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 ABSTRACT 

 Lead (Pb) is a common environmental pollutant with potential genotoxic 

properties. This study aimed to reveal the molecular mechanisms underlying Pb 

genotoxicity related to inhibition of DNA repair mechanisms that are not fully 

elucidated. Here, the acute and chronic lead acetate (PbAc)-exposed human renal 

proximal tubular cell models (RPTEC/TERT1 cells) were established. The cell 

viability, cellular Pb level, change in expression of DNA repair genes and proteins 

known to play a crucial role in ROS-induced DNA repair pathways (XRCC1, hOGG1, 

and ERCC1) were measured. The MTT assay result showed a significant decrease in 

cell viability in a dose-dependent manner after 24 h and 72 h of exposure. According 

to the MTT result, exposure to PbAc at a concentration of 40 µg/mL for 24 h was 

selected to represent acute exposure, while 10 µg/mL for 72 h was selected to represent 

chronic exposure. The atomic absorption spectrophotometry (AAS) analysis showed 

different cellular Pb contents indicating bioaccumulation of Pb in PbAc-treated cells. 

qRT-PCR and Western blot results demonstrated that the mRNA and protein levels of 

XRCC1 significantly decreased after acute and chronic exposure.  Significant decreases 

in mRNA levels of hOGG1 and ERCC1 after acute exposure were observed, whereas 

no significant change in the protein levels of hOGG1 and ERCC1 after both acute and 
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chronic exposure was observed. In conclusion, our study provides the first evidence to 

show that acute and chronic Pb exposure results in altered expression of DNA repair 

genes and proteins, and their response appear to be consistent with ROS-induced DNA 

repair pathways indicating impairment of DNA repair systems in human renal proximal 

tubular epithelial cells. 

Keywords: Lead, DNA repair genes, Human renal proximal tubular epithelial cells  
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CHAPTER 1 

INTRODUCTION 

 

Lead (Pb), a toxic heavy metal, is one of the most common environmental 

pollutants and a widely used heavy metal in several industries. Human is commonly 

exposed to Pb through ingestion and inhalation. Pb can be accumulated in various soft 

tissues such as kidneys, livers, lungs, and heart, where it exerts the mechanisms of 

toxicity leading to enhancing several biochemical, physiological, and genetic 

abnormalities.1 Pb thereby adversely affects a variety of organ systems such as 

cardiovascular, renal, nervous, digestive, and reproductive systems.1 Due to its 

potential genotoxic properties, genotoxic endpoints have been extensively 

demonstrated in various experimental models. For instance, a significant increase in 

oxidative DNA damage was reported in the Pb-exposed renal cells.2, 3 However, the 

mechanisms underlying its genotoxicity are not fully understood. The major 

mechanism of genotoxicity of heavy metals is primarily involved with ROS-induced 

DNA damage due to the overproduction of reactive oxygen species (ROSs) and 

interfere with antioxidant defense resulting in oxidative stress.4 A common feature of 

DNA damage induced by heavy metals is oxidized DNA damage (non-bulky DNA 

lesions), while bulky DNA lesions can be a minority occurred due to the ability of 

generated ROSs.5-8 Thus, the specific DNA repair proteins along the ROS-induced 

DNA repair pathways play a crucial role to cope with these damages.  

The indirect mechanisms underlying Pb genotoxicity such as ROS-induced 

DNA damage and inhibition of DNA repairs have been suggested.9 According to 

literature data, ROS-induced DNA damage has been well illustrated in several 

experimental models.2, 7, 10 In contrast, the inhibition of DNA repair processes by Pb is 

not fully elucidated. In general, heavy metals are considered capable of interfering with 

the activities of several proteins and altering the expression pattern of numerous 

genes.11-13 Interestingly, altered gene expression by Pb has been reported to affect 

proliferation, differentiation, detoxification, and DNA repair systems.14-17 Thus, 

aberrant expression of DNA repair genes can be associated with Pb genotoxicity. 

Although the previous epidemiological and in vitro studies have demonstrated an 
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association of Pb toxicity with DNA repair gene expression,10, 17, 18 the finding is still 

conflicting and several DNA repair genes remain unexplored. Furthermore, the 

evidence in the molecular levels for the impacts of Pb toxicity on DNA repair genes 

and protein expression in the experimental model is lacking.  

Therefore, this study aimed to determine the effects of Pb on DNA repair 

pathways to provide evidence for the molecular mechanism of Pb genotoxicity. The 

cell viability and bioaccumulation of Pb were assessed after acute and chronic lead 

acetate (PbAc) exposure in human proximal tubular cells, a target site of Pb toxicity. 

For the first time, this study evaluated the effects of acute and chronic Pb exposure on 

the DNA repair pathways, in particular, by monitoring expression levels of genes and 

proteins (XRCC1, hOGG1, and ERCC1) known to correspond with ROS-induced DNA 

repair pathways. 
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CHAPTER 2 

REVIEW OF LITERATURE 

 

2.1 General information about Lead (Pb) 

 

 Lead (Pb) is one of the most important environmental heavy metal pollutants 

with widespread distribution in the environment.19 Pb is very stable and resistant to 

corrosion. Pb is divided into 3 forms including elemental, inorganic, and organic Pb. 

 

2.1.1 Elemental Pb 

       Pb is the chemical symbol of lead. The atomic number of Pb is 82 

and its atomic weight is 207.2. The density of Pb is 11.34 g/cm3. The melting point of 

Pb is 327.46°C.  

2.1.2 Inorganic Pb 

      Inorganic Pb is the most focused form of Pb because it has been 

widely used in several industries and can be found in environmental compartments such 

as soil, dust, wastewater. Inorganic Pb compounds have different colors depending on 

the chemical form. The most common forms of inorganic Pb compounds are such as 

lead carbonate, lead chromate, lead acetate, lead monoxide, and lead tetraoxide.  

2.1.3 Organic Pb 

      Tetraethyl and tetramethyl lead are forms of Pb that are used diesel 

fuel. The use of these organic Pb compounds as a fuel additive results in releasing of 

Pb into the atmosphere. Nowadays, organic Pb is banned and limited for use and 

exposure. Exposure to organic Pb compounds is taken seriously because it can cause 

severe toxicity to the nervous system. Therefore, organic Pb is more toxic than 

inorganic Pb. 

