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Introduction
Heavy metals are metals with relatively high densities, atomic 
weights or atomic numbers, and include Hg, Pb, As, cadmium 
(Cd), nickel (Ni), chromium (Cr), Uranium (U) and thallium (Tl) 
[1,2].

Anthropogenic activities cause global contamination and 
pollution, the resultant health of which is heightened by the 

bioaccumulation of metal ions in the environment and in humans 
[3,4]. Most heavy metals at high concentrations exhibit harmful 
effects on the central nervous system (CNS), energy metabolism, 
ion transporters, cardiovascular system, respiratory system, 
reproductive system and vital organs such as lungs, liver, brain 
and kidney [5,6]. The combination of heavy metals with other 
xenobiotics such as pesticides exerts synergistic toxic effects on 
hematology and the immune system [7]. However, the degree of 
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toxicity depends on factors such as route of exposure, number 
of exposures, time of exposure, type of metal ion, duration of 
exposure, age, health status, nutrition and genetic makeup of 
the individual [8]. Exposure to heavy metals such as Pb, and 
decreases in the levels of essential metals such as selenium 
(Se) and Zn cause oxidative stress. This results in a shift in the 
redox status of the cell, thereby causing damage to biomolecules 
such as lipids, nucleic acid and proteins, as well as organs such 
as liver, kidney and CNS [9,10]. Aerobic organisms are the main 
targets of oxidative modifications that result in uncontrolled 
generation of ROS such as superoxide anion (O2

-), hydroxyl 
radical (HO-), hydrogen peroxide (H2O2), peroxyl radical (ROO-) 
and reactive aldehydes (ROCH+) [11,12]. An enzyme complex of 
nitric oxide synthases (NOSs) consisting of neuronal NOS type 1, 
inducible NOS (iNOS) type 2, endothelial NOS (eNOS) type 3 and 
mitochondrial NOS (mtNOS) catalyzes the synthesis of various 
nitrogen products [13]. For instance, iNOS catalyzes the synthesis 
of nitric oxide (NO.) from L-arginine, which in turn reacts with ROS 
to form several RNS [14]. The RNS are involved in oxidation and 
nitrosation reactions, and they comprise NO., nitrogen dioxide 
(NO2), dinitrogen trioxide (N2O3), dinitrogen tetroxide (N2O4) and 
peroxynitrite (ONOO.) [14,15]. Both ROS and RNS exert different 
effects on mediators of cell signaling cascades, such as those 
involved in necrosis and neurodegenerative disorders [16,17]. 
Apart from exogenous sources, ROS and RNS are also produced 
endogenously via partial reduction of molecular oxygen (O2) in 
the respiratory chain within the mitochondria [18]. Metabolic 
alteration caused by inflammatory processes or interaction of 
molecules mediating ROS synthesis can significantly elevate the 
levels of ROS and RNS [12]. 

Studies have shown that low levels of ROS and RNS support 
physiological processes such as cell proliferation, host defense, 
signal transduction and gene expression [11]. Eukaryotic cells 
have several antioxidant defense mechanisms such as enzymes 
and antioxidant biomolecules that maintain cellular balance 
between the generation of ROS and RNS, and their elimination 

[16]. Antioxidants are low molecular weight molecules that 
protect intracellular components against the deleterious effects 
of ROS/RNS. Indeed, all aerobic organisms have developed 
highly efficient antioxidant strategies throughout evolution [19]. 
However, when the cellular production of ROS/RNS exceeds 
the intrinsic antioxidant capacity, oxidative stress occurs, which 
causes damage to intracellular and extracellular biomolecules, 
resulting in tissue degeneration [20]. In addition, ROS/RNS are 
generated by exposure to ultraviolet light, ionizing radiation 
or exposure to heavy metal ions [16-20]. The combined effect 
of excessive production of ROS/RNS and reduced antioxidant 
capacity leads to oxidative stress, loss of cell function and cell 
death induced by apoptosis [19]. The oxidant/antioxidant 
cellular imbalance leads to a vicious circle, since oxidative 
stress reciprocally aggravates ROS/RNS production [20]. 
Oxidative stress is also responsible for the activation of various 
transcription factors, leading to differential expression of genes 
involved in inflammatory pathways [12]. Mitochondrial DNA 
(mtDNA) is particularly susceptible to oxidative damage in 
contrast to its nuclear equivalent, due to its proximity to the 
internal mitochondrial membrane [11]. Another factor that 

influences mtDNA susceptibility to oxidative damage is the lack 
of histones and other associated proteins, the absence of introns, 
and high rate of transcription in its coding region [12]. Oxidative 
stress-induced DNA damage affects the coding region of mtDNA 
and influences oxidative phosphorylation, thereby altering the 
respiratory chain and unregulated production of ROS [11]. This 
phenomenon in mtDNA is one of the causes of cellular oxidative 
stress. One of the cellular adaptations employed by organisms 
in the presence of oxidative stress is the modification of the 
ratio of the activity of glutathione peroxidase to the level of 
glutathione disulfide (GPx/GSSG) [20,21]. This ratio is regulated 
by the major antioxidant enzymes: superoxide dismutase (SOD), 
catalase (CAT) and glutathione peroxidase (GPx) [19]. Glutathione 
peroxidase (GPx) catalyzes the removal of hydroxyperoxides via 
the modulation of enzyme-reduced glutathione (GSH) [22]. The 
expressions of GPx and CAT are modulated by hydrogen peroxide 
concentration and exogenous factors such as exposure to heavy 
metals [23]. 

