inflammatory stress. 

This effect may be in part through disrupting the Nrf2/NF-κB interaction. The reprotoxic effect 

of Pb originates from its interference with oocyte maturation and its ability to support the 

subsequent steps of development until the embryonic genome activation. Further investigations 

are required to evaluate DNA methylation dynamics in bovine embryos under Pb exposure and if 

this mechanism contributes to Nrf2/NF-κB perturbation.  
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4.1 Abstract 

Exposure to lead (Pb) during in utero period has been proven to be detrimental to human and 

animal offspring. So the aim of the current study is to evaluate the role of taurine (TA), a natural 

antioxidant with various cytoprotective activities, against Pb-induced toxicity in pregnant albino 

rats and their fetuses. Pregnant rats were divided into four groups (10 rats of each) where group 1 

was given distilled water and served as control. Group 2 was gavaged lead acetate (250 mg/L) 

from day 7 to 16 of gestation (the period of organogenesis). Groups 3 and 4 received taurine (50 

mg/kg) orally throughout the gestation period, while group 4 received also lead acetate from day 

7 to 16 of gestation. Dams were sacrificed on the 20
th

 day of gestation and fetuses were removed 

by cesarean section, where implantation sites, fetal mortality, morphological examination, body 

weight and length were recorded. Blood samples were collected from both dams and fetuses for 

hematological and biochemical parameters assessment. Hepatic malondialdehyde, reduced 

glutathione (GSH) and catalase (CAT) were also analyzed. Results showed that Pb caused a 

reduction in the maternal body weight gain and an increase in the rate of abortion, accompanied 

with fetal growth retardation and skeletal malformations. Moreover, Pb induced severe 

hematological and biochemical alterations in both dams and fetuses. The toxicity of Pb was 

further emphasized by histopathological examination of the placenta and hepatic DNA 

fragmentation. However, TA pretreatment revealed potential prophylaxis against Pb
 
toxicity. 

Keywords: lead toxicity, taurine, in utero, rat, fetus, skeleton, DNA fragmentation. 

4.2 Introduction 

Lead (Pb) is a prevalent environmental heavy metal that has a great impact on human health and 

it is mainly conveyed to humans through dietary or occupational sources (Garza et al. 2006; 

Flora et al. 2006; Payne 2008). Due to its unique properties like malleability, ductility, softness, 

low melting point and resistance to corrosion, it is nearly available in all aspects of human life 

and results in contamination of the air, water and soils. Besides, the non-biodegradable nature of 

Pb, its compounds are abundantly present in the environment (Florea & Busselberg 2006; 

Ahamed & Siddiqui 2007). After absorption, Pb is transported by blood to liver, kidney, brain, 

hemopoietic system and finally stored in bone and teeth throughout life (Monir et al. 2010; 

Renner 2010). Regardless of concentration, evidences are accumulated showing that, Pb can 

cause wider array of behavioral, hematological, gastrointestinal, cardiovascular, immunological 
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and reproductive disorders (Shannon 2003; Ahamed et al. 2005; Navas-Acien et al. 2007; 

Sanders et al. 2009; Jangid et al. 2012). Moreover, the in utero period is considered the most 

critical period affected by Pb toxicity consequences and remains a matter of concern. According 

to Gulson et al. (2003) and Vaziri (2008), Pb is released from bone due to the elevated bone 

turnover during pregnancy and crosses the placenta by diffusion into the developing embryo, 

which is endowed with low defense mechanism. Consequently, the fetus is vulnerable to Pb-

induced stress, especially in early organogenesis. Al-Saleh et al. (2011) reported also that, Pb
 

was detected in the placenta, umbilical cord and maternal blood, reflecting its tranasplacental 

transfer. Studies have elucidated that exposure to Pb are linked with gestational hypertension, 

miscarriage, stillbirth, premature membrane rupture and preterm delivery (Shannon 2003; 

Troesken 2008; Saleh et al. 2009; Edwards 2014). It is important to mention that, the period and 

dose of Pb exposure play a role in fetal growth (Cantonwine et al. 2010). In addition, placental 

blood Pb levels at or even below 10 μg/dL were associated with adverse pregnancy outcomes 

(Mennick 2006; Zhu et al. 2010). Furthermore, reports claim that there is no safe level of Pb 

exposure and it is quite evident that even small doses have adverse consequences on both 

humans and animals, where the soundest approach is to minimize Pb exposure rather than 

treatment (Guidotti & Ragain 2007; Iavicoli & Calabrese 2011). 

Taurine, 2-aminoethanesulfonic acid (TA), an antioxidant that is distributed in almost all animal 

tissues especially brain, heart, retina, leukocytes and muscles and it is essential for the normal 

functioning of different organs (Wojcik et al. 2010). The main source of TA in the body is either 

biosynthesis from methionine and serine or dietary intake of meat and seafood (Schuller‐Levis & 

Park 2006). Various biological functions of TA comprise regulation of cell volume, calcium (Ca) 

mobilization and cholesterol excretion. In addition to its role as neurotransmitter, potent 

antioxidant and antiapoptotic agent where its function starts at conception and continue 

throughout life (Verner et al. 2007; Nishimura et al. 2010; Roysommuti & Wyss 2014; Roy & 

Sil 2012). Taurine administration has been shown to be pharmacologically effective against 

many disorders in human and animal studies (Rahman et al. 2012; Ito et al. 2012; Han & 

Chesney 2012; Menzie et al. 2014; Miyazaki & Matsuzaki 2014). However, cellular depletion of 

TA is accompanied by many pathologies as cardiomyopathy (Zulli 2011) renal dysfunction 

(Yamori et al. 2010), degeneration of retinal neurons (Froger et al. 2013), cellular senescence 

and aging (Ito et al. 2014). Rather, the beneficial role of TA in development was documented in 
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the literature, where it protects against toxemia during pregnancy in rats (El-Agousa et al. 2009). 

During pregnancy and lactation, taurine insufficiency causes growth retardation, malformation, 

blindness, myocardial damage and disorders of the central nervous system (Franconi et al. 2006). 

Limited data are available on the protective effect of TA against Pb toxicity on female 

reproduction. Thus, the current work was carried out to investigate the protective effect of TA 

against lead insult consequences on pregnant albino rats and their fetuses.  

4.3 Material and methods 

4.3.1 Experimental animals  

Adult virgin (Sprague-Dawley) female rats weighing 180–200 g were left for two weeks of 

acclimatization period under standard laboratory conditions with the temperature at 23±2
o
 C, and 

12:12 light / dark cycle. The standard guideline of National Organization for Drug Control and 

Research (NODCAR) was used in handling the experimental animals and complies with the 

Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health 

(NIH Publication No. 85-23, revised 1996). The reproductive cycles of every rat were monitored 

for 15 days as described in (Cora et al. 2015). Every two female rats determined to be in 

proestrus were caged with one male for one day and those which had spermatozoa in their 

vaginal smears were considered to be at day 0 of gestation period (Zhou et al. 2016). 

4.3.2 Treatment and doses  

Lead acetate (Loba Chemie, India) was dissolved in distilled water and orally given at a dose of 

(250 mg/L) as described in (Oyagbemi et al. 2015) from day 7 to 16 of the gestation period. 

Similarly, taurine (Sigma Aldrich, USA) was dissolved in distilled water and was administered 

orally at a dose of 50 mg/kg/day (Akande et al. 2014) from the first to the 20
th

 day of the 

gestation period. 

4.3.3 Experimental design  

Forty pregnant rats were divided into four groups (10 each), the first (i) group received distilled 

water and served as control, group (ii) received lead acetate. Taurine was given to group (iii) 

while group (iv) was treated as the same way like group (iii) plus lead acetate from 7
th

 to 16
th 

day 

of the gestation period. Water and food were supplied ad libitum during all the experiment. 

