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Abstract Lead is a biohazardous metal that is commonly
involved in human illness including renal injury. Although it
is a non-redox reactive metal, lead-induced renal injury is
largely based on oxidative stress. The current work aimed at
exploring the possible protective effect of γ-glutamyl cysteine
(γGC) against lead-induced renal injury. Rats were allocated
to normal and γGC control groups, lead-treated group, and
lead and γGC-treated group. γGC alleviated lead-induced
renal injury as evidenced by attenuation of histopathological
aberration, amelioration of oxidative injury as demonstrated
by significant reduction in lipid and protein oxidation, eleva-
tion of total antioxidant capacity, and glutathione level. The
activity of antioxidant enzymes superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) was

significantly elevated. γGC significantly decreased levels of
the proinflammatory cytokines tumor necrosis factor-α
(TNF-α), interleukin (IL)-6, and IL-1β and the activity of
the apoptotic marker caspase-3. In addition, γGC reduced
kidney lead content, enhanced weight gain, and improved
renal function as demonstrated by reduced serum levels of
urea and creatinine. Importantly, γGC upregulated proliferat-
ing cell nuclear antigen (PCNA) expression, denoting en-
hanced renal regenerative capacity. Together, our findings
highlight evidence for alleviating effects of γGC against
lead-induced renal injury that is potentially mediated through
diminution of oxidative tissue injury, reduction of inflamma-
tory response, attenuation of apoptosis, and enhancement of
renal regenerative capacity.
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Abbreviations
CAT Catalase
DNPH 2,4-Dinitrophenyl hydrazine
DTT Dithiothreitol
γGC γ-Glutamyl cysteine
GPx Glutathione peroxidase
GSH Reduced glutathione
H&E Hematoxylin and eosin
IL-1β Interleukin-1-β
IL-6 Interleukin-6
MDA Malondialdehyde
PBS Phosphate-buffered saline
PCC Protein carbonyl content
PCNA Proliferating cell nuclear antigen
PMSF Phenylmethanesulfonyl fluoride
ROS Reactive oxygen species
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SDS-PAGE Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

SOD Superoxide dismutase
TAC Total antioxidant capacity
TBARS Thiobarbituric acid reactive substance
TCA Trichloroacetic acid
TNF-α Tumor necrosis factor-α
TMB 3,3′,5,5′-Tetramethylbenzidine

Introduction

Lead is a non-biodegradable environmental pollutant that
is commonly involved in acute and chronic human illness
[1, 2]. Although lead has been banned from many envi-
ronmental sources such as gasoline and paints, other in-
dustrial sources such as mining, crystal and ceramic in-
dustry, and smelting still represent important pollution
sources [3]. Industrial waste-contaminated food and water
represent major exposure sources of general population to
lead [4]. Lead can be absorbed through gastrointestinal
tract and skin and can also be inhaled in polluted air
[4–7]. Exposure to lead has been associated with a broad
range of biological alterations in renal tissues including
oxidative tissue injury, histopathological changes, apopto-
tic cell death, inflammatory responses, as well as reduced
excretory renal function (accumulation of metabolic waste
products such as urea and creatinine) [8]. In experimental
animals, lead toxicity is also associated with diminished
ability to gain weight [8]. The exact mechanism of
lead-induced renal toxicity is not clearly understood; how-
ever, oxidative stress has been proven as a major
underlining mechanism [4, 5, 7, 9–14]. Although it is a
non-redox reactive metal, lead induces oxidative stress
and subsequent oxidative tissue injury through generation
of reactive oxygen species (ROS) such as superoxide an-
ion radical, hydroxyl radical, and hydrogen peroxide [1,
3, 15]. In addition, lead inhibits activity of antioxidant
enzymes including superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx) [1, 3, 16, 17].
Moreover, lead depletes the biologically important
non-enzymatic antioxidant reduced glutathione. [3, 15,
18]. Antioxidants, thus, may represent a potential mea-
sures for reducing lead-induced renal tissue injury.
γ-Glutamyl cysteine (γGC) is a dipeptide with reported
antioxidant activity owning to its thiol group of its cyste-
ine residue [19–25]. It has been reported that γGC plays
important roles in detoxification of reactive oxygen spe-
cies through its action as a cofactor for glutathione per-
oxidase 1 [26]. In addition, γGC is a substrate for gluta-
th ione syn the t ase fo r syn thes i s o f the known
non-enzymatic antioxidant reduced glutathione [26]. The
aim of the current work was to explore the potential

alleviating effect of γGC dipeptide against lead-induced
renal tissue injury using rats as an experimental mamma-
lian model.