Chronic kidney disease is progressive, and it is characterized by 
the loss of functional nephrons, and/or structural, molecular and 
functional changes in nephrons. As the disease develops, there 
is reduction in glomerular filtration and failure of the remaining 
functional nephrons to efficiently eliminate metabolic and toxic 
wastes from the body. Heavy metals such as Pb, Hg and U have 
harmful effects on the kidney, particularly on the proximal 
tubules, which suggests that the nephron plays an important 
role in the active transport of heavy metals [24,25]. Oxidative 
stress can occur in the glomeruli, interstitial tubule and renal 
vasculature. It has been implicated in many processes such as 
the expansión  of glomerular  mesangium, nephropathy events, 
increased glomerular filtration, excretion of urinary albumin, 
proteinuria, glomerulosclerosis and tubular interstitial fibrosis 

[26]. In renal biopsies, the glomerulus exhibits extensive sclerosis, 
chronic glomerular ischemia, tubular interstitial fibrosis and 
mild vascular lesions [27]. The present study comprehensively 
reviewed the effects of Hg, Pb, As and Zn on renal oxidative 
status.

Methods
Literature survey was done using key words such as heavy 
metals, oxidative stress and kidney damage. The search engines 
used were free scientific publications such as PubMed database, 
FreeFullPDF.com and Google Scholar. In addition, reference lists 
from relevant original articles and documents were manually 
reviewed. 

Results
Mercury and oxidative stress
Mercury is a toxic metal which exist in different forms: elemental 
(metallic), inorganic and organic. Elemental Hg is liquid at room 
temperature [1]. Inorganic Hg exist as ions (Hg+ or Hg2+) which 
binds to chloride, sulfur or oxygen to form mercuric salts [28]. 
The organic forms of mercury are phenylmercury (C6H5Hg), 
dimethylmercury ((CH3)2Hg) and methylmercury (CH3Hg +). 
Methylmercury is the most common in the environment and 
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it is formed when Hg+ or Hg2+ is methylated by the activities of 
microorganisms present in soil and water [29]. Human exposure 
to mercury is linked to anthropogenic activities [1]. Mercury 
is one of the earliest elements found to be non-essential for 
biological processes; it is considered toxic due to its accumulation 
in organisms [30]. Mercury exerts its effect at the neurological, 
renal, respiratory, immunological, dermatological, reproductive 
and developmental levels [28]. Mercury toxicity varies depending 
on the chemical form involved, and its route of exposure [28]. 
Mercury induces oxidative stress which causes membrane 
damage, enzymatic damage and oxidation of biomolecules [3]. 
It has been reported that exposure to mercury decreases the 
catalytic activity of GPx in rats, and promotes the synthesis of H2O2 
and lipid peroxidation (LPO) products in renal and mitochondrial 
membranes [31-33]. Thus, mercury stimulates the production 
of malondialdehyde (MDA), 4-hydroxyalkenes (4-HOA) and 
advanced protein oxidation products such as dityrosine, which 
increases the inflammatory response (Figure 1). 

Methylmercury (CH3Hg+) is neurotoxic: it damages microtubules 
and mitochondria; it modulation of the accumulation of 
biomolecules that are neurotoxic at high concentrations, such 
as serotonin, glutamate (Glu) and aspartate (Asp), and it impairs 
intracellular Ca2+ homeostasis. Moreover, methylmercury alters 
protein phosphorylation, stimulates thiol group (-SH) binding 

which damages cellular structure, interrupts the cell cycle, 
and binds to proteins rich in cysteine or methionine [32-34]. In 
neurons, (CH3Hg+) inhibits the uptake of astrocytic Glu and then 
stimulates its exit from the cytosol, leading to an increase in Glu 
level in the extracellular fluid [35]. Glutamate targets N-methyl-
D-aspartate receptor in the brain, and stimulates increases 
in Na+ and Ca2+ levels in neuronal cells. Calcium ion (Ca2+) at 
high concentrations, acts as a second messenger that alters 
protein phosphorylation [36-38]. On the other hand, CH3Hg+ 
directly interrupts mitochondrial activity via uncontrolled 
release of Ca2+ from the mitochondria, and inhibition of the 
phosphorylation and function of mitochondrial enzymes [39]. 
In one study, CH3Hg+ inhibited the mitochondrial electron 
transport chain in vitro [39]. In another study, it was found that 
CH3Hg+ had an inhibitory effect on GPx activity in mouse CNS, 
which resulted in an increase in LPO products and a decrease 
in Glu uptake in cerebral cortex [40]. It has also been reported 
that NO- production after microglial activation causes decreases 
in cellular GSH levels. It is a known fact that CH3Hg+ has high 
affinity for GSH, which results in significant reduction in its 
level [41,42]. In the mitochondria, CH3Hg+ increases the action 
potential of the inner membrane which regulates HO-, O2

- and 
H2O2, and negatively regulates the defense enzymes SOD, CAT, 
GPx, as well as GSH (Figure 1) [18]. 

Mechanisms of mercury-induced oxidative stress. (1) Mercury inhibits glutathione peroxidase; (2) Oxidative stress elicits 
inflammatory responses; and (3) methylmercury dysregulates Ca2+ homeostasis causing protein and cell damage. 

Figure 1
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Mercury and human disease
The neurotoxic effect of Hg is progressive and destructive, 
especially in the central and peripheral nervous systems of 
children. Vapors contaminated with Hg can cause chemical 
pneumonitis, necrotizing bronchitis, asthma and respiratory 
problems such as cough and dyspnea [43]. The early symptom 
of Hg intoxication in children is pruritic rash which is similar 
to dermatitis, but it can also cause Hunter-Russell syndrome 
and Minamata disease [4]. Prolonged exposure to Hg damages 
the brain and causes timidity, tremors, memory problems, 
irritability, and changes in hearing and vision. Brief exposure to 
metallic Hg vapors at high temperatures causes lung damage, 
vomiting, diarrhea, nausea, skin rashes, increased cardiac 
output and elevated blood pressure [43]. Symptoms of organic 
Hg poisoning include depression, memory problems, tremors, 
fatigue, and headache and hair loss [2]. The United States 
Environmental Protection Agency (EPA) has declared mercury 
chloride (HgCl2) and CH3Hg+ as carcinogens [44]. Mercury inhibits 
the enzyme catechol orthomethyltransferase via inactivation of 
its coenzyme S-adenosyl methionine (SAM), thereby producing 
high concentrations of catecholamines with symptoms almost 
indistinguishable from those of pheochromocytoma [34].