Pregnant dams were observed daily throughout the gestation period for mortality and general 
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appearance. On the 20
th

 day of the gestation period, blood samples were collected from dams, 

using orbital sinus technique (Parasuraman et al. 2010). Concerning fetuses, blood samples were 

collected by the decapitation methods (Beuret et al. 2005). Few drops of blood were collected in 

heparinized tubes for hematological studies. The other portion of blood was allowed to clot, 

serum was separated by centrifugation at 3000 rpm for 20 min then, the clear non hemolysed 

serum was collected, divided into aliquots and stored at -20° C until further use. Dams were 

euthanized by anesthesia and after hysterectomy; each fetus was examined and weighed. Total 

implantation sites, fetal mortality rate (resorbed or stillbirth) and living fetuses were recorded. 

Placentas were harvested for histopathological examination.  

Fetal growth parameters: body weight (gm), crown-rump length (cm), and tail length (cm) were 

measured. 50 % of the fetuses were fixed in 96 % ethanol and stained with Alcian blue and 

Alizarin Red-S combined technique (Takarada et al. 2013).  The skeletal system was examined 

under dissecting microscope.  

Maternal and fetal livers were extirpated, homogenized in 50 mM phosphate buffer (pH 7.4) 

using electronic homogenizer (Ezister Daihan, Korea) to prepare 10 % w/v homogenate and 

stored at -80º C. The liver homogenates were divided into aliquots after 3000 rpm centrifugation 

for 15 min at 4 °C using cooling centrifuge (Hermile Labortechnik, Germany). Liver 

homogenates were used for the determination of malonaldehyde (MDA) according to the method 

described by (Rajasekaran & Kalaivani 2011), reduced glutathione (GSH) content and catalase 

(CAT) activity (Biodiagnostic, Egypt) according to (Lukaszewicz-Hussain 2011) and (Aebi 

1984) respectively. Another portion of the liver of dams and their fetuses was used to isolate the 

DNA using the Wizard genomic purification kit (Promega, USA). The DNA was analyzed using 

1.5 % agarose gel electrophoresis (Lee et al. 2012).  

Hematological parameters of dams and fetuses including hemoglobin level (Hb) using the kits of 

(Biodiagnostic, Egypt) according to the methods adopted by (Lewis et al. 2006), erythrocyte 

count (RBCs) and total leucocytes count were measured using ―Improved Neuberger 

hemocytometer‖ (Viana et al. 2012). Serum aspartate amino transaminase (AST) and alanine 

aminotransaminase (ALT) were determined colorimetrically (Huang et al. 2006) using kits from 

(Diamond, Diagnostics, Egypt) and alkaline phosphatase (ALP) activity was measured using 
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(Stanbio, USA) kits.  Serum urea and creatinine were also measured by (Diamond, Diagnostics, 

Egypt) kits (Romero et al. 2016). 

Placenta samples were kept in 10 % neutral buffered formalin for 24 hours and were dehydrated 

through alcohol, cleared in xylene and then embedded in paraffin wax at 56° C in a hot air oven 

for 24 hours. Sections (4 µm thick) were stained with hematoxylin and eosin and visualized 

using light microscopy (Bancroft & Stevens 1996).  

4.3.4 Statistical analysis 

Data obtained from all groups were compared statistically by ANOVA Test followed by Tukey-

Kramer multiple comparison test. Statistical analysis was performed using GraphPad Prism 

Software (version 5, San Diego, CA, USA). All values represent the mean ± SEM. 

4.4 Results 

4.4.1 Morphological parameters  

There were no major or minor abnormalities of any system in the fetuses of the control group. 

However, morphological and skeletal examination of Pb-treated fetuses showed high incidence 

of fetal malformation. There was significant decrease (P < 0.05) in the body weight gain, weights 

of uteri and placentas of Pb-treated dams by (61 %, 39 % and 47 %) respectively than that of the 

control group. The rate of abortion (40 %) and partial resorption (33 %) increased in Pb-treated 

group compared to the control. On the other hand, no abortion or resorption cases were recorded 

in the taurine (TA) treated groups (Tables 4.1 & 4.2, Figures 4.1 & 4.2). The body weight and 

length of fetuses maternally received Pb was significantly decreased by 37.5 % and 13.5 % 

respectively compared to that of control group. These effects were significantly improved by TA 

pretreatment (Figure 4.3).  

Fetuses maternally received Pb had different abnormalities; hematoma, growth retardation and 

contraction in the fore limb (Figure 4.4 & 4.5). In fetuses maternally received Pb, skeletal system 

abnormalities included lack of ossification of the skull bones. Also, incomplete ossification of 

vertebral column was observed in lumber, sacral and caudal vertebrae. The major skeletal defects 

were observed mainly in pelvic and hind limb bones in the form of shortness and lack of 

ossification of ilium, ischium, pubis, femur, tibia and fibula. The major skeletal defects observed 

in fore and hind limb bones were lack of ossification of long bones, asymmetric ossification of 
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both fore limbs and absent of digits (Figure 4.6). Taurine protection against Pb
 
effects was 

observed in the form of complete ossification of skull bones and improvement of other skeletal 

elements compared to Pb group as compared to control fetuses. 
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        Table 4.1:  Effect of taurine (50 mg/Kg) and/or lead (250 mg/L) on the uteri of pregnant rats  

 

Data represent mean ± SEM of 10 animals. 

a, b indicate statistically significant differences (P < 0.05).  

 

 

Parameters 

 

 

Treatments 

 

No. of 

pregnant 

rats 

 

No. of 

abortion (%) 

 

No. of 

sacrificed  

rats 

 

No. of uteri 

without 

resorption 

 

No. of uteri 

with partial 

resorption (%) 

 

Average uterine 

weight (gm) 

 

Control 10 
--------- 

(0%) 
10 9 

1 

(10 %) 
49.4±1.72

a
 

TA 10 
--------- 

(0%) 
10 10 

-------- 

(0 %) 
50.2±2.49

a
 

Pb 10 
4 

(40%) 
6 4 

2 

(33.33 %) 
30.1±1.6

b
 

TA + Pb 10 
--------- 

(0%) 
10 7 

2 

(20 %) 
42.1±0.6

a
 

a 
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Figure 4.1: Effect of taurine (50 mg/ kg) and/or lead (250 mg/L) on body weight gain (A) and 

placental weight (B) of dams. Data represent mean ± SEM of 10 animals. a, b indicate statistically  

significant differences (P < 0.05).  

 

 

 

 

 

A 

B 
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Figure 4.2: Uteri of pregnant rats on the 20
th

 day of gestation, maternally receiving: distilled water 

(control) (A), taurine (50 mg/ kg) (B) and lead (250 mg/L) (C, D); showing symmetrical 

distribution of fetuses on horns (A, B), partial resorption (arrow) (C) and partial abortion of fetuses 

(arrow) (D). 

 

A B 

D C 



Chapter 4   111 
 

 

Table 4.2: Effect of taurine (50 mg/kg) and/or lead (250 mg/L) on the mortality of fetuses 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters 

 

 

 

Treatments 

Number of 

sacrificed 

dams 

Noumber of 

implantation 

sites 

Number of 

resorbed 

fetuses 

(%) of 

resorbed 

fetuses 

Number 

of live 

fetuses 

Control 

 
10 62 1 1.6 % 61 

TA  10 50 --------- 0 % 50 

Pb  6 27 2 7.4 % 25 

TA+ Pb 10 51 2 3.9 % 49 
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Figure 4.3: Effect of taurine (50 mg/ kg) and/or lead (250 mg/L) on body weight (A) and length (B) 

of fetuses. Data represent mean ± SEM of 10 animals. a, b indicate statistically significant 

differences (P < 0.05).  