 

2.2 Source of Pb exposure 

 

 The important property of Pb is corrosion resistance. Thus, Pb is persistent and 

can be found in the environment. The main sources of Pb include natural and synthetic 
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sources. Therefore, the general population has a high chance to be continuously 

exposed to Pb as a result of Pb contamination in commercial products and the 

environment. Pb can be found in workplaces, where it is used for the manufacturing 

processes of Pb-based products as well as their waste materials contributing to Pb 

contamination in the environment which enters the human body through food, air, and 

water.20 Thereby, the occupational areas have been reported to have high levels of Pb, 

and workers from these areas have been reported as having a high risk of Pb exposure.21 

The occupational Pb exposure has a high risk of Pb poisoning, which commonly occurs 

in workers involved in several industries such as batteries, paints, sheet lead, 

automotive, chemicals, cosmetics, hair dye, and some surgical equipment and military 

equipment.1 

 

2.3 Toxicokinetic of Pb 

 

 The exposure route of Pb primarily involves ingestion, inhalation, and dermal 

exposure. Thus, Pb is majorly absorbed through the lung, intestine, and skin. In adults, 

10- 15%  of dietary Pb is absorbed. Moreover, the dietary Pb absorption in children is 

higher than in adults.22 The inhaled Pb can be retained by the lungs resulting in 

deposition of Pb in both the lower and upper of the respiratory tract.23 Deposition in the 

upper respiratory tract results in swallowing which results in absorption by the 

gastrointestinal tract.  However, Pb can penetrate the lower part of the respiratory tract 

and absorbed by the lungs.  Absorbed Pb enters the plasma and is removed rapidly to 

various body compartments.  Plasma is the main source of Pb distribution facilitating 

excretion. Pb is exchanged predominantly among three compartments including blood, 

mineralizing tissues, and soft tissues.23 In the blood, only a small fraction of Pb remains 

in the plasma as an albumin complex, and most of them are incorporated into the red 

blood cells.24 Pb in the blood circulation system has a half- life of about 30 days in 

adults.25 The half- life in children and a pregnant woman is longer as a result of bone 

remodeling.26, 27 Through endocytosis, the absorbed Pb then is distributed into different 

soft tissues such as the liver, kidney, heart, and brain where it exhibits its mechanism 

of toxicity or oxidative damage.  However, inorganic Pb, the most common form of Pb, 

is not metabolized by cytochrome enzymes in the liver but most of them are conjugated 
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as a protein complex by a small protein such as glutathione and metallothionein.28 

Moreover, Pb can be accumulated in calcified or mineralizing tissues such as teeth, and 

bones for years.29 Almost 90%  of Pb body burden is accumulated in mineralizing 

tissues such as bones and teeth in adults, while Pb body burden in children in bones and 

teeth is stored at about 70%, which provide the soft tissues to absorb more Pb and lead 

to serious health consequences.3 0 , 3 1  Bone Pb accumulation increased with age due to 

long-term accumulation.32 After ingestion, the ingested Pb that has not been absorbed 

is excreted in the feces. Absorbed Pb is excreted primarily via urinary and fecal 

excretion.  During the excretion process through urinary tract, both complex and free 

forms of Pb are filtered by glomerulus. However, at the apical membrane of proximal 

tubule, it can be taken up via various transporters, cotransporters, and endocytosis 

resulting Pb accumulation in renal cells.28 Moreover, the reabsorption of Pb by the renal 

cells may be facilitated by the interacting of Pb to the brush border membrane and up 

taken by endocytosis mechanism.33, 34 About two-thirds of total elimination is occurred 

via the urinary system, while about one-third is eliminated via fecal loss. Furthermore, 

Pb can be eliminated through hair and nails at about 10%.35  

 

2.4 Mechanism of toxicity 

 

 The major mechanism of Pb toxicity is the induction of oxidative stress (OS) 

which is resulted from an imbalance between the levels of reactive oxygen species 

(ROS) and antioxidant defense that detoxifies the reactive as shown in Figure 2.1.36 

The mechanism that enables Pb for induction of OS is not unclear since Pb cannot 

undergo valence change.1 The oxidative damage induced by Pb involves the generation 

of ROS and damage of cellular compartments including DNA, cell membrane, proteins 

as well as certain enzyme leading to cell death. Pb can inhibit the functional sulfhydryl 

(SH) group of proteins resulting in the inhibition of antioxidant enzyme activities such 

as catalase (CAT), δ-aminolevulinic acid dehydrase (ALAD), glucose-6-phosphate 

dehydrogenase (G6PD), superoxide dismutase (SOD), and glutathione peroxidase 

(GPx).37-39  In conclusion, Pb has an inhibitory effect on various enzymes especially in 

antioxidant defense causing the cells to be more susceptible to oxidative stress. 
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The mechanism of Pb-induced oxidative damage to membranes is induced via lipid 

peroxidation involving the capturing electrons by ROSs at the lipids present inside the 

cell membranes leading to damaging the cell membranes. Lipid peroxidation is 

involved with the change of fatty acid composition inside the cell membrane.40 The 

length of unsaturation of the fatty acid chain is determined for membrane susceptibility 

to peroxidation. Moreover, Pb-induced arachidonic acid elongation may be associated 

with the enhancement of lipid peroxidation.41 Therefore, Pb-induced lipid peroxidation 

affects membrane physical properties and activities such as endocytosis, exocytosis, 

and transport of solutes across the lipid bilayer.42 However, the multifactorial 

mechanism has been investigated such as enzyme inactivation, DNA damage, alteration 

of gene expression, and mimicry of endogenous biomolecules. In the case of mimicry, 

Pb can mimic the action of calcium by entering the cells through a calcium channel and 

binding with calcium-binding protein or calmodulin, which is responsible for the 

phosphorylation of protein kinase C (PKC) that have an important role to regulates 

enzyme activity and gene expression in the Ca-dependent inositol trisphosphate (IP3) 

pathway.1, 43 The interference of Pb with the signaling pathway finally leads to the 

alteration of several cellular functions.  
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Figure 2.1 The overview of Pb-induced oxidative stress and molecular targets of Pb. 

Accumulation of lead in several tissues induces its mechanism of action that promotes 

ROS production and inhibition of antioxidant defense leading to oxidative stress. 

Oxidative stress can cause damage to biomacromolecules including DNA, protein, and 

lipid that finally induce cell death. 

 

2.5 Physiological effects of Pb 

 

 Several physiological dysfunctions are induced by Pb exposure. In humans, 

exposure to a low level of Pb can induce adverse health effects on all body systems 

including nervous, hematological, cardiovascular, reproductive, and renal systems 

(Figure 2.2). 
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Figure 2.2 Pb poisoning in humans. Exposure to Pb results in the accumulation of Pb 

in several tissues and induction of its mechanisms of action in several organ systems 

such as nervous, hematological, cardiovascular, reproductive, and renal systems. 

 

2.5.1 Effect on the nervous system 

The nervous system is the most sensitive target site of Pb toxicity. 

Generally, Pb exposure develops neurotoxicity and also decreases pediatric cognitive 

functions. The developing nervous system in children is more susceptible to the 

neurotoxicity of Pb because of the ability of absorption of a higher level of Pb. 