In vitro studies involving exposure to CH3Hg+ have revealed 
dysfunction in the biochemical processes that trigger Alzheimer's 
disease and axonal degeneration [45,46]. This may be due 
to the fact that CH3Hg+ has the highest body distribution in 
humans, when compared with other Hg derivatives. In humans, 
CH3Hg+ intoxication leads to reduction of visual field, bronchitis, 
pneumonitis, tremors, salivation and intense gingivitis [45]. It has 
also been shown that high intake of Hg through non-fat products 
is associated with an increased risk of heart failure, arrhythmias, 
myocardial infarction, coronary heart disease and cardiovascular 
disease [47]. Animal studies have shown that increased exposure 
to various Hg species affects and inhibits immune function [48]. 
High Hg levels affects the relative abundance of immune cells and 
the production of cytokine signals, while low Hg levels affects 
cytokine signals without modifying the immune cell count [49].

Mercury and renal failure
The various forms of Hg are nephrotoxic. However, exposure to 
Hg2+ conjugated with Pb produces more severe nephropathy, 
and the proximal tubules appear to be the most sensitive, while 
other segments are only affected at high doses [29]. Analysis 
using electron microscopy have shown that 12 h after exposure 
to HgCl2, the cells of the renal tubules had ruptured plasma 
membranes, loss of microvilli, decreased contact with the 
basement membrane and destruction of the cell morphology 

[34]. In addition, chronic exposure of rats to non-nephrotoxic 
dose of HgCl2 led to tubular, interstitial and glomerular lesions 

[50]. Mercury salts affect mainly the gastrointestinal tract (GIT) 
and kidneys, and cause acute tubular necrosis, immunological 
glomerulonephritis or nephrotic syndrome after prolonged 
exposure. This is because Hg ions preferentially accumulate within 
epithelial cells of renal tubules. Therefore, high Hg levels lead to 
kidney injury [43]. It has been reported that chronic exposure to 
inorganic Hg, elemental mercury vapors and ingestion of Hg2+ 

salts result in nephrotic syndrome characterized by albuminuria, 
proteinuria or acute tubular necrosis [44]. On the other hand, 
exposure to metallic Hg is not usually of great concern since it 
is malabsorbed via the intestine. However, in one study, it was 
reported that a 67-year old patient on ingestion of metallic Hg 
developed severe pneumonitis and acute renal failure. Although 
the amount ingested was unknown, the serum concentration 
was extremely high. However, normal renal function was 
recovered after thirteen episodes of hemodialysis [24]. However, 
studies with Wistar rats have shown that administration of 
of CH3Hg+ at a dose of 0.04 mg/kg body weight for 35 days 
was able to produce deposits of this metal and induction of 
oxidative stress at the salivary gland level [51]. Similarly, in rats 
chronically exposed to of CH3Hg+, fibrotic changes were observed 
in the glomeruli, and deposition of immunoglobulin G (IgG), 
immunoglobulin M (IgM) and complement component C3 were 
detected along the glomerular basement membrane [52]. These 
results suggest that chronic exposure to Hg2+ or of CH3Hg+ may 
lead to the development of membranous glomerulonephritis. 
Glomerular alterations such as fibrosis and glomerulonephritis 
often lead to reductions in glomerular filtration [53,54]. Recently, 
an epidemic of renal failure in Central America (Mesoamerican 
nephropathy) was reported. This has been described mainly in 
farmers who are clinically asymptomatic, with normal or slightly 
high blood pressure, and progressive reduction in glomerular 
filtration, proteinuria in the non-nephrotic range (<3 g/24 h), 
hyperuricemia and hypocalcemia [55]. Tissue histology revealed 
interstitial tubule disruption or glomerular ischemia with 
secondary glomerulosclerosis [55]. Several risk factors have been 
proposed for this disease, including occupational exposure to 
heavy metals such as Hg and pesticides [56]. 

Lead and oxidative stress 
Lead (Pb), the fifth most used metal worldwide, is toxic to humans, 
and its toxicity is related to the induction of oxidative stress 
[57,58]. The physiological damage caused by Pb depends on the 
route of exposure, age of the subject, health status; number of 
exposure, time of exposure and genetic makeup of the individual 
[59]. Absorption of Pb in the inorganic state is facilitated by the 
respiratory chain and GIT [60]. Lead acetate, (CH3CH2)4Pb, the 
most organic Pb, is an anti-knock compound usually added to 
automobile fuel. It is absorbed mainly via the respiratory tract. 
Organic lead is more soluble than inorganic Pb, due to the high 
lipid-solubility characteristic of its components which facilitates 
its distribution within organs and tissues [60]. Once it gets to the 
bloodstream, 95 to 99 % of Pb binds to hemoglobin, and spreads 
throughout the body. The half-life of Pb is approximately 30 
days, prior to its excretion mainly in urine [23]. The toxicity of 
Pb depends largely on its dose. For example, in healthy adults 
weighing 70 kg, plasma level ranging from 10 to 30 mg/dL inhibits 
delta-aminolevulinic acid synthase (δ-ALAS), δ-aminolevulinic 
acid dehydratase (δ-ALAD), coproporphyrinogen decarboxylase, 
ferrochelatase and pyrimidine 5-nucleotidase (Figure   1). The 
inhibition of these enzymes leads to oxidative stress [23,57]. The 
enzyme δ-ALAS is important for the production of aminolevulinic 
acid, which is bioprocessed to protoporphyrin IX in mitochondria, 
and then chelated with iron to form heme [61]. On the other 
hand, δ-ALAD catalyzes the condensation of aminolevulinic 
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acid to form tetrapyrroles, chlorophyll and vitamin B12, and it 
is highly sensitive to Pb exposure [62]. Oxidative stress is also a 
consequence of the inhibition of enzymes such as δ-ALAS and 
δ-ALAD. It has been reported that δ-ALAD autooxidation, which 
generate O2