 

 

 

 

 

 

A 

B 
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Figure 4.4: Full term fetuses on the 20
th 

day of gestation, maternally receiving: lead (250 mg/L); 

showing severe growth retardation (A), contraction on the right fore limb (arrow) and hematoma 

(B), and gelatinous malformed body (C). 

 

 

 

 

 

 

 

Figure 4.5: Full term fetuses on the 20
th 

day of gestation, maternally receiving: distilled water 

(control) (A), taurine (50 mg/ kg) (B),  taurine+ lead (C) and lead (250 mg/L) (D); showing 

normal structure of fetuses (A, B & C) and growth  retardation with congestion all over the body 

(D). 

c 

A B C 

B C A D 
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Figure 4.6: Skeletons of fetuses on the 20
th

 day of gestation maternally receiving: distilled water 

(control) (A), taurine (50 mg/ kg) (B), lead (250 mg/L) (C) and taurine+lead (D); showing 

normal skeletal system formation (A & B), severe lack of ossification (C) and improvement of 

skeletal elements (D). Magnification 4 x. 

4.4.2 Hematological parameters 

The results revealed that exposure of dams to Pb from the 7
th

 to 16
th

 day of the gestation period 

caused significant reduction (P < 0.05) in Hb content and RBCs count and significant increase in 

WBCs count as compared to control group and the same effects were observed in their fetuses. 

Upon administration of TA all over the period of gestation, the deleterious effects of Pb on dams 

were significantly improved (P < 0.05) regarding Hb and RBCs while there was insignificant 

change in fetal parameters compared to Pb group (Table 4.3).  

 

 

 

 

 

A B C D 
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Table 4.3: Effect of taurine (50 mg/kg/day) and/or lead (250 mg/L) on hematological parameters  

 

Data represent mean ± SEM of 10 animals. 

a, b indicate statistically significant differences (P < 0.05).  

4.4.3 Oxidative stress markers 

Lead administration to dams induced a marked elevation (P < 0.05) of tissue MDA level and 

depletion in both GSH content and catalase activity in the dams and their fetuses. On the other 

hand, TA administration significantly (P < 0.05) augmented GSH and CAT while reduced MDA 

in dams and fetuses compared to Pb group (Table 4.4).  

 

Table 4.4: Effect of taurine (50 mg/kg/day) and/or lead (250 mg/L) on lipid peroxidation and 

antioxidant enzymes  

Groups 

Dams Fetuses 

MDA 

(nmol/g) 
GSH 

(mg/g) 
CAT 

(u/g) 
MDA 

(nmol/g) 
GSH 

(mg/g) 
CAT 

(u/g) 

Control 28.3±1.4
 a
 45.7±2.4

 a
 3±0.15

 a
 26.3±1.1

 a
 38.9±1.3

 a
 1.3±0.1

 a
 

TA 24.9±0.1
 a
 47.9±2.2

 a
 3.2±0.19

 a
 26.5±2.6

 a
 42.6±1.4

 a
 1.4±0.08

 a
 

Pb 68.8±1.5
 b
 26.9±2.1

 b
 2.1±0.12

 b
 58.8±2.8

 b
 25.8±1.5

 b
 0.8±0.06

 b
 

TA+Pb 41.4±2.3
 a
 37.1±2.2

 a
 3.1±0.11

 a
 46.4±1.1

 c
 37.9±2.3

 a
 1.3±0.09

 a
 

 

Data represent mean ± SEM of 10 animals. 

a, b indicate statistically significant differences (P < 0.05).  

 

Groups 

Dams Fetuses 

Hb 

(g/dL) 
RBCs 

(*10
6
/cmm) 

WBCs 

(*10
3
/cmm) 

Hb 

(g/dL) 
RBCs 

(*10
6
/cmm) 

WBCs 

(*10
3
/cmm) 

Control 14.9±0.58
a 
 5.3±0.21

 a
 7,4±0.49

 a
 12.8±0.67

a
 4.6±0.38

 a
 8.6±0.05

 a
 

TA 15±0.9
 a
 5.7±0.35

 a
 9.1±0.22

 a
 12.7±1.1

 a
 4.2±0.48

 a
 8.9±0.35

 a
 

Pb 10±0.33
 b
 3.3±0.11

 b
 14.6±1.4

 b
 6.6±0.78

b
 2.3±0.26

 b
 12.2±0.83

 b
 

TA+Pb 12.9±0.8
 a
 4.3±0.26

 a
 11.3±0.8

  b 
 9.3±0.88

 b
 3.3±0.23

 b
 10.9±0.58

 b
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4.4.4 Liver and kidney function  

Exposure of dams to Pb from day 7 to 16 of gestation caused significant increase (P < 0.05) in 

serum AST, ALT and ALP. However, significant reduction (P < 0.05) in the activities of these 

enzymes was observed in dams administered TA and their fetuses compared to Pb group (Table 

4.5). Additionally, Pb evoked significant elevation (P < 0.05) in serum urea and creatinine in 

dams and their fetuses compared to control groups. Treatment with TA recovered the levels of 

urea and creatinine below the normal values (Table 4.6).  

Table 4.5: Effect of taurine (50 mg/kg/day) and/or lead (250 mg/L) on some liver function tests  

Groups 

Dams Fetuses 

AST 

(U/L) 
ALT 

 (U/L) 
ALP 

(U/L) 
AST 

(U/L) 
ALT 

(U/L) 
ALP 

(U/L) 

Control 38.2±1.8
 a
 39.8±1.2

 a
 38.6±1.1

a
 44.3±0.33

 a
 43.7±0.89

 a
 42.5±1.2

 a
 

TA 38.4±2.22
 a
 39.5±2.26

 a
 30.4±2.1

 a
 41±0.58

 a
 42±1.5

 a
 35.5±0.53

 a
 

Pb 71.8±2.8
b
 68.7±1.7

b
 60.1±2.9

 b
 56±0.52

 b
 80.7±2.9

 b
 66.9±0.97

 b
 

TA+Pb 47.1±2.45
 a
 48.4±2.8

 a
 41.9±3.4

 a
 47±0.5

 a
 50.3±0.8

 a
 47.9±0.98

 a
 

 

Data represent mean ± SEM of 10 animals. 

a, b indicate statistically significant differences (P < 0.05).  

Table 4.6: Effect of taurine (50 mg/kg/day) and/or lead (250 mg/L) on kidney function tests  

 

Data represent mean ± SEM of 10 animals. 

a, b indicate statistically significant differences (P < 0.05).  

 

Groups 

Dams Fetuses 

Urea 

(mg/dL) 
Creatinine 

(mg/dL) 
Urea 

(mg/dL) 
Creatinine 

(mg/dL) 

Control 29.6±1.9
 a
 0.5±0.13

 a
 38.8±0.52

 a
 0.5±0.09

 a
 

TA 35.2±1.8
 a
 0.5±0.11

 a
 37.9±0.09

 a
 0.3±0.02

 a
 

Pb 58.1±2.5
 b
 2.1±0.25

 b
 59.2±0.28

 b
 2.4±0.09

 b
 

TA+Pb 41.3±0.4
 a
 1.2±0.28

 ab
 42.2±2.1

 a
 0.9±0.24

 c
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4.4.5 DNA fragmentation via agarose gel electrophoresis  

In the absence of Pb (control and TA groups), no ladder was observed and the fragmentation of 

the DNA remained negligible (Figure 4.7). Lead induced DNA fragmentation in livers of dams 

and their fetuses, which were clearly indicated on the agarose gel and detected by UV 

fluorescence after staining with ethidium bromide. Pretreatment with TA, protected the cells and 

prevented Pb-induced DNA degradation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: DNA isolated from the liver of dams (A) and fetuses (B), on agarose gel 1.5 %. 