Material and Methods

Chemicals and Kits

γ-Glutamyl cysteine, lead acetate, thiobarbituric acid,
trichloroacetic acid, phenylmethanesulfonyl fluoride
(PMSF), and dinitrophenyl hydrazine (DNPH) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All
Other chemicals were of high purity. Total antioxidant
capacity, superoxide dismutase, catalase, and glutathi-
one peroxidase kits were purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). TNF-α,
IL-6, and IL-1β kits were purchased from RayBiotech
(Norcross, GA, USA). Caspase-3 colorimetric assay kit
was purchased from R&D systems (Minneapolis, MN,
USA). Primary and secondary antibodies for proliferat-
ing cell nuclear antigen (PCNA) and actin were pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Animals, Experimental Design, and Treatment Protocol

Thirty-two male Wistar rats that were matched for age and
weight (210 g on average) were obtained from King Fahd
Medical Research Center, King Abdulaziz University,
Jeddah, Saudi Arabia. The rats were housed in polypropyl-
ene cages, four rats per cage, under standard environmental
conditions (temperature 23 ± 2 °C, humidity 60 ± 10 % and
12-h light/dark cycle). Standard commercial rat chow and
water were provided ad libitum. All procedures related to
animal care, treatments, and sampling were conducted ac-
cording to the guidelines of Taif University research ethical
committee. After 10 days of acclimatization to our labora-
tory conditions, rats were randomly allocated to four
groups of eight rats each. In group 1 (normal control, C),
rats were given distilled water orally by gastric gavage; in
group 2 (γ-glutamyl cysteine control, G), animals received
γ-glutamyl cysteine (γGC)150 mg/kg b.w./day ip for
1 week; in group 3 (Lead only-treated group, L), rats re-
ceived 300 mg/kg b.w. lead acetate as a daily dose for
1 week orally by gastric gavage; in group 4 (lead and
γ-glutamyl cysteine-treated group, L + G), animals were
treated the same way as group 3; however, they were also
injected with a daily dose of 150 mg/kg b.w. ip of γGC for
1 week starting with the first dose of lead. Lead and
γ-glutamyl cysteine doses were consistent with previous
studies [22, 27].
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Sample Preparation

On the day after the last dose of γGC, rats in all groups were
weighed and euthanized by exsanguination under pentobarbi-
tal sodium anesthesia (65 mg/kg, ip) [21, 28] to collect blood
and kidneys. Blood samples were collected via cardiac punc-
ture in plain tubes to separate serum for determination of se-
rum urea and creatinine. Both kidneys were quickly removed,
rinsed in ice-cold saline, weighed, and divided into two parts
for homogenization and histopathological examination. The
kidney tissue samples designated for homogenization were
divided into two parts; the first part was homogenized 10 %
w/v in phosphate-buffered saline (PBS). Homogenates were
then centrifuged for 15 min at 10,000×g, 4 °C, and the super-
natant was used for determination of total protein and the other
biochemical parameters. The second part was homogenized in
PBS containing 1 % sodium dodecyl sulfate (SDS) and 1 mM
PMSF and manipulated as described in BDetermination of
PCNA Expression Level in Kidney Tissues^ section for
Western blotting analysis of PCNA. The kidney tissue sam-
ples designated for histopathological examination were proc-
essed as described in the following BHistopathological
Examination^ section.

Measured Parameters

Histopathological Examination

The kidney tissues were fixed in 10 % formol saline for 1 day
followed by dehydration using serial dilutions of alcohols
(methyl, ethyl, and absolute ethyl alcohols). The kidney tis-
sues were then cleared in xylene and embedded in paraffin at
56 °C in a hot air oven for 24 h. Paraffin blocks were then
sectioned using Leitz 1512microtome (Ramsey,MN, USA) at
a thickness of 4 μm. After collection on glass slides,
deparaffinization, and staining with hematoxylin and eosin
(H&E), tissue sections were examined under light microscope
[29].

Determination of Lead Content of Kidney Tissues

Lead content of the kidney tissues was determined using flame
atomic absorption spectrophotometer based on previously
mentioned method [5, 30]. Briefly, the kidney tissue samples
were dried at 60 °C then combusted at 450 °C for 24 h. The
samples were then dissolved in nitric acid (1 mM) and ana-
lyzed at 283 nm.