- anions and 4, 5 dioxovaleric acid, an alkylating agent 
of guanine residues within the DNA [23]. The autooxidation 
form of ALAD acts as an electron donor, capable of transferring 
an electron to oxygen transported in oxyhemoglobin to form 
methemoglobin, ALAD-radical and H2O2 [63]. Subsequently, the 
interaction of O2

- with H2O2 generates HO-, a powerful oxidant 
of lipids, proteins and DNA (Figure 2) [63]. In addition, Pb has 
high affinity for -SH group and metal cofactors, which leads to 
reduction in the activity of antioxidant enzymes [23]. In animal 
models, exposure to lead acetate led to inhibition of ALAS in 
blood, activation of plasma CAT, elevation of MDA and GSSG, 
reduction in the level of plasma GSH, and an increase in oxygen 

free radicals (Figure 1) [64]. These results are consistent with 
those of Ercal et al., who reported significant reductions in the 
levels of GSH and increases in GSSG and MDA levels, relative 
to the control group [65]. It is likely that exposure to Pb led 
to inhibition of ALAS, which increased the accumulation of 
ALAD capable of auto-oxidizing ROO- and HO-, while promoting 
glutathione oxidation [64,66]. Doses of Pb lower than 80 mg/dl 
stimulate the production of H2O2, thereby alter the expression of 
GPx. At higher doses, Pb displaces selenocysteine group from the 
active site of glutathione, and decreases the binding of substrate 
to the -SH groups, thereby weakening enzyme-substrate 
interaction, resulting in reduced activity of GPx [23]. In a previous 
study, the activity of GPx decreased up to 77% in rats exposed 
to Pb, when compared with the control group [22]. Redox status 
(GSH/GSSG) is an index of oxidative stress in mammals [66,67]. 
With regard to the enzymatic response of SOD to Pb exposure, a 

Mechanisms of lead action in renal cells. (1) Lead inhibits delta-aminolevulinic acid synthase and increases the levels of ROS 
such as superoxide anion, hydroxyl radical and hydrogen peroxide that cause kidney damage. (2) Oxidative stress causes 
accumulation of Pb in the proximal tubule, which leads to cortical atrophy and fibrosis, and ultimately kidney damage. 
ALAS (delta-aminolevulinic acid synthase), O2•− (superoxide anion), HO• (hydroxyl radical), H2O2 (hydrogen peroxide), MDA 
(malondialdehyde), GSSG (oxidized glutathione), GSH (reduced glutathione). 

Figure 2
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positive regulation has been found at increased concentrations 
of O2

- [23]. In addition, MDA products are enhanced with Pb 
exposure, which inactivates SOD genes [23]. On the other hand, 
in one study, an increase in the activity of SOD was observed in 
individuals exposed to Pb, possibly as a result of adaptation to 
ROS [66]. Similarly, in another study involving workers exposed 
to Pb in Sao Paulo, there were increased activities of SOD and 
GPx, when compared with non-exposed persons [67]. There was 
a 148% increase in SOD activity in G. polyedra cells exposed to 
Pb for 2 h [68]. In Wistar rats exposed to Pb, the renal Cu/Zn-
SOD activity decreased significantly by 61%, relative to the group 
without exposure [22]. In rats exposed to Pb, the activity of renal 
CAT decreased by 34%, when compared with control group [22], 
an indication that CAT may modulate GPx. However, the activities 
of GPx and CAT, and concentration of MDA were significantly 
increased with increase in plasma concentration of Pb [69].

Lead and renal failure
Exposure to Pb is associated with kidney disease and high blood 
pressure [66]. Lead affects mainly the proximal convoluted tubules 
where it interferes with mitochondrial function, a decreases the 
reabsorption of glucose, amino acids and phosphate [57]. In a 
previous study, cortical atrophy and glomerular fibrosis were 
detected after exposure to Pb. Other effects of Pb on the kidney 
are increased blood pressure and renal failure, because of its 
affinity for transport along with the Na+-Ca2+-EDTA complex in 
the bloodstream [60]. The concentration of Pb in exposed miners 

is positively correlated with symptoms of nephropathy [58,59]. In 
adolescents exposed to (CH3CH2)4Pb in Turkey, there was positive 
correlation between blood levels (5 g/dL) and urinary excretion 
of N-acetyl-beta-D-glucosaminidase, which is an early marker 
of kidney injury [64]. There is no exact data on the toxic dose 
at renal level. However, blood concentrations of 5 to 10 mg/dL 
may cause tubular interstitial nephritis [63]. It has been reported 
that concentrations of 2.3 to 72.5 mg/dL to cause glomerular 
damage [22]. It has been reported that levels higher than 80 mg/
dL cause toxic effects in renal tubules due to the retention of uric 
acid (Figure 2) [60]. Lead-induced kidney damage is associated 
with increased oxidative stress and mitochondrial dysfunction, 
ineffective oxidative phosphorylation, interference with Ca2+-
dependent reactions, mitochondrial membrane damage, and 
cell necrosis (Figure 2) [60,63,65,69]. Increased oxidative stress 
reduces the activity of guanylate cyclase, which depletes cyclic 
guanidine monophosphate (cGMP) and increases Ca2+ and NO- 

levels. This causes vascular resistance which severely affects 
renal blood pressure [60,63]. Increased Ca2+ levels are linked to 
the activation of apoptosis and acceleration of renal damage in 
rats [22]. In this sense, renal tissue damage may be related to the 
formation of Schiff bases between structural proteins and free 
radicals generated by ALAD [66,70]. In addition, Pb accelerates the 
production of LPO in the presence of Fe2+ [66], and the resultant 
MDA alters membrane enzyme activity and transport, modifies 
signaling processes, changes the permeability of mitochondrial 
inner membrane, enhances autoxidation of membrane lipids, 
and decreases SOD activity [67,70]. Elevated MDA has been 
linked to increased renal nitrotyrosine level [21]. These results 

are in agreement with results of previous studies, where it was 
reported that MDA levels and GPx activity are significantly higher 
in adolescents exposed to Pb, relative to the control group. It 
was reported in one study that exposure of Wistar rats to Pb 
produced a 117% increase in ROS in the kidney, when compared 
with the control group [22].