Receiving: distilled water (control), taurine (50 mg/ kg) (TA), lead (250 mg/L) (Pb) and taurine 

+lead (TA+Pb); showing significant DNA fragmentation (Pb) and (TA+Pb). (M) Marker (3 kbp).  

4.4.6 Histopathological examination of placenta  

Normal histological structure of the chorioallantoic membrane with trophoblast and giant cells as 

well as the underlying labyrinth zone was observed in placentas of the control and TA groups 

(Figure 4.8). However, in dams of the Pb group, placenta revealed vascular congestion, severe 

focal hemorrhage, degeneration, inflammatory infiltration and fibrin deposition in the trophoblast 

of the labyrinth zone. However, the administration of TA along with Pb showed improvement in 

the placental architecture as compared to group subjected only to Pb.  

 

 

M 

3000 bp 

1500 bp 
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Control TA Pb TA+Pb 
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1000 bp  
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Figure 4.8: Histopathological findings in rat placenta (Haematoxylin and Eosin ×100): Control 

group showing (a) normal architecture of trophoblast (T) and giant cell in chorioallantoic 

membrane, (b) normal histology of labyrinth zone (L) and fetal villi (V). Lead group: showing 

(c) lymphocytic infiltration (I) and loss of architecture, (d) focal hemorrhage in labyrinth (H). 

(a) 
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Taurine group: showing (e) normal histology of chorioallantoic membrane, (f) normal histology 

of labyrinth zone. Taurine + lead group: showing (g) slight congestion in chorioallantoic blood 

vessels, (h) slight congestion and hemorrhage of labyrinth. 

4.5 Discussion 

Lead is a naturally occurring heavy metal and systemic toxicant that has a broad spectrum of 

toxic effects in human and animal systems (Chang et al. 2012; Flora et al. 2012). It has been 

shown that reproductive consequences of Pb toxicity have drastic reproductive outcomes and 

nearly all compartments of reproductive system are target organs (Anjum 2012). In the present 

study, teratogenicity was induced in rats by administration of Pb
 
in a dose of 250 mg/L orally 

from day 7 to 16 of gestation. The results showed a decrease in body weight gain during 

pregnancy and a high percentage of abortion as well as some alteration in the gross 

morphological and anatomical features compared to control group. These results were in 

agreement with the findings of Sharma & Mogra (2013) and Edwards (2014), which stated that 

Pb exposure during pregnancy results in post-implantation losses, growth retardation and high 

incidence of fetal mortality. The present work also revealed that prenatal Pb
 
exposure caused 

significant decline in fetal body weight, crown-rump length and fetal tail length and this is in 

accordance with Saleh et al. (2009), Rahman et al. (2012) and Al-Saleh et al. (2014), in which 

they concluded that Pb exposure in the very early stages of pregnancy hinders normal 

organogenesis where the placental and maternal blood Pb levels are predictors of birth height and 

weight. 

It is known that, for appropriate fetal development and growth, normal placental function is 

mandatory (Azpurua et al. 2010) and previous reports showed that low placental weight increase 

the risk of fetal distress at birth (Husslein et al. 2012). As shown in the present work, there was 

significant reduction in placental weight of Pb-treated dams compared to the control group. 

Moreover, histopathological examination of placental trophoblasts in the present work showed 

vascular congestion, hemorrhage, degeneration, inflammatory infiltration and fibrin deposition in 

Pb-exposed dams compared to the control group. These finding consequently lead to reduced 

fetal-maternal nutrition and oxygen exchanges in addition to the impaired fetal development and 

increased neonatal mortality incidences (Heazell & Crocker 2008; Redline 2008). Studies 

reported that Pb exposure resulted in ROS-mediated endoplasmic reticulum stress via caspase-12 
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activation which in turn triggers procaspase-9 and caspase-3 leading to apoptosis and the 

pathophysiology of the placenta (Xu et al. 2012; Wang et al. 2014).  

In the present study, the skeletal systems of fetuses maternally exposed to Pb showed severe lack 

of ossification in most components of the skeleton including the skull, fore-limbs and hind-

limbs, shortness of bones of limbs as well as missed ossification of vertebrae. These results 

coincide with Li et al. (2013), Figueiredo et al. (2014) and Grizlova & Yakimova (2014). In this 

context, many hypotheses have been shown to explain Pb impact on bone development. Due to 

ionic mimicry, Pb
 
was found to displace Ca in the mineral bone matrix and consequently disturb 

the hormonal regulation of Ca absorption (Conti et al. 2012). In addition, Pb has direct effects on 

osteoblast function including inhibition of ALP; the enzyme marker of osteoblast activity as well 

as the vitamin D3-stimulated synthesis of osteocalcin; a major non-collagen constituent of bone 

and important for mineralization (Gangoso et al. 2009; Saleh et al. 2009). Several studies 

showing that ROS stimulate osteoclast differentiation and bone resorption through uncoupling of 

the delicate balance between resorption and formation, and this will lead to osteoporosis and 

fracture risk (Baek et al. 2010; Cervellati et al. 2014). 

In the present study, Pb significantly decreased hemoglobin (Hb) content and red blood cell 

count (RBCs), meanwhile total white blood cells (WBCs) was significantly higher in dams and 

fetuses of Pb-exposed group in comparison to control group. These findings are consistent with 

previous studies of Sharma et al. (2012), Kianoush et al. (2013) and Liu et al. (2015). They 

attributed leukocytosis to the ability of Pb to elicit ROS that can damage cell membrane and in 

turn trigger the cascades of inflammatory process. Various studies have also reported that 

perinatal exposure to Pb decreases the fetal and adult Hb synthesis in rats due to the inhibition of 

enzymatic activities involved in heme biosynthesis as aminolevulinic acid dehydratase (ALAD), 

aminolevulinic acid synthetase (ALAS) and ferrochelatase  (Liao et al. 2008; Barber et al. 2011; 

Jangid et al. 2012). It was demonstrated that Pb can also induce anemia through induction of 

erythrophagocytosis and increase the rate of RBCs clearance (Jang et al. 2011). Besides, Pb-

induced ROS
 
showed a detrimental effect on hematopoiesis homeostasis of HSC (hematopoietic 

stem cell) by activation of apoptosis or premature senescence of adult HSCs (Liu et al. 2015). 

Herein, following Pb administration, MDA levels in dams and fetuses livers significantly 

increased which confirmed the involvement of oxidative stress in Pb poisoning since the major 
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aldehyde product of lipid peroxidation is MDA (Demir et al. 2011). Furthermore, there was a 

significant decrement in the activities of hepatic antioxidant enzymes (GSH and CAT) of both 

dams and fetuses in Pb group. These results are in accordance with Jackie et al. (2011), Chander 

et al. (2014), Wang et al. (2013) and (Dewanjee et al. 2015). It is worth to mention that, Pb 

inactivates glutathione by forming covalent bond with sulfhydryl groups which are the most 

potential target of Pb (Flora et al. 2012). Besides, it can replace Zn ion that serves as important 

cofactors for CAT activity involved in superoxide radical overwhelming (Flora et al. 2007). 

In the present study, plasma AST and ALT, ALP activities in Pb-treated dams and their fetuses 

significantly increased. This may be attributed to Pb-induced ROS which elicit lipid peroxidation 

and cell membrane damage and consequently leakage of these enzymes into peripheral 

circulation (Dewanjee et al. 2013; Thenmozhi et al. 2013). 