Moreover, it was reported that children had a significantly higher level of Pb 

accumulated in the brain than in adults.44 Pb poisoning in children and exposure to even 

a low dose of Pb can affect IQs and also cause abnormal behaviors such as 

concentration ability, depression, aggression, social withdrawal, and abnormal body 

movement.45 Moreover, previous studies reported that Pb poisoning was associated 

with damage in the brain at the prefrontal cerebral cortex, hippocampus, and cerebellum 

Ref. code: 25646212040031BTE



9 

 

leading to several neurological disorders and also possibly involved with Alzheimer’s 

disease, Parkinson’s disease, and schizophrenia.46-49 

2.5.2 Effect on the hematopoietic system 

Due to the ability of Pb to inhibit various essential enzymes on the 

heme synthesis pathway such as δ-aminolevulinic acid (ALAD), coproporphyrinogen, 

and ferrochelatase, Pb thereby potentially has an impact on the hematopoietic system.50 

Pb toxicity enhance the fragility of RBS membranes leading to decreased life span and 

RBC, destruction of RBC leading to the development of anemia, which can be 

categorized in 2 groups including hemolytic and frank anemia. Hemolytic anemia 

induced by Pb is associated with an acute high level of Pb exposure and frank anemia 

is caused by chronic exposure to a low level of Pb.51 Furthermore, long-term exposure 

to Pb enhances membrane permeability of RBCs interfering with the transferring of 

protein. RBCs with basophilic stripling are a potential biomarker for lead poisoning 

(Figure 2.3).52  

 

 

Figure 2.3 Hematological effect of Pb poisoning. A blood smear of Pb poisoning 

patient shows hypochromic microcytic RBS with basophilic striping.52 

 

2.5.3 Effect on the renal system 

Exposure to a high level of Pb (>60 μg/dL) causes renal dysfunction. 

However, abnormalities in the renal system caused by low level (10 μg/dL) exposure 

have been reported. Moreover, exposure to a low level of Pb may accelerate progressive 

renal dysfunctions in renal disease patients without diabetes.53 In occupational workers, 
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acute high dose exposure and high-to-moderate chronic exposure are reported relating 

to renal effects. Renal functional abnormalities can be categorized into 2 types 

including acute nephropathy and chronic nephropathy. Acute nephropathy involves the 

disturbance of the proximal tubular cell structures, which potentially leads to proximal 

tubular dysfunction, the altered structure of mitochondrial, and the formation of 

inclusion bodies in the renal cells. Chronic exposure is associated with saturnine gout, 

renal failure, and an abnormality of the glomerular filtration rate.54  

2.5.4 Effect on cardiovascular function 

Both acute and chronic Pb exposure is associated with vascular and 

cardiac damage resulting in hypertension and clinical cardiovascular abnormalities 

including cardiovascular disease, stroke mortality, coronary heart disease, and 

peripheral arterial diseases.55 Exposure to a low dose of Pb was reported to be related 

to a possibility of development of cardiac conductivity dysfunction in the ventricular 

myocardium.56, 57  

2.5.5 Effect on the reproductive system 

     Pb exposure affects the reproductive system in both males and 

females. Pb content in maternal skeletal can be mobilized during pregnancy and is 

transferred to the blood circulating of the fetus.58, 59  Pb exposure during pregnancy can 

decrease birth weight and length.60 Pb also induces testicular oxidative damage and 

disrupts spermatogenesis.61 Interference of Pb with spermatogenesis can lead to a 

reduction in motility, number, viability, abnormal morphology of sperm, as well as the 

altered seminiferous tubules and Leydig cells.62 Besides, it was reported that 

hypogonadism, a decline in serum testosterone, and hypothalamic-pituitary-testicular 

axis were caused by occupational Pb exposure.63  

 

2.6 Genotoxicity of Pb 

 

 The genotoxic effects of Pb have been investigated such as chromosome 

aberration (CA), mutation, DNA strand breaks, and interference with DNA synthesis.64, 

65 According to previous studies, the end-points of the genotoxic effect of Pb have been 

well illustrated in different in vitro, in vivo, and epidemiological studies. Pb has been 
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examined and found to exert positive responses in several biological and biochemical 

assays for DNA lesions including structural and numerical CA, sister chromatid 

exchanges (SCE), micronucleus (MN) test, and DNA strand breaks by using the single-

cell gel electrophoresis (comet) assay.9 Moreover, the mutation assay such as 

hypoxanthine-guanine phosphoribosyl-transferase (hprt) gene and T-cell receptor 

(TCR) have been frequently used to assess the genotoxic effect of Pb.9  

 The genotoxic endpoints induced by Pb have been extensively demonstrated for 

a long time. However, the genotoxic properties and mechanisms underlying the 

genotoxic effects of Pb are not fully understood. It has been proposed that mechanisms 

of the genotoxic effects of Pb could be involved with indirect mechanisms such as the 

induction of oxidative DNA damage, deficiency in DNA repairs, the formation of DNA 

and protein cross-links, and regulation of tumor suppressor and promoter genes.66-70 

The major mechanism of Pb toxicity is involved in oxidative stress described as an 

imbalance between the generation of reactive oxygen species (ROS) and the antioxidant 

activities.36 Pb is capable of interfering with the activities of antioxidant enzymes by 

interacting with a functional sulfhydryl (SH) group in antioxidant enzymes such as δ-

aminolaevulinic acid dehydrase (δ-ALAD), superoxide dismutase (SOD), catalase 

(CAT), glutathione peroxidase (GPx), and glucose-6-phosphate dehydrogenase 

(G6PD).39, 71, 72 In the heme synthesis pathway, inhibition of δ-ALAD responsible for 

catalyzing the formation of delta-aminolaevulinic acid (δ-ALA) to porphobilinogen 

(PBG) leading to bioaccumulation of δ-ALA.73 This eventually stimulates ROS 

production and generation of 4,5-dioxovaleric acid, an efficient alkylating agent of the 

guanine residues within DNA molecules.74 As a result of alkylation, single-strand 

breaks, and quinine oxidation were produced with an increase in the level of 8-hydroxy-

2' -deoxyguanosine (8-OHdG) or 8-oxo-7,8-dihydro-2' -deoxyguanosine (8-oxodG),74 

the main forms of oxidative DNA damage used as a biomarker for oxidative DNA 

damage.75 Several studies have been reported a positive association of 8-OHdG with 

Pb.65, 76, 77 The DNA repair processes play a crucial role to protect the cells from DNA 

damage generated by exposure to several carcinogens and cytotoxic agents as well as 

heavy metals. A previous study suggested that Pb can interfere with the DNA repair 

enzymes by substitution calcium (Ca) and zinc (Zn) in enzymes leading to inbition of 

DNA repair and Pb exposure combined with other mutagenic agents such as tobacco 
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smoke or UVA can enhance the genetic damage.9 Interestingly, a decrease in DNA 

repair capacity was reported in workers in Pb-based industries.78, 79  

 

2.7 DNA repair system 

 

2.7.1 DNA damage and DNA repair mechanisms 

The DNA molecules are continuously attacked by both endogenous 

and exogenous genotoxic factors.81 Endogenous sources include alkylation, hydrolysis 

(depurination, depyrimidination, and deamination), alkylation (6-O-Methylguanine), or 

oxidation (8-oxoG) by free radical oxygen species (ROS) from by-products of 

mitochondrial respiration.81 Exogenous sources can be physical or chemicals such as 

radiation, UV light, and chemotherapeutic drugs.82 The lesion feature from these 

genotoxic sources varies depending on the sources of exposure and their toxic 

properties.82, 83 Genome instability caused by genotoxic factors potentially affects 

transcription and replication and can be inherited to daughter cells.  