Arsenic and oxidative stress
Arsenic (As) is a metalloid which exist in four oxidation states: 
AsO4

3-, AsO2
-, elemental arsenic (As0), and arsine (AsH3)

 [71]. 
The EPA classifies arsenic as a class A carcinogen [72]. It causes 
carcinogenesis, cytotoxicity and genotoxicity in humans under 
conditions of uncontrolled exposure [71]. The main routes 
of exposure are environmental contamination and labor 
contamination [73]. The AsO4

3- form is predominant in the air, 
while AsO4

3- and AsO2
- forms are predominant in water, soil and 

food [74]. The degree of its toxicity depends on factors such as 
dose, susceptibility of the individual, age and chemical status. 
The toxicity of its different chemical forms follows the order: 
AsO4

3- <monomethylarsonic acid (CH5AsO3)<dimethylarsinic acid 
(C2H7AsO2)<(AsO2) [4,71]. The absorption of as depends on the 
route of exposure: 80 to 90% of AsO4

3- and AsO2
- are absorbed 

through the GIT, and cutaneous absorption is very slow for any of 
its chemical forms [74,75]. Within 24 h of absorption, inorganic 
As binds to hemoglobin in liver, kidney, heart, lungs, CNS, spleen 
and GIT [75]. It is excreted mainly in urine as C2H7AsO2 3 to 5 days 
after exposure. It is also excreted through tissues rich in keratin 
[75]. The trivalent state of arsenic (As3+) is the main form that 
is transported to the interior of cells and this occurs via simple 
diffusion through aquaporins. However, its pentavalent form (As5+) 
requires active transport, and once inside the cell, it is reduced 
to trivalent arsenic [71,74]. At the cellular level, derivatives of As 
influence the activity of enzymes responsible for the synthesis/
degradation of heme and activation of heme oxygenase [74]. In 
the liver, As undergoes biomethylation reactions catalyzed by 
arsenite methyltransferase, with SAM serving as methyl group 
donor [74]. This reaction involves a series of GSH-mediated 
reduction-oxidation steps [76]. Arsenic is capable of binding to 
the -SH groups of glutathione, which modifies the proportion 
of GSH to GSSG, during which process H2O2 is formed [75-77]. 
The binding of AsO4

3- and AsO2
- to lipoate leads to concomitant 

inhibition of the Krebs cycle and interference with oxidative 
phosphorylation. Arsenic inhibits the absorption of glucose in 
the cells, thereby inducing gluconeogenesis and the oxidation of 
fatty acids [77]. It forms ADP-arsenate complex which uncouples 
oxidation from phosphorylation and decreases the generation 
of adenosine triphosphate (ATP) (Figure 3)  [76]. Therefore, this 
process induces apoptosis in high energy-dependent tissues 

[75]. Mitochondrion is the primary site of O2 radical formation 
during oxidative phosphorylation. Arsenic modifies the GSH/
GSSG, thereby increasing the sensitivity of cells to ROS damage 
[77]. The results of several studies showed that GSH level is 
significantly reduced after exposure to As [77-79]. For example, 
in one of such studies, it was found that the concentration of 
GSH, and activities of glucose-6-phosphate dehydrogenase 
(G6PDH) and GPx were significantly reduced in liver of male 
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Wistar rats, after six months of exposure to As. The GSH acts 
as an electron donor in the reduction of As, with AsO2

- having 
high affinity for GSH [78]. Therefore, arsenic-induced oxidative 
damage is accompanied by reduction in the level of tissue GSH 
[73]. Arsenic also promotes the generation of high amount of 
H2O2 through the Fenton and Haber-Weiss reaction [74,79]. A 
positive correlation has been shown to exist between ROS and 
renal cytotoxicity [79]. Increased level of ROS alters the activities 
of some antioxidant enzymes such as SOD, CAT, GPx and heme 
oxygenase-1, while increasing LPO, and altering the regulatory 
mechanisms of cell proliferation and apoptosis (Figure 3) [75]. In 
a previous study, other than the generation of ROS, the presence 
of RNS was reported to be responsible for the oxidation of lipids, 
proteins and DNA [73]. However, the results of some studies did 
not support this claim, possibly due to the down-regulation of 
iNOS expression [72]. Thus, the underlying mechanism by which 
RNS induces lipid peroxidation is still not fully elucidated. In some 
recent studies, it has been suggested that As may not be able to 
inhibit the expression of iNOS gene in muscle cells of rats exposed 
to As [80]. In one study involving low levels of As (<5 μM), there 

were no significant changes in the intracellular concentration of 
nitrite [77-80]. Some reports suggest that arsine (AsH3) generates 
intermediate species and releases H2O2 through a spontaneous 
and exergonic chemical reaction [77]. The signaling cascade of 
caspases responsible for inducing mitochondrial apoptosis is 
activated by ROS. The cytotoxicity produced by ROS is due to 
the activation of c-Jun N-terminal kinases, which promote cell 
proliferation, differentiation and apoptosis [14]. The release of 
tumor necrosis factor α (TNF α) is also stimulated by ROS via the 
activity of c-Jun N-terminal kinases [81]. 