There was also elevation in urea and creatinine levels in Pb-exposed rats and their fetuses in the 

current study. These results were previously investigated by Nisar et al. (2011), Oyagbemi et al. 

(2015) and Hammed (2015) who proved that environmental Pb-mediated oxidative stress 

induces significant pathological lesions in the kidney reflected by interstitial nephritis, tubular 

necrosis and decreased glomerular filtration rate, hence reduction in renal clearance of urea and 

creatinine. Additionally, Ahmed et al. (2013) reported that apoptosis and activation of caspase-8 

and -9 and the pro-apoptotic marker; BAX are involved in the mechanism of renal Pb toxicity. 

In the current study, agarose gel analysis of DNA isolated from livers of both dams and fetuses 

revealed the impact of Pb toxicity as it has been reported by Moniem et al. (2010), Dewanjee et 

al. (2013) and Abdou & Hassan (2014). It was also shown that Pb exposure increases ROS and 

lipid peroxidation that cause DNA damage and affect the synthesis of both DNA and RNA in the 

liver (Ahmed et al. 2012). Lead also can hamper DNA repair by interfering with base excision 

repair (BER) and nucleotide excision repair (NER) mechanisms as well as replacing Zn in DNA 

binding proteins (Garcia-Leston et al. 2012). While Zhang et al. (2014) demonstrated two 

mechanisms of  Pb-induced DNA damage in mice liver; either by binding to phosphate backbone 

of DNA through electrostatic forces forming Pb-DNA complex or entering into the minor 

grooves of DNA by combinations with purines and pyrimidines, resulting in damage of the 

double helix structure of  DNA. Another recent study by Li et al. (2016) showed that there is an 

association between maternal Pb levels and DNA hypomethylation in newborns and adults. 

Although the biological significance of reduced DNA methylation in Pb-exposed humans is still 
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unknown, this epigenetic change is known to alter disease susceptibility in adulthood (Bernal et 

al. 2013; Nilsson & Skinner 2015; Nilsson et al. 2018).  

In the current study, concomitant administration of taurine (TA) along with Pb
 
showed neither 

teratogenic nor embryotoxic effects. Taurine, a conditionally essential amino acid, can be 

synthesized from methionine and serine. However, during pregnancy, TA is essential due to the 

lack of synthetic enzymes in both fetus and placenta. Therefore, this demand for TA must be 

covered by its transport from maternal plasma into placenta (Nishimura et al. 2010; Roysommuti 

& Wyss 2014). 

Administration of TA with Pb
 
insult revealed normal histology of placenta. In this regard, many 

researches highlighted the cytoprotective role of TA in placental trophoplasts and its importance 

for cell differentiation and survival. Desforges et al. (2013b; 2015) and Nishimura et al. (2015) 

demonstrated that TA depletion compromised placental cell differentiation and increased the 

susceptibility to ROS-mediated DNA damage and apoptosis in vitro. Reduced TA also was 

reported as contributing factor in pregnancy complications as pre-eclampsia and fetal growth 

restriction compared with normal pregnancies (Desforges et al. 2013a). It was demonstrated also 

that in both placental and nonplacental cells, TA is a key osmoregulator, important for cell 

volume regulation and consequently; growth, differentiation (Lambert 2004; Nishimura et al. 

2010). Furthermore, TA pretreatment improved fetal body growth and bone formation in the 

current study compared to Pb-exposed group. Also, Liu et al. (2012) concluded that perinatal TA 

supplementation may reduce neuronal apoptosis in intrauterine growth retardation (IUGR) rat 

fetuses via upregulating BCL2/BAX ratio and downregulating the expression of caspase-3.  

The beneficial role of TA in bone has been also demonstrated in many studies: Wang et al. 

(2011) found that TA significantly reduces synovial inflammation, cartilage damage and bone 

erosion by inhibiting lymphocyte proliferation and osteoclast formation in mice with collagen-

induced arthritis. TA was found to inhibit the expression of inflammatory cytokines, such as 

TNF-α, IL-1 and IL-6, which are crucial for bone destruction (Marcinkiewicz & Kontny 2014; 

Kim & Cha 2014). Roman-Garcia et al. (2014) reported that TA restores osteoblast function and 

protects against growth retardation and osteoporosis in the offspring of vitamin B12 deficient 

mice. In addition, Choi & Chang (2013) showed that TA increases bone mineral density bone 



Chapter 4   123 
 

 

makers in rats. Rather, it was reported that, TA transporter knockout mouse exhibited short 

lifespan and skeletal muscle defects (Ito et al. 2014). 

In the present study, administration of TA to dams throughout gestation significantly augmented 

Hb content and RBCs count and reduced WBCs count in both dams and fetuses as compared to 

Pb-received group. Moreover, there was attenuation of lipid peroxidation in the livers of dams 

and their fetuses in TA+Pb
 
group in addition to improvement in hepatic GSH content and CAT 

activity. This was in agreement with Shivananjappa & Muralidhara (2012) who demonstrated 

that, TA mitigates maternal and embryonic oxidative stress in a streptozotocin-diabetic rat 

model. According to Sevin et al. (2013) and Taziki et al. (2013), TA is capable of functioning as 

an indirect antioxidant, either by reducing ROS production or by augmenting the antioxidant 

defense system. It is noteworthy that, TA forms chloramines with hypochlorous acid, thus 

inhibits its direct attack on cell membranes of organs. TA also replaces glutathione (GSH) in 

biological systems during oxidative stress (Akande et al. 2014). 

In the present work, TA pretreatment along with Pb alleviated the alterations in the activities of 

the enzymes (AST, ALT and ALP) in dams and fetuses. It was reported that TA reverse the liver 

injury in rat with alcholoic fatty liver (Wu et al. 2015). Similarly, we found significant reduction 

in the levels of urea and creatinine in TA+Pb group as compared to Pb only group. Consistent 

with these results, the previous work of Koh et al. (2014) and Sirdah (2015) showed that TA 

delayed the onset of nephropathy in diabetic rats through its antioxidant, antiapoptotic and 

membrane stabilizing effects. TA also exhibits nephroprotection by regulating blood flow in the 

renal vasculature and Na
 
transport in the proximal tubules (Karbalay-Doust et al. 2012; Han & 

Chesney 2012). Furthermore, pretreatment with TA alleviates DNA fragmentation in dams and 

their fetuses. Matching with the current results, TA was found to reduce DNA damage and 

DNA- protein cross-links as well as single- strand breaks induced by potassium bromate in rat 

intestine (Ahmad et al. 2015). TA also inhibited DNA fragmentation in the testes of aged rats 

since it potentially suppressed lipid peroxidation and reduced BAX, cytochrome C and caspase- 

3 expressions (Yang et al. 2015). This may suggest the chemoprotective and antimutagenic 

effects of TA (Turkez & Aydin 2012). 

In summary, this study emphasizes the detrimental effects of Pb on the pregnant rats as well as 

the developing fetuses and highlights the ameliorative role of TA as a potential antioxidant 
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against Pb toxicity in vivo. However, the mechanisms implicated in TA therapeutic activity 

against metal toxicity; needs to be investigated in depth. So future work is warranted considering 

TA safety and pharmacokinetics during pregnancy. 
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5.1 General discussion 

Heavy metals are among the environmental toxicants incurring great concern for human and 

animals because low concentrations, even at trace levels, can seriously impair health (Korashy & 

El-Kadi 2006). Of these, lead (Pb) is a naturally occurring heavy metal and systemic toxicant 

that has a broad spectrum of harmful effects in human and animal systems (Chang et al. 2012; 

Flora et al. 2012). The impact of Pb on female reproduction is more profound, where it has been 

detected in all compartments of female reproductive system in many species (Saleh et al. 2009). 