Determination of Serum Creatinine and Urea

Serum levels of creatinine and urea were determined using
QuantiChrom™ Creatinine and QuantiChrom™ Urea Assay
Kits (BioAssay Systems, Hayward, CA), respectively,

according to the manufacturer’s protocol. Creatinine assay
depends on the ability of creatinine in samples to react with

Fig. 1 Renal lead content and gravimetric analysis. a Lead content was
determined in kidney tissues of different experimental groups: normal
control (C), γGC control (G), lead only-treated group (L), and both lead
and γGC-treated group (L + G). b Body weight of rats in different
experimental group as measured just before sample collection. c
Relative kidney to body weights. The average weights of both kidneys
along with the body weight were used to calculate relative kidney/body
weight according to the following formula: (average kidneys weight/body
weight) × 100. Data are presented as mean ± standard deviation. Asterisks
indicate significant difference from both C and G. Number signs indicate
significant difference from L, p < 0.05 (n = 8)
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picrate in Jaffe’s reagent to form a red-colored complex that
can be measured spectrophotometrically at 510 nm [31]. Urea
assay is based on Jung method that forms a colored complex
with urea which can be measured spectrophotometrically at
520 nm [32].

Determination of Caspase-3 Activity in Kidney Tissues

Caspase-3 activity in the supernatant of the kidney tissue homog-
enates was determined using R&D systems colorimetric kit
(Minneapolis, MN, USA) according to the manufacturer’s in-
structions as previously described [33]. The principle of the as-
say depends on the ability of caspase-3 in samples to cleave the
colorimetric substrate acetyl-Asp-Glu-Val-Asp-p-nitroaniline
with the release of p-nitroaniline (pNA) chromophore which
can be monitored colorimetrically at 405 nm. The activity of
caspase-3 in the tested sample is directly proportional to the level
of pNA. The level of pNA in different samples was monitored
using BioTek ELx800 microplate reader, and the activity of
caspase-3 was expressed as fold change.

Determination of PCNA Expression Level in Kidney Tissues

Protein expression level of PCNAwas determined in the kid-
ney tissue homogenates using Western blotting analysis as
described previously [20, 34]. Briefly, 0.2 g of kidney tissue
was homogenized in 1 ml PBS containing 1% SDS and 1mM
PMSF. After centrifugation (10,000×g, for 2 min at room

temperature), protein concentration in the supernatant was de-
termined using Bio-Rad DC protein assay kit. The samples
were then subjected to electrophoresis (10 % SDS-PAGE,
40 μg per lane) and semi-dry transfer to a nitrocellulose mem-
brane (Protran, PerkinElmer, Shelton, CT). Blocked nitrocel-
lulose membranes were incubated overnight at 4 °C with
monoclonal mouse anti-rat PCNA primary antibody, PC10,
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilu-
tion of 1:2000, rinsed, and then incubated for 1 h at room
temperature with horseradish peroxidase-conjugated goat
anti-mouse secondary antibody (Bio-Rad) at a dilution of
1:3000. PCNA bands were detected by SuperSignal West
Pico chemiluminescent substrate (Pierce, Rockford, IL) using
X-ray films. The apparent molecular weights of PCNA bands
were estimated by comparison to molecular weight markers.
Actin was used as a loading control (sc-1616-R primary anti-
body, Santa Cruz Biotechnology, Santa Cruz, CA). Band den-
sity was quantitated using ImageJ image processing program
(ImageJ, National Institutes of Health, USA).

Determination of Antioxidant Enzyme Activities

The activity of the antioxidant enzymes SOD, CAT, and GPx
in kidney tissues was determined using Cayman chemicals
kits according to the manufacturer’s instructions. Briefly,
SOD kit employs hypoxanthine-xanthine oxidase-generated
superoxide anion and a tetrazolium salt to generate a colored
formazan dye that can be monitored at 450 nm. SOD in tissue