Arsenic and renal failure
The kidney is one of the organs most sensitive to As toxicity: 
there is a strong association between environmental exposure 
to As and chronic kidney disease [77,82]. Studies have shown 
that exposure to high doses of As produces histological changes 
in kidney tubules of Wistar rats, an indication that the urinary 
system is sensitive to damage induced by C2H7AsO2 [83]. Arsenic 
promotes increase in volume and pH of the urine; decreases 
electrolyte levels, increases Ca2+ excretion and increases in 

Mechanisms of action of arsenic. (1) Arsenic modifies the GSH/GSSG ratio since it binds to the -SH group of glutathione, lipoic 
acid of coenzyme-A and dithiol moieties of pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase complexes 
(2). Therefore, mitochondrial respiration is halted and ATP production is drastically reduced. (3) It modifies the Krebs cycle 
and amount of ATP generated, thereby severely damaging tissues. Arsenic interacts with mitochondrial transmembrane 
protein complex called mitochondrial permeability transition pore, resulting in the induction of apoptosis. 

Figure 3
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kidney weight. Moreover, it promotes degeneration of epithelial 
cells of the proximal convoluted tubule and tubular cylinders, 
enhances focal mineralization, damages podocytes of the 
Bowman's capsule, increases serum levels of urea and creatinine, 
and brings about histological changes in kidney tubules (Figure 
4) [77,84]. Renal tissue has high metabolic energy requirements 
and depends on aerobic metabolism for ATP production via 
oxidative phosphorylation. Thus, the utilization of O2 in the 
electron transport chain (ETC) in the mitochondria is vital for 
renal cell function [85]. Oxidative stress and nitrosative stress 
reduce the enzymatic activities of complexes III, IV and V of the 
respiratory chain, thereby reducing the level of ATP. This causes 
mitochondrial dysfunction in renal cells and in turn generates 

a self-perpetuating vicious circle of oxidative stress. The loss 
of mitochondrial membrane potential releases cytochrome C 
through the oxidation of cardiolipin, which activates caspases and 
the apoptotic pathways in renal cells [84,86]. Apoptosis occurs 
due to the formation of pores in mitochondrial membrane, which 
decreases the membrane potential by releasing pro-apoptotic 
proteins, and causes an imbalance in cellular homeostasis [86]. 
Polyunsaturated fatty acids present in biological membranes 
are attacked by ROS resulting in an imbalance in the fluidity 
and integrity of membrane phospholipids [87]. Specifically, ROS 
attack the brush border membrane that covers epithelial cells 
of renal proximal tubule, and induce histopathological damage. 
It has been suggested that enzymes anchored within the brush 

Main mechanisms of arsenic action in the kidney. (1) Dimethylarsinate (DMA) causes an abnormal increase in the volume 
of urine, modifies the pH and concentration of Ca2+, and ultimately damage epithelial and tubular cells; (2) Arsenic causes 
severe mitochondrial damage. 

Figure 4
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border membrane are highly sensitive to decreases in activities 
caused by membrane LPO, since this can uncouple them from 
the membrane [88]. In addition, ROS significantly upregulate the 
expression of mitogen-activated protein kinase (MAPK) pathways 
that regulate transcription factor 2, and activate ETS-1pointed 
domain, thereby increasing renal toxicity [89]. Arsenic induces 
apoptosis and genotoxicity in humans by inhibiting DNA repair in 
renal tissue, which causes chromosomal aberrations, micronuclei 
formation and epigenetic modifications [88,90]. 

Zinc deficiency and oxidative stress
Zinc (Zn) is a trace element found in plants and animals. In 
mammals, Zn is a component of more than 70 different enzymes 
involved in the metabolism of proteins, carbohydrates and lipids 

[91]. Studies have shown that Zn deficiency leads to growth 
retardation and hypogonadism. However, its metabolic effects 
are not well-understood, and its diagnosis is complicated [92]. 
Symptoms of Zn deficiency include loss of appetite, dermatitis, 
delayed wound healing, deterioration of reproductive health and 
reduction in immune function. Severe deficiency of Zn is rare, 
and the most common cause is a genetic predisposition [93]. Zinc 
deficiency has been associated with increased oxidative damage 
to lipids, proteins and DNA [94]. Animal studies have shown that a 
prolonged deficiency of Zn leads to oxidative stress. Zinc deficiency 
combined with ROS production leads to lipid peroxidation in lung 
tissue, formation of conjugated dienes and MDA in microsomes, 
lipoprotein oxidation and galactosamine-induced hepatitis 
in rats (Figure 5) [80]. It has been reported that Zn deficiency 

Mechanisms of action of zinc as an antioxidant shows six possible effects: (1) protection of sulfhydryl (-SH) groups in 
proteins; (2) competing with heavy metal binding sites, thereby reducing ROS production; (3) regulation of the expression 
of metallothionein via reduction in oxidative stress; (4) regulation of the A20 zinc finger protein [(a negative regulator of 
TNF-induced signaling pathways leading to apoptosis, stress response and inflammation; the A20 inhibits TNF-dependent 
NF-kB activation and NF-kB activation in response to interleukin 1 (IL-1)]; (5) inhibition of mitochondrial NADPH oxidase; 
and (6) regulation of the action of metal-responsive transcription factor 1 (MTF-1) which upregulates the expressions of 
metallothionein and ZnT-1 (proteins involved in the maintenance of intracellular concentration of zinc). The operational 
mechanisms during zinc deficiency are: (1) oxidation of proteins and lipids increase with decrease in zinc concentration; (2) 
formation of MDA and dienes; and (3) activation of N-methyl-D-aspartate (NMDA) receptor which increases the concentration 
of Ca2+, and activates a cascade of inflammation due to oxidative stress.

Figure 5
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induces a conformational change in SOD similar to mutation, 
thereby leading to oxidative stress in the endoplasmic reticulum, 
inhibition of the synthesis of some proteins and induction of the 
zip-14 Zn transporter [95]. Zinc is an inhibitor of N-methyl-D-
aspartate (NMDA) receptor which participates in Ca2+ transport to 
the cytosol. Therefore, Zn deficiency leads to activation of NMDA 
receptor and an increase in the intracellular concentration of 
Ca2+, which activates leukocytes and macrophages. This favors the 
release of pro-inflammatory cytokines, free radicals, activation of 
NADPH oxidase and iNOS, and concomitant production of ROS 
and RNS which cause oxidative stress [96,97]. Oxidative stress 
caused by Zn deficiency induces changes in mammary gland, 
which promote the infiltration of macrophages, thereby creating 
a microenvironment that increases the risk of breast cancer [98].