Additionally, Pb has been shown to be both embryo-toxic and teratogenic in animal studies. The 

aim of this PhD work was to investigate the direct effect of Pb on bovine granulosa cells (GCs), 

oocyte maturation and subsequent embryo development in vitro. Moreover, the influence of Pb 

on Nrf2 and NF-κB, two transcriptional factors involved in maintaining cellular hemostasis 

against oxidative stress and inflammation respectively, was also investigated. Thereafter, the 

possibility to use antioxidant regimen as prophylaxis against Pb impact during the course of 

pregnancy was assessed using rat model.  

The reproductive impact of Pb is complicated and seems to involve multiple pathways, most of 

which are not fully understood. It has been suggested that, ROS-mediated cellular damage could 

be a major mechanism implicated in Pb pathogenesis (Flora et al. 2007). In this context, results 

revealed that exposure of GCs to Pb induced significant ROS accumulation which remained 

prominent 24 hours after changing the Pb-containing media. The viability of GCs showed 

marked decline with Pb exposure as compared to the control group. Since the integrity of ovarian 

GCs is a key marker of oocyte quality and viability, being critical to protect the oocytes from 

oxidative stress damage (Tripathi et al. 2013), we speculate that Pb-induced ROS can intervene 

with GCs function and hence folliculogenesis. It was also reported that Pb-treated mice exhibited 

reduced number of developing follicles and increased number of atretic follicles (Sharma et al. 

2012; Nakade et al. 2014). Moreover, the ROS level may define the cellular fate by modulating 

the redox-sensitive transcriptional factors such as Nrf2 and NF-κB. The Nrf2  pathway is a 

pivotal protective self-defense mechanism against oxidative stress within the cell by activating 

an array of downstream detoxifying genes (Kaspar et al. 2009). We showed here significantly 

lower Nrf2 and Keap-1 transcript abundance with Pb challenge in addition to downregulation of 
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both SOD and CAT levels. A previous report of  Liu et al. (2017) showed that Pb decreased the 

levels of Nrf2 and Keap-1 in the rat kidney. 

The NF-κB, is an inducible, pleiotropic transcription factor involved in many physiological and 

pathological processes, efficiently regulating an array of gene expression (Bellezza et al. 2010). 

The activity of NF-κB was markedly reduced in the present work in Pb-treated groups. 

According to Bolisetty & Jaimes (2013), low ROS levels are neutralized by Nrf2 activation and 

its downstream signaling, while NF-κB is activated with moderate ROS levels. However, 

apoptosis is induced with persistent ROS accumulation in the cell.  Although reports showed the 

activation of NF-κB by ROS in many cell types (Gloire et al. 2006), other studies suggested that 

ROS can potentially repress NF-κB activity (Nakajima & Kitamura 2013). The effect of different 

metals on NF-κB is even controversial; either activating or suppressing (Liu et al. 2013; Xie & 

Shaikh 2006; Cox et al. 2016; Liu et al. 2015). Moreover, suppression of NF-κB and its 

downstream pathway is an underlying mechanism drive to apoptosis by a number of divalent 

metals (Chen & Shi 2002; Dieguez-Acuna et al. 2004), where the binding of metals to the 

sulfhydryl groups of target protein molecules and the oxidative stress caused by these metals 

could be plausible mechanisms beyond their effects on the NF-κB activity. Similarly, it has been 

reported that thiol groups in the enzymes and proteins are target of Pb, and its irreversible 

binding might alter their function, being a major underlying cause of Pb-derived oxidative stress 

(Haleagrahara et al. 2010; Hasanein et al. 2017). This was confirmed by our oxyblot results, 

which showed a high level of carbonylated protein in Pb-exposed groups. 

In the present work, Pb induced cell cycle arrest at the G0/G1 checkpoint with decreased cell 

population at the S phase (DNA synthesis), and this was in line with the work of Yedjou et al. 

(2015). This was further confirmed by investigating two cell proliferation marker genes (PCNA 

and CCDN2), which showed downregulation under Pb challenge, suggesting that the cells were 

driven to apoptosis. Our results demonstrated that Pb induced apoptosis in GCs by enhancing the 

BAX/BCL-2 ratio as compared to the control group, and this was further confirmed by the 

results obtained by flow cytometry analysis. These finding were consistent with previous results 

of Yuan et al. (2014) and Abdel Moneim (2016). Lead also enhanced endoplasmic reticulum 

(ER) stress and unfolded protein response (UPR), which was manifested by the upregulation of 

the chaperon GRP78, simultaneously with elevation of the pro-apoptotic factor CHOP at 
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transcriptional level. Meanwhile, we observed an elevated protein level of GRP78, suggesting an 

adaptive response to the potential inactivation of GRP78 by its binding to Pb as reported by Qian 

et al. (2000) and Zhang et al. (2008). According to Lee (2014), GRP78 depletion triggers not 

only the pro-apoptotic CHOP but also intrinsic apoptosis. Moreover, it was reported that, in the 

absence of Nrf2, UPR is compromised and CHOP has also been found to be upregulated 

(Meakin et al. 2014; Tebay et al. 2015). As described before, there is a possible interplay 

between ROS and NF-κB activation, a similar phenomenon is also observed in the regulation of 

NF-κB by the UPR. ROS have the potential to induce ER stress, and the consequent UPR can 

suppress the activation of NF-κB (Kitamura & Hiramatsu 2010). In the early phase, ER stress 

activates NF-κB transiently, whereas in the later phase, ER stress acts as an inhibitor of NF-κB 

(Kitamura 2009). However, an early study reported that GRP78 can promote cell survival by 

activating Akt and NF-κB signaling cascades (Misra et al. 2006). This further confirms our 

suggestion that the upregulated GRP78 may not work properly under Pb exposure. Our findings 

suggest that Pb-induced oxidative stress dysregulates GCs viability and proliferation, enhances 

ER stress, induces cell cycle arrest and mediates apoptosis, probably via disruption of the 

Nrf2/NF-κB cross-talk.  

In the second experiment, we investigated the effect of Pb exposure on IVF bovine 

preimplantation embryos, starting from oocyte maturation (Oocyte only) till 16 cell stage (1-16 

cell) or blastocyst stage (All stages). Results revealed similar phenotypes as in GCs, manifested 

by the impairment of embryonic developmental parameters in all treated groups regardless of the 

stage of exposure. The cleavage and blastocyst rates were significantly lower as compared to the 

control group. Exposure to Pb increased ROS accumulation and caused decline in blastocyst cell 

number. This was in agreement with the early studies of Nandi et al. (2010) and Avazeri et al. 

(2006), where it has been suggested that, the reprotoxic effect of Pb results from its interference 

with oocyte maturation and its ability to support the following steps of development until the 

embryonic genome activation (EGA). 

In the present work, Pb induced significant downregulation of Keap-1 gene expression. 

Meanwhile, there was no change in the expression of Nrf2 and its downsrtream genes; SOD and 

HO-1, but there was reduced abundance of CAT transcript. The protein level of Nrf2 showed 

downregulation in Pb-exposed groups as compared to control group. Moreover, NF-κB and 



Chapter 5   141 
 

 

TNF-α were found to be upregulated in Pb-treated groups. This was consistent with the report by 

Liu et al. (2017), which showed that Pb decreased the levels of Nrf2 and Keap-1 while inducing 

NF-κB in rat kidney. Here, we demonstrate the induction of NF-κB expression with Pb treatment 

which is different from the phenotype observed in bovine GCs. This can be attributed to the 

metal-mediated ROS behavior, which can both induce or supress NF-κB in a phase and context 

dependent manner (Lingappan 2018; Cox et al. 2016; Liu et al. 2015). Many studies 

demonstrated the interaction between NF-κB and Nrf2, being predominantly antagonisitic 

(Wardyn et al. 2015; Sivandzade et al. 2018). The role of Nrf2 as upstream regulator of 

inflammatory cytokines, independent on its redox control function, has been displayed by 

Kobayashi et al. (2016). Therefore, we may conclude that NF-κB activated by Pb exposure and 

subsequent ROS accumulation, triggers inflammatory responses and can antagonize the activity 

of Nrf2 at the transcriptional level (Sivandzade et al. 2018). 