The DNA repair mechanisms include base excision repair (BER), nucleotide 

excision repair (NER), mismatch repair (MMR), homologous recombination (HR), 

Non-homologous end joining (NHEJ), translesion synthesis, and DNA inter-strand 

crosslink repair (Figure 2.4).80 The distinct DNA repair systems are specific to types 

of DNA lesions. In the DNA repair process, each DNA repair pathways compose of 3 

main steps including recognition, excision, and resynthesis by the action of specific 

DNA repair enzymes responsible for monitoring chromosomes and correcting the 

damaged nucleotide residues. Interfering with DNA repair genes contributes to the 

deficiency in DNA repair and enhancing DNA damage that finally promotes 

tumorigenesis.84 
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Figure 2.4 The overview of types of DNA damage and DNA repair pathways. The 

common types of DNA damage can be divided into 4 types including a single-strand 

break, Bulky lesion, base mismatch, and double-strand break. Each damaged lesion can 

be specifically repaired by different DNA repair pathways. The DNA repair pathways 

include base excision, nucleotide excision, mismatch mediated, homologous, and non-

homologous end-joining repair pathwyas.80’ 

+ 

2.7.2 ROS-induced DNA repair pathways and role of DNA repair 

gene XRCC1, hOGG1, and ERCC1 

DNA repair genes play an important role to protect the cells in the 

repair process of damaged DNA. In the present study, we focused on the DNA repair 

genes XRCC1, hOGG1, and ERCC1 that play a crucial role in ROS-induced DNA 

repair pathways.  

As mentioned previously, the mechanisms of Pb toxicity primarily 

involve the generation of ROSs during oxidative stress, which potentially causes 

damage to the macromolecules including lipid, protein, and nucleic acids resulting in 

oxidative DNA damages.1, 2 ROS-induced DNA damage can be both non-bulky and 

bulky DNA damage lesions.85 To repair these damages in the DNA molecules, base 

excision repair (BER) has been involved to repair non-bulky lesions such as single-

strand break and single base damage.86 However, ROS-induced DNA damage can 
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minorly derivers bulky DNA adduct formation, which is efficiently repaired by 

nucleotide excision repair (NER).8 Therefore, this study focused on the genes that 

involve in the ROS-induced DNA repair pathway.  

  2.7.2.1 Role of hOGG1 and XRCC1 in the BER 

   hOGG1 and XRCC1 play important roles in the BER pathway. 

In the BER pathway (Figure 2.5), the BER proteins correct damaged DNA bases 

typically from oxidative damage, delamination, or hydrolytic decay of DNA 

molecules.87 However, the damage can result from an environmental source such as 

radiation, chemicals, pollutants, or cytostatic drugs. The BER includes a short patch 

and long patch. In a short patch, single nucleotide is inserted, while 2–12 nucleotides 

are inserted in a long patch of the BER repair.88 The DNA glycosylase-type enzymes 

play an important role in the recognition and excision of the damaged DNA base by 

cleaving the glycosidic bond between deoxyribose and base leaving the abasic site (AP 

site) (Figure 2.6) which is recognized by AP-endonuclease that creates 5’ nick. During 

the SP pathway, the deoxy ribose phosphate (dRP) moiety is removed by lyase activity 

of DNA polymerase ß (pol ß). Pol ß then extends 1nucleotide followed by ligation step 

by the activity of DNA ligase III/XRCC1 complex. For LP repair, DNA polymerase 

extend 2 to 12 nucleotides and Flap endonuclease cleaves the displaced DNA. The 

ligation step is occurred by the coordinated effectors of DNA ligase I and PCNA. 
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Figure 2.5 DNA repair mechanisms for bulky and non-bulky DNA damage lesions 

generated by ROS.85 Non-bulky lesions are repaired by the BER, while bulky lesions 

are repaired by the NER. 

 

 

Figure 2.6 Chemistry of common base lesion and abasic sites in the BER pathway.90 
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During the BER process, the major activity of hOGG1 is recognition 

and removal of 7,8-dihydro-8-oxoguanine (8-oxoG) from the damaged DNA, while 

XRCC1 promotes the ligation function by interaction with several BER proteins to form 

different XRCC1 associated complexes.89  

 2.7.2.2 Role of ERCC1 in the NER 

  The nucleotide excision repair (NER) pathway is responsible for 

removing and repair of bulky DNA lesions.91 The deficiency in the NER is associated 

with xeroderma pigmentosum (XP) disorder, which is linked to defects in repair the 

DNA damage generated by UV irradiation .92 As shown in Figure 2.5, the NER consists 

of two sub-pathways including global genome NER (GG-NER) and transcription-

coupled NER (TC-NER). The TC-NER is responsible for the repair of damage in the 

transcribed strand of an active gene. In contrast, The GG-NER repairs the DNA damage 

in the transcriptionally inactive parts of the genome.93, 94 The main step of NER includes 

damage recognition, nucleotide excision, and gap filling. These two NER sub-pathways 

are different in the damage recognition step. In the GG-NER, the xeroderma 

pigmentosum group C (XPC) recognizes and initiates the repair process by the specific 

factor XPC-RAD23B but the TC-NER is initiated by RNA polymerase. After the 

damage recognition step, GG-NER and TC-NER have similar steps of nucleotide 

excision and gap filling. One set of DNA repair enzymes can recognize several 

substrates including UV-induced photoproducts, DNA adducts induced by 

environmental mutagens, and chemotherapeutic agents such as cisplatin.91, 94, 95 In the 

GG-NER, the XPC-RAD23B binds the non-damaged strand opposite the damaged 

strand followed by interacting of TFIIH with XPCRAD23B complex that pries and 

open the DNA with its XPB subunit. XPD then track along DNA strand and verifies 

the lesion. XPA, RPA, and XPG are recruited to form a complex followed by the 

interacting of ERCC-XPF complex with XPA facilitating 5’incision at the lesion. The 

DNA synthesis is initiated by polymerase activity and their involved factors followed 

by 3’ incision by the action of XPG. Finally, the complex of DNA ligase and XRCC1 

complete the repair process. 