Oxidative stress and chronic exposure to alcohol downregulate 
the expressions of Zn transport proteins which alter not only 
Zn homeostasis, but also the function of cellular organelles 
(endoplasmic reticulum and mitochondria) in which the proteins 
are found, while Zn supplementation promotes the expression 
of Zn transporters: Zip-8, Zip-13 and Zn-T14 [99-101]. It has 
been reported that individuals with oxidative stress-induced 
diseases have altered functional state of Zn which makes it 
difficult to control such diseases. For example, an obese person 
with Zn deficiency experiences oxidative stress triggered by high 
concentration of MDA. 

Zinc as an antioxidant 
The function of Zn as an antioxidant may involve one of two 
mechanisms: (i) protection of protein -SH groups against free 
radicals attack; and (ii) decrease in production of free radicals 
via antagonism of the transition state of active metals [101]. 
As an antioxidant, zinc reduces the formation of free radicals 
in two main ways: it acts as an inhibitor of NADPH oxidase; 
and it reduces the production of inflammatory cytokines via 
regulation of A20 protein, which inhibits nuclear transcription 
factor kappa B (NF-κB). It has been observed that exposure 
of cells in vitro to high concentration of Zn is accompanied by 
increased expression of A20, and inhibition of the expressions 
of NF-κB, pro-inflammatory cytokines and interleukin, thus 
making Zn an anti-inflammatory agent [102,103]. Some studies 
have highlighted its role in the regulation of GPx activity and 
induction of metallothionein expression. Metallothionein binds 
Zn and releases it under stress conditions to exert its antioxidant 
effect, thereby reducing oxidative stress [104]. Studies have 
demonstrated the role of Zn as cofactor of SOD, an enzyme that 
catalyzes the conversion of H2O2 and O2 radicals to less harmful 
species [105,106]. On the other hand, Zn competes with cell 
membrane Fe3+ and Cu2+ which catalyze the production of free 
radicals from lipid peroxides. In this way, the substitution of Fe3+ 
and Cu2+ with Zn leads to inhibition of free radical production 
since Zn is catalytically inert [107]. Another enzyme regulated by 
Zn is glutamate-cysteine ligase, a key enzyme in the synthesis of 
glutathione. This produces two effects: direct neutralization of 
free radicals by glutathione, and indirect neutralization of free 
radicals by Zn as a cofactor of GPx [108,109]. The antioxidant 
effect of Zn may be beneficial in combating viral infections such 

as simple herpes and rhinoviruses. Co-administration of Zn and 
interferon α offers protection against hepatitis C virus infections 
[110-112]. In studies involving Zn supplementation, a potent 
antioxidant effect and decreased levels of nitrates, nitrites 
and DNA were observed [103]. In diseases such as epilepsy, 
schizophrenia, Alzheimer’s and Parkinson’s, it has been observed 
that presynaptic neurons release high amounts of Zn which cause 
neuronal death, NADPH oxidase activation and ROS production 
[15]. On the other hand, administration of the Zn chelator 
N,N,N’,N’-tetrakis (2-pyridylmethyl) ethylenediamine attenuated 
the neurological deficit and cerebral infarction area, increased 
SOD activity, and decreased serum MDA and interleukin-6 
levels [113,114]. Receptive metal transcription factor 1 is a Zn-
dependent transcription factor that stimulates the expression 
of metallothionein and zinc-1 transporter (ZnT-1) found in cell 
membranes, and facilitates the exit of excess Zn from the cytosol 
[115]. Therefore, metallothionein and ZnT-1 help to maintain the 
intracellular concentration of Zn [115,116]. Zinc transport protein 
promotes the survival of osteoblastic (MC3T3) cells by preventing 
cellular aggregation of Zn and apoptosis, and activation of protein 
tyrosine kinase which catalyzes the phosphorylation of pro-
apoptotic proteins [117,118]. In hyperglycemia, Zn decreases ROS 
production, thereby reducing oxidative stress, and this improves 
insulin secretion due to efficient phosphorylation of its receptor, 
activation of phosphatidylinositol 3-kinase and protein kinase 
B, which are required for glucose uptake or cellular transport 
[119,120]. Therefore, it is believed that Zn helps control the 
action of insulin and serum glucose [120]. A protective effect 
of Zn consumption is improvement in oxidative stress markers, 
while its deficiency leads to reduction in the levels of interleukin 
2 (IL-2) (a cytokine that responds to microbial infections) and 
interferon gamma, which is a key cytokine in the adaptation of 
the immune system to viral and bacterial infections [103]. Thus, 
Zn is important in inflammatory processes that lead to diseases 
such as colon cancer, prostate cancer and atherosclerosis.

Zinc and renal failure
Data on the role of Zn in patients with renal failure are scanty. 
However, it is a known fact that in patients with chronic renal 
failure, there are disorders in the absorption, metabolism, 
redistribution and elimination of Zn [121]. Diabetic patients 
with polyuria usually present with symptoms of Zn deficiency 
due to its excretion in the urine, which suggest a connection 
between hyperglycemia, lipid peroxidation and oxidative stress 
[122]. Similar events are observed in patients with chronic 
renal failure, possibly due to decrease in mineral intake and 
low intestinal absorption, and mineral loss during dialysis [122-
124]. Elements such as Pb, Fe, Cu and Zn are transported by 
divalent metal transporter protein which is expressed mainly 
in the liver. The level of this transporter decreases when some 
of these elements are ingested, thereby conferring protection 
on the liver, but it increases in renal cells as a mechanism 
of excretion which could cause damage to the kidney [125]. 
Some studies on rats showed that administration of Zn during 
gestation and lactation may exert a protective antioxidant effect, 
and prevent renal failure and oxidative stress induced by any 
other metal, for example As (Table 1) [98]. 
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Heavy 
metal