Blastocysts derived from Pb-exposed groups exhibited downregulation of the pro-apototic BCL-

2 along with upregulation of the apoptotic gene BAX. This was confirmed by elevation of the 

number of TUNEL positive nuclei after Pb treatment. We further evaluated the effect of Pb on 

the mRNA expression of DNA methyltransferases (DNMT3A, DNMT3B and DNMT1) and 

results showed the upregulation of DNMT1, the gene involved in maintenance of DNA 

methylation. Similar results were reported by Schneider et al. (2013) where hippocampal 

DNMTs were affected by developmental Pb exposure in an animal model. In vitro Pb exposure 

of human embryonic kidney cell line showed change in differentially methylated region (DMR) 

regulating some imprinted genes such as IGF-2 (Nye et al. 2015). From the previous results we 

conclude that Pb displayed a harmful effect on bovine early embryonic development through 

oxidative and inflammatory stress probably via Nrf2/NF-κB signaling pathways. However, 

further investigations are required to evaluate DNA methylation dynamics in bovine embryos 

under Pb exposure and verify wheather this mechanism contributes to Nrf2/NF-κB perturbation.  

In the third experiment, we investigated the effect of Pb in vivo, using rat model, and the 

possibility to guard against its deleterious effects during the course of pregnancy using 

antioxidant regimen. Taurine (TA), a conditionally essential amino acid, can be synthesized in 

mammals from methionine and serine. However, during pregnancy, TA is essential due to the 

shortage of necessary enzymes in both fetus and placenta. Therefore, the demand for TA must be 
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covered by its transport from maternal plasma to the placenta where it is critical for growth and 

development throughout life (Verner et al. 2007; Nishimura et al. 2010; Roysommuti & Wyss 

2014). 

In this experiment, pregnant rats were orally ingested by Pb during the period of organogenesis, 

while TA was given throughout the gestation period. Results showed a decrease in the maternal 

body weight gain during pregnancy and a high percentage of abortion as well as some alteration 

in the gross morphological and anatomical features of fetuses compared to control group. These 

results were in agreement with the findings of Sharma & Mogra (2013) and Edwards (2014), 

which showed that Pb exposure during pregnancy results in post-implantation losses, growth 

retardation and high incidence of fetal mortality. The present work also revealed that prenatal Pb
 

exposure caused significant decline in fetal body weight, crown-rump length and fetal tail length. 

This was in accordance with Saleh et al. (2009), Rahman et al. (2012) and Al-Saleh et al. (2014), 

where Pb exposure in very early stages of pregnancy hindered normal organogenesis.  

As shown in the present work, there was significant reduction in placental weight of Pb-treated 

dams compared to the control group. Moreover, histopathological examination of placenta 

showed vascular congestion, hemorrhage, degeneration and inflammatory infiltration in Pb-

exposed dams compared to the control group. Oxidative stress has been reported to be a major 

mechanism of Pb toxicity (Flora et al. 2012). Furthermore, Studies reported that Pb exposure 

resulted in ROS-mediated ER stress via caspase-12 activation which in turn triggers procaspase-

9 and caspase-3 leading to apoptosis and the pathophysiology of the placenta (Xu et al. 2012; 

Wang et al. 2014).  

Fetuses maternally exposed to Pb showed severe lack of ossification in most components of the 

skeletal system and these results coincide with Li et al. (2013), Figueiredo et al. (2014) and 

Grizlova & Yakimova (2014). Many hypotheses have been reported to explain the impact of Pb 

on bone development. Due to ionic mimicry, Pb
 
was found to displace Ca in the mineral bone 

matrix and consequently disturb the hormonal regulation of Ca absorption (Conti et al. 2012). 

Several studies showing that ROS stimulate osteoclast differentiation and bone resorption 

through uncoupling of the delicate balance between resorption and formation, and this will result 

in osteoporosis and high fracture risk (Baek et al. 2010; Cervellati et al. 2014). On the contrary, 

TA pretreatment improved the maternal parameters, the fetal body growth and bone formation in 
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the current study compared to Pb-exposed group. Liu et al. (2012) concluded that perinatal TA 

supplementation may reduce neuronal apoptosis in rat fetuses via up-regulating the ratio of 

BCL2/BAX and down-regulating the expression of caspase-3. Additionally, the cytoprotective 

role of TA in placenta was revealed in the present study and this was previously documented by 

the studies of Desforges et al. (2015) and Nishimura et al. (2015). Pretreatment with TA showed 

also enhancement of the hematological parameters like hemoglobin content, RBCs count and 

reduced WBCs count in both dams and fetuses as compared to Pb group. These events could be 

assigned to the enhanced stability of RBCs and preservation of the normal levels of the 

antioxidant enzymes and metabolites of the erythrocytes as found in the results of Roy & Sil 

(2012) and Sirdah et al. (2013).  

Unlike Pb-exposed rats, there was attenuation of lipid peroxidation in the livers of dams and their 

fetuses with TA pretreatment, in addition to the improvement in hepatic GSH content and CAT 

activity. This effect was in agreement with Shivananjappa & Muralidhara (2012), who 

demonstrated that, TA mitigates maternal and embryonic oxidative stress in a streptozotocin-

diabetic rat model. Furthermore, TA protects the livers of dams and their fetuses from liver 

injury since our results showed normalization of the activities of the enzymes AST, ALT and 

ALP in TA+Pb group. This was in agreement with the work of Wu et al. (2015), which reported 

the protective role of TA in rats with alcoholic fatty liver. This could be attributed to the ability 

of TA to decrease oxidative stress, enhance mitochondrial function, modulate Ca homeostasis 

and inhibit hepatocytes apoptosis (Asha & Devadasan 2013; Zhang et al. 2014).  

Similarly, a significant reduction in the levels of serum urea and creatinine was observed in TA+ 

Pb group compared to the Pb group. The previous work of Das & Sil (2012), Koh et al. (2014) 

and Sirdah (2015) showed that TA delayed the onset of nephropathy in diabetic rats through its 

antioxidant, antiapoptotic and membrane stabilizing effects. TA also exhibits nephroprotection 

by regulating blood flow in the renal vasculature and Na transport in the proximal tubules, thus 

maintaining osmoregulation and scavenging ROS in the glomerulus (Karbalay-Doust et al. 2012; 

Han & Chesney 2012). Furthermore, concomitant administration of TA along with Pb alleviated 

DNA fragmentation in dams and their fetuses. Matching with these results, TA was found to 

reduce DNA damage and DNA- protein cross-links as well as single strand breaks induced by 

potassium bromate in rat intestine (Ahmad et al. 2015).  
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It is noteworthy to mention that TA has been reported to activate Nrf2 signaling pathway 

(Gebara et al. 2015; Lu et al. 2019) in addition to be an anti-inflammatory agent suppressing NF-

κB in vivo (Gebara et al. 2015), making TA a good candidate against Pb toxicity. In summary, 

this study emphasizes the detrimental effect of Pb on the pregnant rats as well as the developing 

fetuses and highlights the role of TA as a potential prophylactic antioxidant against Pb insult.  