  In summary, ERCC1 is a 5’ excision subunit along the GG-NER 

pathway. The ERCC1-XPF complex provides provide 5′-3′ structure-specific 
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endonuclease activity leading to 5’ incision to the lesion while XPG leads to 3’ 

incision.96  

  Recent studies have revealed the genotoxicity of Pb and thus indicated 

that Pb toxicity might be able to initiate carcinogenesis. These findings reinforce the 

need for investigation of Pb exposure. In the present study, we established a short-term 

(acute) and long-term (chronic) Pb-exposed human renal proximal tubular epithelial 

cell model and used this cell model to study the possible genotoxic effects of Pb 

exposure. We specifically focused on the aspects of the DNA repair system by 

measuring the DNA repair capacity and systematically assessing the profile of DNA 

repair genes in the human renal proximal tubular epithelial cells. Furthermore, this 

study examined the expression of DNA repair proteins of exposed cells to lay 

information for Pb-induced DNA damage. Overall, our study unveiled a new 

perspective on Pb-induced genotoxicity caused by chronic lead exposure.  
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CHAPTER 3 

OBJECTIVES 

 

3.1 Primary objective 

 

The main objective of this study is to determine the expression of DNA repair 

genes and proteins including hOGG1, XRCC1, and ERCC1 in a human renal proximal 

tubular epithelial cell line (RPTEC/TERT 1 cells) following acute and chronic Pb 

exposure. 

 

3.2 Specific objectives 

 

1. To evaluate the appropriate concentration of PbAc representing acute and 

chronic doses by MTT assay. 

2. To measure cellular Pb concentrations in RPTEC/TERT1 cells following 

acute and chronic PbAc exposure by AAS analysis. 

3. To assess the mRNA expression of selected DNA repair genes in 

RPTEC/TERT1 cells following acute and chronic PbAc exposure by qRT-PCR. 

 4. To assess the protein expression of selected DNA repair proteins in 

RPTEC/TERT1 cells following acute and chronic PbAc exposure by Western blot 

analysis 

 

3.3 Hypothesis 

 

 Pb exposure could affect the expression of DNA repair genes and proteins 

indicating inhibition of DNA repair processes in RPTEC/TERT1 cells.
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CHAPTER 4 

MATERIALS AND METHODS 

 

4.1 The overview of the experimental studies  

 

 

Figure 4.1 The overview of the workflow composing two parts. (1) Part 1: Dose 

selection. (2) Part 2: Study of Pb effects. 

 

  4.1.1 Part 1: Dose selection 

This study aimed to determine the acute and chronic effects of Pb 

exposure on DNA repair genes. The MTT assay was used to select the optimum doses 

representing acute and chronic exposure of PbAc in the RPTEC/TERT1 cell model. At 

the end of exposure, the concentrations at about 80 % cell viability were chosen as acute 

and chronic doses. 

   4.1.1.1 Selecting acute dose 

RPTEC/TERT 1 cells were exposed to PbAc at a concentration 

of 0 – 200 µg/mL for 24 h to determine cell viability using MTT assay and select an 

acute dose for further experiments.  
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   4.1.1.2 Selecting chronic dose 

    RPTEC/TERT1 cells were exposed to PbAc at a concentration 

of 0 – 200 µg/mL for 72 h (repeated exposure every 24 h until 72 h) to determine cell 

viability using MTT assay and select a chronic dose for further experiments. 

  4.1.2 Part 2: Study of lead effects 

RPTEC/TERT1 cells were acutely and chronically exposed to PbAc at 

concentrations obtained from the MTT assay. After acute and chronic exposure to 

PbAc, the following assays were performed to study the effects of Pb.  

   4.1.2.1 Atomic absorption spectrometry (AAS) analysis 

    AAS analysis was performed to measure cellular Pb contents 

accumulated in PbAc-exposed RPTEC/TERT1 cells following exposure to acute and 

chronic doses of PbAc at different incubation times. 

   4.1.2.2 quantitative real-time RT-PCR (qRT-PCR) 

    qRT-PCR was performed to assess changes in the mRNA 

expression levels of DNA repair genes XRCC1, hOGG1, and ERCC1 in PbAc-exposed 

RPTEC/TERT1 cells following acute and chronic exposure. 

   4.1.2.3 Western blot analysis 

    Western blot analysis was performed to assess changes in the 

protein levels of DNA repair protein XRCC1, hOGG1, and ERCC1 in PbAc-exposed 

RPTEC/TERT1 cells following acute and chronic exposure. 

 

4.2 Cell culture and Treatments 

 

  RPTEC/TERT1 cells were cultured in Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F12) medium supplemented with 10 ng/mL 

epithelial growth factor, 5 ng/mL sodium selenite, 36 ng/mL hydrocortisone, 5 µg/mL 

transferrin, 5 µg/mL insulin, 100 U/mL penicillin and 100 µg/mL streptomycin in 

humidified incubator under 5% CO2 at 37°C. Cells were treated with PbAc for 24 h and 

repeatedly treated every 24 h until 72 h in an incubator under 5 % CO2 at 37°C. For 

repeated treatment, the old medium containing lead acetate was replaced with a fresh 

medium containing PbAc. Untreated (control) cells were included the cells incubated 

with only a culture medium. Thereafter, cells were harvested for experimental analysis.  
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4.3 Detection of the cell viability by MTT assay 

 

 The determination of cell viability was assessed by the MTT assay. cells were 

seeded at 5 X 104 cells/well in a 96-wells plate and allowed to adhere for 24 h. The 

confluence monolayers were then treated with different concentrations of PbAc (0, 5, 

10, 20, 40, 100, 200 µg/mL) for 24 h and repeatedly treated for 72 h. After 24 h and 72 

h of treatment, all concentrations of PbAc were removed and 0.5 mg/mL of MTT in 

culture medium was added to each well and incubated for 4 h under 5 % CO2 at 37°C. 

After an incubation, Supernatant was removed and 100 µL of dimethyl sulfoxide 

(DMSO) was added to dissolve the insoluble formazan crystals. The absorbances were 

measured at 570 nm using a microplate reader. The cell viability was calculated as the 

percent fold change compared with control. The experiment was repeated in three 

independent experiments. 