Fig. 2 Histopathological alterations in renal tissues and the alleviating
effect of γ-glutamyl cysteine. A representative photomicrographs from
different rat groups: normal control (C, panel A), γGC control (G, panel
D), lead only-treated group (L, panels B and B’), and both lead and γGC-
treated group (L + G, panel C). L group shows degeneration in lining
tubular epithelial cells with narrowing of the tubular lumen (white and
black arrows respectively in panel B) besides hemorrhage in capsular and

subcapsular area (black arrows in panel B’) compared to both normal and
γGC controls that show normal histological structure of glomeruli (G)
and tubules (T). A representative photomicrograph from L + G group
shows mitigated histopathological changes compared to L group (panel
C). The representative photomicrographs of sections taken from kidney
tissues were stained with hematoxylin and eosin, magnification ×40
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samples inhibits the formation of formazan dye as a result of
dismutation of superoxide anion [35]. SOD activity was
expressed in units per milliliter kidney tissue homogenates
where one unit is the amount of SOD needed to show 50 %
dismutation of the superoxide anion. Catalase assay kit mea-
sures catalase activity based on its ability to inhibit oxidation
of methanol by hydrogen peroxide through decomposition of
hydrogen peroxide (peroxidative properties). The amount of
oxidized methanol (formaldehyde) produced is thus inversely
proportional to catalase activity in samples. Formaldehyde
level was measured colorimetrically at 540 nm using
4-amino-3-hydrazino-5-mercapto-1,2,4-triazole as a chromo-
gen, and catalase activity was expressed in nanomoles hydro-
gen peroxide per minute per milliliter tissue homogenate [36].
GPX assay relies on the ability of GPx to reduce hydrogen
peroxide using reduced glutathione. The reduced glutathione
is then regenerated using glutathione reductase in the presence
of NADPH. The decline in absorbance of NADPH which can
be monitored at 340 is proportional to GPx activity in samples
[37].

Measurement of Reduced Glutathione Level

Kidney tissue content of reduced glutathione (GSH) was evalu-
ated spectrophotometrically using 5,5’-dithiobis-2-nitrobenzoic
acid (DTNB) in accordance with Ellman’s method [38, 39].
Briefly, tissue homogenates were deprotonated with 10 % w/v
TCA. The supernatant that was separated by centrifugation (10,
000×g for 10 min at 4 °C) was reacted with 10 mMDTNB, and
the absorbance of the produced color was measured at 412 nm.

Determination of Total Antioxidant Capacity

Total antioxidant capacity of kidney tissues was evaluated
using Cayman total antioxidant assay kit in accordance with
the manufacturer’s instructions as described previously [39].
The procedure is based on the fact that antioxidants in kidney
tissue homogenates inhibit the oxidation of the oxidizable
substrate ABTS (2,2-azino-di-[3-ethylbenzthiazoline sulfo-
nate]). The level of oxidized ABTS was measured at 405 nm.

Measurement of Lipid Peroxidation

The level of lipid peroxides in kidney tissue homogenates was
evaluated by measuring level of thiobarbituric acid reactive
substances (TBARS) as described previously [33, 40]. Briefly,
equal volumes of both kidney tissue homogenate and thiobar-
bituric acid solution (0.5 % w/v prepared in 20 % w/v trichlo-
roacetic acid) were mixed and heated at 95 °C for 30 min. The
reaction was then stopped by sudden cooling on ice. The sam-
ples were then centrifuged (10,000×g for 15 min, 4 °C) to
separate supernatants, and absorbance of the supernatants
was measured spectrophotometrically at 532 nm.

Measurement of Protein Carbonyl Content

The level of protein oxidation in kidney tissues was deter-
mined by evaluating the protein carbonyl content using
dinitrophenyl hydrazine (DNPH) as described previously
[41, 42]. Briefly, DNPH was allowed to react with proteins
in kidney tissue samples followed by protein precipitation by
addition of trichloroacetic acid. After separation, protein pre-
cipitates were then dissolved in guanidine-HCl and absor-
bance of the solution was measured at 370 nm. Extinction
coefficient of 22,000 M−1 cm−1 was used to calculate protein
carbonyl levels.

Determination of Proinflammatory Cytokines

The concentrations of proinflammatory cytokines TNF-α,
IL-6, and IL-1β in kidney tissues of different experimental
groups were measured using RayBiotech ELISA kits accord-
ing to manufacturer’s instructions as described previously

Fig. 3 Serum creatinine and urea. Serum levels of creatinine (a) and urea
(b) were determined at the end of the experiment in different experimental
groups. Data are presented as mean ± standard deviation. Asterisks
indicate significant difference from both C and G. Number signs
indicate significant difference from L, p < 0.05 (n = 8)
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[33]. Briefly, tested samples or standard cytokines were incu-
bated with anti-proinflammatory cytokine antibodies that
were pre-coated to microplates. The samples were then
discarded, and biotinylated antibodies were added. After in-
cubation had been ended, biotinylated antibody solution was
discarded and incubation with HRP-conjugated streptavidin
was started. Absorbance of the color generated by adding 3,
3′,5,5′-tetramethylbenzidine solution was measured spectro-
photometrically at 450 nm.