5.2 Future prespects  

Compared to other pathological conditions, research in the reproductive disorders is complicated 

especially in females during pregnancy. ROS-mediated signaling molecules like Nrf2, NF-κB 

and FOXO-1 proved to have great significance in both preventing and contributing to diseases, 

making their therapeutic targeting a challenge. Additionally, epigenetics has emerged as another 

layer for regulation of these molecules (Cheng et al. 2016). Therefore, further studies are 

required to understand the dual role of these signaling molecules in oocyte maturation and early 

embryo development considering the role of epigenetics in their regulation and interaction.  

Furthermore, robust evidence showed that reproductive disease and infertility may be, in part, 

due to the ancestral environmental exposures through epigenetic transgenerational inheritance 

mechanisms. This in turn support the hypothesis ―Developmental Origins of Health and Disease‖ 

(DOHaD) (Nilsson et al. 2018). Epigenetic alterations with toxic metal exposure have been 

demonstrated, suggesting that heavy metals could be epigenetic modifiers and this may also 

describe the differential susceptibility of individuals to metal toxicity. Therefore, epigenetic 

screening may confer a diagnostic tool to explore the ancestral toxicant exposures, so actions can 

be taken to help mitigate possible disease onset. Unlike the static genetic mutations, epigenetic 

alterations such as aberrant DNA methylation are potentially reversible and could be targeted 

paving the way for novel epigenetic-based therapy. A better understanding of miRNA signature 

in the ovary under heavy metal exposure should also be considered.  

Moreover, the interest in extracellular vesicles (EVs) research and their role in cell-cell 

communication have increased in the past few years. However, the link between exposure to 

toxins, altered EVs cargo and disease progression are not fully understood (Harischandra et al. 

2017). So future work is needed to reveal how environmental toxins trigger EVs biogenesis and 
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define their contents and how the released cargo could reprogram the cellular response leading to 

disease progression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



146  Chapter 5 
 

 

 

 



Chapter 6   147 
 

 

 

 

 

 

 

Chapter 6 

Summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



148  Chapter 6 
 

 

Preconceptional and prenatal exposure to environmental heavy metals induce severe and long 

lasting effects on fertility, in general, and pregnancy outcomes in particular. Of these, lead (Pb) 

has been shown to be both embryo-toxic and teratogenic in variety of animal species. However, 

limited data is available about the direct effect of Pb on bovine granulosa cells (GCs) and 

embryo development. The aim of this thesis was to investigate the effect of Pb on bovine GCs, 

oocyte maturation and subsequent embryo development in vitro and in utero during pregnancy 

with potential application of antioxidants against Pb toxicity. Moreover, the influence of Pb on 

Nrf2 and NF-κB, two transcriptional factors (TFs) involved in maintaining cellular hemostasis 

against oxidative stress and inflammation respectively, was also investigated.  

In the first experiment, bovine ovarian GCs aspirated from small growing follicles (3-5 mm of 

diameter) were in vitro cultured and, after confluency, they were challenged with three doses of 

lead acetate (1, 2 or 3 µg/ml) for 2 hours. The cell viability and the accumulation of intracellular 

reactive oxygen species (ROS) were assessed 24 hours later. Moreover, cells were harvested and 

subjected to total RNA isolation, cDNA synthesis and the gene expression analysis. The protein 

lysate from GCs was used to assess carbonylated protein. Results showed that, exposure of GCs 

to Pb evoked intracellular ROS accumulation and protein carbonylation. This was accompanied 

by cell cycle arrest at G0/G1 phase, reduction in cell viability and decrease of the expression of 

cell proliferation marker genes (CCND2 and PCNA). Moreover, Pb downregulated both Nrf2 

and NF-κB and their downstream antioxidant genes, SOD and CAT, while no significant 

differences were shown in the level of other genes involved in both TFs pathways (Keap-1, HO-

1, Thrx, IKK and TNF-α). In addition, Pb challenge increased the expression of endoplasmic 

reticulum stress marker genes, GRP78 and CHOP and the pro-apoptotic gene, caspase-3 while 

reduced the anti-apoptotic gene, BCL-2.  

In order to investigate the effect of Pb toxicity on bovine oocyte maturation and preimplantation 

embryo development, in vitro cultured oocytes and embryos were used in the absence (Control) 

or presence of Pb (10 µg/ml). Oocytes were aspirated from bovine ovaries and matured. 

Following IVF using frozen-thawed spermatozoa, the resultant Pb-exposed zygotes were further 

randomly divided into three groups cultured in the absence of Pb (Oocyte only) or in presence of 

Pb either until the 16 cell (1-16 cell) stage or blastocyst stage (All stages). Cleavage rates and 

blastocyst developmental rates were recorded. Following this, the day 8 blastocysts of different 
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experimental groups were analyzed for ROS accumulation and subjected to RNA isolation, 

cDNA synthesis and the gene expression. The protein levels of Nrf2 and NF-κB were detected 

using immunostaining. The results showed a reduction in the cleavage and blastocyst rates in all 

Pb-exposed groups. In addition, Pb toxicity reduced blastocyst cell number along with ROS 

accumulation. We further displayed upregulation of NF-κB on both transcriptional and protein 

levels along with downregulation of the protein level of Nrf2 and this was accompanied by 

elevation of TNF-α. Apoptosis under Pb exposure has been shown by the higher ratio of 

BAX/BCL-2 and the number of TUNEL positive nuclei as compared to control group. 

Moreover, Pb significantly induced the expression of DNMT1, a gene involved in maintenance 

of DNA methylation. 

In the third experiment, we evaluated the role of taurine (TA) against Pb-induced toxicity in 

pregnant albino rats and their fetuses. For this, pregnant rats at day 1 of gestation were divided 

into four groups (10 rats of each), where group 1 was given distilled water and served as control. 

The second group received Pb (233.25 mg/kg) orally from day 7 to 16 of gestation (the 

organogenesis period). The 3
rd 

group received TA (50 mg/kg) orally throughout the gestation 

period, while the 4
th

 group received both TA throughout the gestation period and Pb from day 7 

to 16 of gestation. Dams were sacrificed on the 20
th

 day of gestation period and fetuses were 

removed by cesarean section. Fetal mortality, morphological examination, body weight and 

length were recorded. Blood samples were collected for hematological and biochemical 

parameter assessment. Moreover, hepatic malondialdehyde (MDA), reduced glutathione (GSH) 

and CAT were also analyzed. Results revealed that, Pb caused a reduction in the maternal body 

weight gain, increase in the rate of abortion, as well as fetal growth retardation and skeletal 

malformations. Additionally, Pb induced hematological and biochemical alterations in both dams 

and fetuses. The toxicity of Pb was further emphasized by histopathological examination of the 

placenta and hepatic DNA fragmentation. However, these events have been mitigated by TA 

pretreatment without affecting the normal course of pregnancy.  

All in all, the present work demonstrates that exposure to Pb-induced oxidative stress attenuates 

bovine GCs proliferation and alters cell cycle progression, exposing the cells to apoptosis. This 

was further confirmed in preimplantation embryo development, which exhibited aberrant 

developmental parameters regardless the Pb exposure stage, suggesting that the reprotoxic effect 

of Pb originates from its interference with oocyte maturation and its ability to support the 
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subsequent development until the embryonic genome activation (EGA). The deleterious effect of 

Pb-induced ROS may be through disruption of the Nrf2/NF-κB interaction and this effect could 

vary according to the dose, the period of exposure and the type of cells tested. Moreover, 

antioxidants such as taurine could be a reassuring approach to be used as prophylactic agents 

against environmental heavy metal exposure during pregnancy. 
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