 

4.4 Determination of the cellular Pb concentrations by AAS analysis 

 

 Cellular Pb levels were measured using the atomic absorption 

spectrophotometry (AAS) method. Cells were seeded at 1 X 106 cells/well in a 6-wells 

plate and maintained until confluence. According to cell viability determined from the 

MTT assay, cells were treated with 40 µg/mL of lead acetate for 2 h, 5 h, and 24 h and 

also treated with 10 µg/mL of PbAc for 2 h, 5 h, and 72 h (repeated treatment every 24 

h). At the end of treatment, cells were washed three times with PBS and cell pellets 

were harvested by trypsinization. Cell pellets were washed in PBS three times by 

centrifugation at 1,100 g for 10 minutes. Washed cell pellets were lysed in lysis solution 

for 30 minutes followed by centrifugation at 1,100 g for 10 minutes. Supernatants were 

then diluted with a modifier to measure Pb levels. The experiment was repeated in three 

independent experiments. 
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4.5 Determination of the mRNA expression of DNA repair genes by qRT-PCR 

 

 4.5.1 RNA isolation 

RPTEC/TERT1 cells were seeded at 5 X 105 cells/well in a 24-wells plate 

and incubated until confluence followed by acute and chronic exposure to lead acetate 

at a concentration of 40 and 10 µg/mL respectively. After 24 h and 72 h of treatment, 

cells were washed with cold PBS and harvested in TRIzol reagent following the 

manufacturer’s recommendation. To isolate RNA, total RNA was extracted in 

chloroform and precipitated with isopropanol. The RNA pellets were washed with 75% 

ethanol and resuspended in DNase/RNase-free water.  

 4.5.2 cDNA synthesis 

The total RNA was quantified in nanodrop one and reverse transcribed 

into cDNA using iScript RT supermix kit according to the manufacturer’s instruction. 

The reactions were prepared for cDNA synthesis as described below. 1 µg of total RNA 

was reverse transcribed into cDNA at 42°C for 30 minutes using T100 Thermal Cycler. 

The cDNA was stored at -20°C for later use.   

 4.5.3 qRT-PCR analysis 

The mRNA expression was quantified using a sybergreen real-time PCR 

kit. cDNA templates were diluted 20 times and 4 µL was mixed with real-time RT-PCR 

mix to a total volume of 10 µl according to the instruction provided in the kit of iTaq 

Universal SYBR Green Supermix as described below. The sequences of primers were 

chosen from a previous study as shown in Table 4.1.10, 97 The PCR was run in CFX96 

Real-Time System (Bio-Rad) under the defined condition of an initial denaturation 

(95°C for 3 min), followed by 40 cycles of denaturation (95°C for 10s) and extension 

(60°C for 30s). ß-actin was used as an internal control for normalization. The relative 

change of DNA repair gene expression was determined using the 2-ΔΔCT method. All 

the qRT-PCR reactions were run in duplicate and repeated in three independent 

experiments. 
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Table 4.1 Primers sequences of target genes for qRT-PCR 

 

4.6 Determination of the DNA repair protein expression by Western blot analysis 

 

 4.6.1 Protein extraction 

The protein expressions of XRCC1, hOGG1, and ERCC1 were 

determined by Western blot. Protein extracts were prepared in an ice-cold lysis buffer 

containing a protease inhibitor cocktail. The total protein of each sample was measured 

using Bradford protein assay.  

 4.6.2 Gel electrophoresis and blotting 

40 µg of each protein sample were prepared in sample loading dye and 

then separated by 12% SDS-PAGE and transferred to polyvinylidene difluoride 

(PVDF) membrane. Membranes were then blocked for 1 h with 5% non-fat milk in 

TBST and incubated with primary antibodies in TBST at dilution provide in the 

manufacturer’s instruction, hOGG1 (1:20,000), XRCC1 (1:1000), ERCC1 (1:1000), 

and actin (1:1000), at 4 °C overnight. After overnight incubation and three times of 10 

wash with TBST, the membranes were incubated with HRP-conjugated anti-rabbit 

immunoglobulin G antibody diluted in TBST (1:1000) at room temperature for 1 h 

according to the kit’s instruction.  

Gene  Sequences of primers  Accession number 

XRCC1 Forward: 5’-CTGGGACCGGGTCAAAAT-3’ 

Reverse: 5’-CAAGCCAAAGGGGGAGTC-3’ 

NM_006297 

hOGG1 Forward: 5’-AATTCCAAGGTGTGCGACTG-3’ 

Reverse: 5’-CGATGTTGTTGTTGGAGGAAC-3’ 

NM_002542 

ERCC1 Forward: 5’-GAAATTTGTGATACCCCTCGAC-3’ 

Reverse: 5’-GATCGGAATAAGGGCTTGG-3’ 

NM_1369419 

ß-actin Forward: 5’-CCTGGCACCCAGCACAA-3’ 

Reverse: 5’-GCCGATCCACACGGAGTAC-3’ 

NM_001101 
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  4.6.3 Detection 

The protein-antibody complexes were detected by enhanced 

chemiluminescence (ECL) reagent using ChemiDoc XRS systems with Image Lab 

software for quantification of the band intensity. ß-actin was used as an internal control 

for normalization. The fold change of DNA repair proteins in the treated cells was 

calculated compared to the control. The experiment was repeated in four independent 

experiments. 

 

4.7 Statistical analysis 

 

 All data point was generated from at least three independent experiments and 

presented as mean and the standard error of mean (mean ± SEM). One-way analysis of 

variance (one-way ANOVA) was used for comparison of difference among groups in 

the MTT assay and Student’s t-test was used for comparison of differences groups in 

qRT-PCR and Western blot analysis using GraphPad Prism analysis software. 

Comparisons were considered significant at *p < 0.05 and highly significant at **p < 

0.01.  
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CHAPTER 5 

RESULTS  

 

5.1 Pb-induced cytotoxicity in RPTEC/TERT1 cells 

 

 RPTEC/TERT1 cells were treated with various concentrations of PbAc (0-200 

µg/mL) for 24 h and repeatedly treated for 72 h (repeated exposure every 24 h until 72 

h). The MTT results revealed a dose-dependent decrease in cell viability after 24 h and 

72 h of exposure as shown in Figure 5.1. At ≥ 40 µg/mL concentrations of PbAc, cell 

viability decreased significantly after 24 h of exposure. At ≥ 10 µg/mL concentrations 

of PbAc, cell viability decreased significantly after 72 h of exposure (p < 0.05 or p < 

0.01). Therefore, 40 µg/mL (acute dose) and 10 (chronic dose) µg/mL were chosen as 

the optimum dose for 24 h and 72 h of treatment respectively of all subsequent 

experiments. These results demonstrated the cytotoxic effect of Pb exposure in 

RPTEC/TERT1 cells. 

 

 

Figure 5.1 The cytotoxic effect of Pb on RPTEC/TERT1 cells. Cells were treated for 

24 h (blue line) and repeatedly treated for 72 h (black line) with various concentrations 

of PbAc (0-200 µg/mL). Their viability was measured by the MTT assay. The results 

are presented as a percentage of the control. Error bars represent mean ± SEM of three 

independent experiments. One-way ANOVA was used to determine significant 
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differences among groups and *p < 0.05 and **p < 0.01 are considered statistically 

significant. 