Oxidative stress effects Renal failure effects

Mercury 1.	 Increases the synthesis of H2O2

2.	 Decreases the catalytic activity of GPx
3.	 Increases lipid peroxidation products (MDA and 4-HOA) in 

mitochondria
4.	 Generation of advanced oxidation protein products
5.	 Increases inflammatory activity
6.	 Damages microtubules and mitochondria
7.	 Interrupts intracellular Ca2+ homeostasis generating an 

uncontrolled release of Ca2+

8.	 Alters protein phosphorylation
9.	 Generates free –SH groups 
10.	Increases the positive regulation of HO-, O2

- and H2O2, and 
negative regulation of defense enzymes such as SOD, CAT, and 
GPx, and the functions of GSH

1.	 Mercury ions preferentially accumulate in epithelial cells of the 
renal tubules 

2.	 Nephropathy and damage to proximal tubules appear due to 
exposure to Hg2+

3.	 Exposure to HgCl2 results in tubular, interstitial and glomerular 
lesions

4.	 Chronic exposure to CH3Hg+ produces fibrotic changes in the 
glomeruli and deposits of IgG, IgM and C3 in glomerular basement 
membrane

5.	 Acute tubular necrosis, immunological glomerulonephritis or 
nephrotic syndrome

6.	 Inorganic Hg, elemental mercury vapors and ingestion of Hg2+ salts 
result in nephrotic syndrome with proteinuria

Lead 1.	 ALAD undergoes enolization and autoxidation, which 
generates O2

- anions
2.	 The enolized form of ALAD acts as an electron donor, forming: 

(i) methemoglobin; (ii) ALAD-radical; and (iii) H2O2

3.	 Radicalized ALAD autoxidizes ROO- and HO-, thus sharpening 
glutathione oxidation

4.	 Interaction of O2
- and H2O2 generates HO-, a powerful oxidant

5.	 Lead ions have high affinity for -SH groups and metal cofactors, 
thereby decreasing activities of antioxidant enzymes

6.   Lead increases the activity of CAT, levels of MDA, GSSG and                  
oxygen free radical, and decreases plasma GSH level 

7. Lead displaces selenocysteine group from the active site 
of glutathione, thereby weakening the enzyme-substrate 
interaction and down-regulating the activity of GPx

8. An increase in the activity of SOD characterizes exposure to Pb

1.	 Interferes with mitochondrial function of proximal convoluted 
tubules

2.	 Decreases the reabsorption of glucose, amino acids and phosphate
3.	 A positive correlation exist between plasma levels of lead (5 g/dl) 

and urinary excretion of N-acetyl-beta-D-glucosaminidase 
4.	 Levels higher than 80 mg/dl causes uric acid retention
5.	 Renal damage may be related to the formation of Schiff bases 

between proteins and free radicals 

Arsenic 1.	 Arsenic binds to the -SH groups of glutathione, and modifies 
the redox status (GSH/GSSG)

2.	 Arsenic on binding to lipoate causes the inhibition of and Krebs 
cycle and interferes with oxidative phosphorylation

3.	 Inhibits the absorption of glucose in cells, and promotes 
gluconeogenesis and fatty acids oxidation

4.	 Concentration of GSH and activities of G6PDH and GPx are 
significantly reduced after exposure to Pb

5.	 Arsenic stimulates the generation of high amount of H2O2 
via oxidative reactions of Fenton and Haber-Weiss, thereby 
increasing the production of free radicals

6.	 Increased ROS level alters the functionality of some antioxidant 
enzymes such as SOD, CAT, GPx and heme oxygenase-1, and 
concomitant increase in lipid peroxidation 

7.	  Cell proliferation and the release of TNF-α are stimulated by 
ROS

8.	 Oxidative and nitrosative stress reduces the activities of 
complexes III, IV and V of the respiratory chain, and decreases 
the level of ATP

1.	 kidney is highly sensitive to arsenic toxicity
2.	 Arsenic increases volume and pH of urine
3.	 Decrease in electrolyte levels and increase in Ca2+ excretion
4.	 Increased degeneration of epithelial cells of the proximal 

convoluted tubule and tubular cylinders, focal mineralization, and 
podocytes of the Bowman's capsule

5.	 Increased serum levels of urea and creatinine, and histological 
changes that leads to kidney damage

Table 1: Summary of oxidative stress and renal failure effects produced by Hg, Pb, As and Zn deficiency. 
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Conclusion
This review on heavy metals and kidney toxicity has shown that 
humans and animals are easily exposed to heavy metals from the 
environment. On gaining entrance into the body, they compete 
with essential metals, and exert their nephrotoxic effects by 
inducing oxidative stress, mitochondrial dysfunction, as well as 
Ca2+  and ROS-mediated apoptosis. In the kidney, permeability 
and absorption of epithelial cells are altered by heavy metals 
(except arsenic), resulting in proteinuria and kidney dysfunction. 
The antioxidant property of Zn might be potent in mitigating 
the effect of acute exposure to heavy metals. Zinc deficiency 
provokes a reduction in antioxidant capacity that contributes to 
the onset of oxidative stress. 
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Zinc 1.	 Zinc deficiency is associated with an increase in LPO products
2.	 Zinc deficiency induces a conformational change in SOD similar 

to a mutation, thereby leading to oxidative stress
3.	 Zinc deficiency stimulates the release of pro-inflammatory 

cytokines, activation of NADPH oxidase and iNOS, thus 
promoting the production of ROS and RNS

4.	 It competes with the Fe3+ and Cu2+ of the cell membranes, 
thereby promoting the inhibition of free radicals

5.	 It neutralizes free radicals directly by glutathione and indirectly 
as a cofactor of GPx

1.	 Zinc has a protective antioxidant effect and prevents renal failure 
and oxidative stress induced by other metals
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