 

5.2 Cellular Pb level in Pb-exposed RPTEC/TERT1 cells 

 

 Relative cellular levels of Pb accumulated in RPTEC/TERT1 cells following 

PbAc exposure are shown in Figure 5.2. No cellular Pb level was detected in all 

untreated cells (control). After exposure to 40 µg/mL of PbAc, a relative cellular Pb 

level at 5 h was higher than that of 2 h due to an increase in reabsorption rate that 

generally reaches a stationary state at about 10 h in cultured cells.98 A relative cellular 

Pb level at 24 h slightly decreased but still close to that of 5 h. In contrast, at the end of 

repeated exposure to 10 µg/mL of PbAc, a relative cellular Pb level at 72 h was higher 

than that of 5 h as a result of repeated exposure every 24 h. Altogether, these results 

have indicated a toxic form (Pb) of inorganic PbAc accumulated in RPTEC/TERT1 

cells after exposure to PbAc at different periods of incubation time. Furthermore, these 

results indicated an enhanced bioaccumulation of Pb as a result of repeated exposure to 

PbAc in RPTEC/TERT cells. 

 

 

Figure 5.2 Relative cellular Pb contents accumulated in the PbAc-exposed 

RPTEC/TERT1 cells. Cells were treated with 40 µg/mL (blue bar) of PbAc and treated 

with 10 µg/mL (white bar) of PbAc at different periods of incubation time. Cell pellets 
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were harvested and lysed for measuring cellular Pb levels using the AAS method. All 

data are expressed as mean ± SEM of three independent experiments. 

 

5.3 Effects of Pb on the gene and protein expression levels of hOGG1, XRCC1, 

and ERCC1 

 

 This study determined changes in expression levels of XRCC1, hOGG1, and 

ERCC1 in RPTEC/TERT1 cells following acute and chronic exposure to PbAc. The 

mRNA and protein expressions were determined by using qRT-PCR and Western blot 

analysis respectively and results are shown in Figure 5.3. Exposure to PbAc at 40 

µg/mL for 24 h represented acute exposure, while 10 µg/mL for 72 h represented 

chronic exposure. Interestingly, results indicated that the relative mRNA and protein 

levels of XRCC1 were significantly decreased by both acute and chronic PbAc 

exposure when compared to the control (p < 0.05 or p < 0.01). Moreover, the relative 

mRNA levels of hOGG1 and ERCC1 were significantly decreased by acute exposure 

as compared to the control (p < 0.05 or p < 0.01), whereas their fold change of protein 

level showed no statistically significant change but still decreased. Although the 

relative mRNA and protein levels of hOGG1 and ERCC1 appeared to be decreased by 

chronic exposure, their expression changes were not considered significant. Overall, 

the relative mRNA and protein expression levels of all three DNA repair genes were 

decreased by both acute and chronic exposure, even though not all of them were 

considered significant. XRCC1 expression was decreased obviously by both acute and 

chronic exposure to PbAc, whereas hOGG1 and ERCC1 expressions were slightly 

decreased by acute and chronic exposure to PbAc. However, this is the first report to 

show that acute and chronic exposure to Pb altered the expression of DNA repair genes 

in RPTEC/TERT1 cells. 
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Figure 5.3  The effects of Pb on DNA repair genes in RPTEC/TERT1 cells under acute and chronic exposure. (A-C) The relative mRNA 

expressions of XRCC1, hOGG1, and ERCC1 in control and PbAc-treated cells were determined using the qRT-PCR assay. (D-F) Fold change of 

protein levels of XRCC1, hOGG1, and ERCC1 in PbAc-treated cells compared to control were calculated according to the protein levels from 

Western blot analysis. (G-I) Protein levels of XRCC1, hOGG1, and ERCC1 were detected by Western blot. ß-actin was used as an internal control 

for normalization. All data are expressed as mean ± SEM of at least three independent experiments. The student’s t-test was used for comparison 

of differences between groups and *p < 0.05 and **p < 0.01 are considered statistically significant.
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CHAPTER 6 

DISCISSION 

 

 The potential of acute and chronic Pb-induced genotoxicity has been 

documented in various experimental and epidemiological studies.9 However, the exact 

molecular mechanisms are not fully investigated. The mechanisms underlying the DNA 

damage induced by heavy metals, as well as Pb, can be linked to oxidative DNA 

damage and inhibition of DNA repairs.67, 99, 100 ROS-induced DNA damage has been 

well demonstrated in several experimental models.2, 7, 10 Nevertheless, knowledge 

regarding Pb toxicity associated altered expression of genes, one of the potential 

mechanisms of Pb toxicity,101 responsible for DNA repairs is lacking. Thus, this study 

established acute and chronic PbAc-exposed human renal proximal tubular epithelial 

cell models to examine changes in the expression of DNA repair genes and proteins. 

This is the first study to provide a potential molecular mechanism of genotoxicity of Pb 

related to the impairment of DNA repair systems in human renal proximal tubular 

epithelial cells. 

 The kidneys are one of the target organs primarily affected by Pb toxicity 

because they are responsible for Pb elimination. Earlier studies have reported that renal 

cells are the target sites for Pb bioaccumulation facilitating its mechanisms of 

toxicity,102-104 In this study, the results indicated cytotoxicity of Pb and an elevation of 

cellular Pb content in the PbAc-exposed RPTEC/TERT1 cells as compared to the 

control at all different time points of exposure to acute high-dose and chronic low-dose 

of PbAc. Furthermore, it was observed that chronic PbAc exposure trended to elevate 

the bioaccumulation level of cellular Pb content in RPTEC/TERT1 cells as a result of 

repeated exposure. In agreement with these results, repeated administration of cadmium 

(Cd) in a longer period produced higher bioaccumulation levels of Cd livers than in a 

shorter period.105 Long-term exposure to Pb was reported to cause histopathology 

effects in the renal tubular epithelial cells, which finally lead to renal dysfunction.106 

Moreover, significant presence and distribution of heavy metals including Pb were 

detected in kidney tumor samples suggesting a possible role of heavy metals in 

genotoxicity and renal cell carcinogenesis.107  
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 The DNA repair machinery plays a crucial role to protect the cells from damage 

generated by exposure to genotoxic substances and exposure to heavy metals 

significantly modulate the expression of DNA repair genes.16 The mechanisms of Pb 

toxicity primarily involve the generation of ROSs during oxidative stress, which 

potentially causes damage to the macromolecules including lipid, protein, and nucleic 

acids resulting in oxidative DNA damages.1, 2 To repair these damages, base excision 

repair (BER) has been involved.86 However, ROS-induced DNA damage minorly 

derivers bulky DNA adduct formation, which is efficiently repaired by nucleotide 

excision repair (NER).8 Therefore, this study focused on the genes that involve in the 

ROS-induced DNA repair pathway. For instance, in the BER, hOGG1 encodes for the 

repair enzyme 8-oxoguanine DNA glycosylase-1 responsible for recognition and 

excision of the oxidized base pairs, which is an integral part of the ROS-induced DNA 

repair mechanisms.108 The protein encoded by XRCC1 involves the repair of DNA 

single strand break by acting as a scaffolding protein to enhance ligation in the BER.(109) 

Alternatively, ERCC1 functions in the NER by interacting with XPF as ERCC1-XPF 

complex responsible for incision of a damaged strand within bulky oxidative DNA 

adducts.110 This study observed a significant decrease in mRNA and protein expression 

levels of XRCC1 in both acute and chronic PbAc-exposed cells when compared to 

control. The mRNA expressions of hOGG1 and ERCC1 were significantly decreased 

by acute PbAc exposure, whereas their proteins expression showed a trend to be 

decreased but no significant change. All DNA repair genes and proteins appeared to be 

decreased by acute and chronic Pb exposure, although some of them were considered 

significant. Overall, this finding indicated the impact of Pb on XRCC1, hOGG1, and 

ERCC1 expression. It can be suggested that the response of DNA repair genes and 

proteins in PbAc-exposed RPTEC/TERT1 cells appeared to be consistent with the 

ROS-induced DNA repair pathways. Even though there are several reports on the 

decreased expression of DNA repair genes from heavy metal exposure as well as metal 

mixture exposure,111 there are a few reports on DNA repair gene expression in Pb-

exposed cells.14, 18 However, the results from this study are consistent with the literature 

data demonstrating that Pb exposure inhibits hOGG1 and XRCC1 expression. Sanket 

et al. reported that Pb significantly reduced expression of DNA repair gene Ogg-1 in 

mouse embryonic stem (mES) cells.14 Xiangquan et al. demonstrated that the 

Ref. code: 25646212040031BTE



31 

 

expression of DNA repair genes hOGG1 and XRCC1 were significantly inhibited in 

Pb-treated TK6 cells.18  

 Epigenetics involves the expression and regulation of genes without changes in  

DNA sequences.112 Transcriptional regulation is administered through important 

epigenetic pathways including DNA methylation, RNA regulation, and post-

translational modification (PTM) of histones.112, 113 Several previous studies 

demonstrated an interaction of heavy metals and aberrant expression of DNA repair 

genes via epigenetic mechanisms such as aberrant DNA methylation, modified histone 

modification, and altered expression profiles of microRNAs (miRNAs) and long non-

coding RNAs (lncRNAs).14, 18, 111, 114, 115 Moreover, some studies have shown that heavy 

metal-impaired DNA repair was mediated by aberrant expression through mutation in 

the exon of DNA repair genes.99  

 Overall, this study provides evidence in the molecular levels indicating the 

altered expression levels of DNA repair genes and proteins in the cells exposed to acute-

high and chronic-low concentrations of Pb. This finding concurs with the past relevant 

literature and also supports the hypothesis that heavy metals are cable of altering gene 

expression affecting DNA repair systems. The limitations of this study include (a) the 

acute and chronic effects related to different concentrations of Pb should be examined. 

(b) to examine the chronic effect, the exposure period can be prolonged. (c) the obtained 

results need to be verified in multiple experimental models in the future.  

Ref. code: 25646212040031BTE



32 

 

CHAPTER 7 

CONCLUSION 

 

 This study indicates that acute and chronic Pb exposure reduces cell viability 

and result in the bioaccumulation of cellular Pb inducing its mechanism of toxicity in 

human renal proximal tubular epithelial cells. The current finding suggests that acute 

and chronic Pb exposure alters the expression levels of DNA repair genes and proteins 

in ROS-induced DNA repair pathways indicating impairment of DNA repair 

mechanisms in human renal proximal tubular epithelial cells. This finding provides 

theoretical evidence in the molecular levels to understand the mechanisms underlying 

the genotoxicity of heavy metals which may serve as potential therapeutic targets and 

biological monitoring of lead poisoning in humans.  
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APPENDIX A 

Chemicals and reagent preparations 

 

Reagent Component Volume Unit 

1X Running buffer 

  

  

10X Tris-Glycine buffer 100 mL 

20% SDS 5 mL 

Distilled water until 1000 mL 

1X Transfer buffer 10X Tris-Glycine buffer 100 mL 

  Methanol 200 mL 

  Distilled water until 100 mL 

10X TBST 10X TBS 50 mL 

  Tween 0.5 mL 

  Distilled water until 500 mL 

10X Tris-Glycine buffer Tris-Base 30.3 g 

  Glycine 144 g 

  Distilled water until 1000 mL 

4X Lower Tris buffer pH 8.8 SDS 0.4 g 

  Tris-Base 18.15 g 

  Distilled water until 100 mL 

4X Upper Tris buffer pH 6.8 SDS 0.4 g 

  Tris-Base 6.052 g 

  Distilled water until 100 mL 

6X Sample loading buffer Glycerol 3 mL 

  SDS 0.6 g 

  4X upper tris buffer 3.75 mL 

  Bromophenol blue 12 mg 

  Distilled water until 10 mL 

Lysis solution for AAS 69% Nitric acid 0.072 mL 

  Triton X-100 5 mL 

  Distilled water until 50 mL 
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Reagent Component Volume Unit 

Lysis buffer for Western blot 1 M Tris-HCL pH 7.4 0.5 mL 

  5 M NaCl 0.3 mL 

  100 mM Na2-EDTA 0.1 mL 

  10 % Triton X-100 1 mL 

  200 mM NaF 0.05 mL 

  100 mM Na3Vo4 0.1 mL 

  100 mM PMSF in ethanol 0.1 mL 

  Protease inhibitor 1 tab 

  Distilled water until 10 mL 

Modifier Ammonium phosphate 0.35 g 

  Triton x-100 100 µL 

  Distilled water until 50 mL 

MTT solution MTT 0.5 mg 

  DMEM/F-12 10 mL 

Stripping buffer 20% SDS 50 mL 

  1M Tris pH 6.8 31.25 mL 

  Distilled water Until 500 mL 

  

2-mercaptonethanol 140 µL/ 20 mL stripping 

buffer 
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APPENDIX B 

Chemicals and gel preparation 

 

Chemicals Lower Upper Unit 

30% Acrylamide 2.5 0.335 mL 

4X Tris buffer 1.9 0.5 mL 

Distilled water 2.95 1.2 mL 

10% APS 0.075 0.020 mL 

TMED 4.5 2 µL 
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APPENDIX C 

Preparation of cDNA synthesis and qRT-PCR reactions 

 

Reaction Components Volumes per reaction (µL) 

cDNA synthesis iScript RT supermix 4 

RNA template Variable 

Nuclease free water Variable 

Total volume 20 

qRT-PCR iTaq Universal SYBR Green 

Supermix 
5 

Forward and reverse primer 1 

DNA template 4 

Total volume 10 
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