Statistical Analysis

Multiple comparisons among different experimental groups
were analyzed for statistical significance by one-way analysis
of variance (ANOVA) followed by Tukey–Kramer multiple
comparisons posttest. Data were presented as mean ± standard
deviation (SD). Differences were considered significant at
p < 0.05. SigmaPlot 12 statistics software (Systat Software,
Inc., San Jose, CA) was used to create graphs and execute the
statistical analysis.

Results

γ-Glutamyl Cysteine Reduces Kidney Lead Content
and Improves Body Weight Gain

Administration of lead acetate resulted in significant increase
in kidney lead content in lead only-treated group (L)

compared to both normal (C) and γ-glutamyl cysteine (G)
controls (Fig. 1a). Lead administration also resulted in dimin-
ished body weight gain and increased ratio of kidney/body
weight compared to control groups (Fig. 1b–c). Treatment
with γ-glutamyl cysteine dipeptide, however, significantly re-
duced kidney lead content and improved weight gain (Fig. 1).

γ-Glutamyl Cysteine Alleviates Histopathological
Alteration of Kidney Tissues

Kidney tissue samples from different experimental groups
were subjected to H&E staining followed by histopathological
examination to evaluate the probable modulating effect of
γGC against lead-induced kidney histopathological aberra-
tions. Representative photomicrograph of the lead
only-treated group (L) showed degradation in the lining epi-
thelium of the tubules with narrowing of the tubular lumen
(Fig. 2(B)). Hemorrhage was also observed in the capsular
and subcapsular area as well as between tubules (Fig. 2(B’)).
γ-Glutamyl cysteine administration attenuated the observed
histopathological alterations (Fig. 2(C)). Normal control (C)
and γ-glutamyl cysteine control (G) groups showed normal
histological architecture of kidney tissue (Fig. 2(A, D)).

γ-Glutamyl Cysteine Decreased Serum Levels
of Creatinine and Urea

Serum levels of creatinine and urea are routinely used for
monitoring renal glomerular function. In the current study,

Fig. 4 Oxidative stress markers
in kidney tissues. Reduced
glutathione GSH (a), total
antioxidant capacity (TAC) (b),
lipid peroxidation marker MDA
(c), and protein oxidation marker
PCC (d) were evaluated in kidney
tissues of different rat groups.
Data are presented as
mean ± standard deviation.
Asterisks indicate significant
difference from both C and G.
Number signs indicate significant
difference from L, p < 0.05 (n = 8)
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serum levels of creatinine and urea were determined to assess
renal function in different rat groups. Our results showed that
lead administration significantly increased serum levels of
creatinine and urea in lead only-treated group (L). However,
γ-glutamyl cysteine administration significantly reduced
levels of both creatinine and urea (Fig. 3).

γ-Glutamyl CysteineModulates Oxidative StressMarkers
in Kidney Tissues

To evaluate the possible alleviating effect of γ-glutamyl
cysteine against lead-induced oxidative stress and oxida-
tive tissue injury, markers of oxidative stress and oxida-
tive tissue injury were evaluated. Levels of reduced glu-
tathione GSH and total antioxidant capacity (TAC)
(Fig. 4a–b) as well as activity of the antioxidant enzymes
CAT, GPx, and SOD (Fig. 5) were significantly reduced
in the lead only-treated group (L) compared to the control
groups. Moreover, the lipid peroxidation marker
malondialdehyde (MDA) and the protein oxidation mark-
er protein carbonyl content (PCC) were significantly ele-
vated in the lead only-treated group (L) when compared to
the control groups (Fig. 4c–d). γGC restored levels of
GSH and PCC back to the normal control levels
(Fig. 4a, d). γGC treatment also significantly enhanced
the activity of the antioxidant enzymes and significantly
elevated TAC (Fig. 5). Moreover, γGC significantly re-
duced level of the lipid peroxidation marker MDA
(Fig. 4c).

γ-Glutamyl Cysteine Reduces Levels of Proinflammatory
Cytokines in Kidney Tissues

In addition to the oxidative stress and oxidative tissue injury,
the results of the current work showed that lead administration
resulted in significant elevation of IL-1β, TNF-α, and IL-6
levels in kidney tissues of lead only-treated group L when
compared to the control groups (Fig. 6). The results also re-
vealed that γGC administration significantly reduced levels of
all tested proinflammatory cytokines.

γ-Glutamyl Cysteine Reduces Caspase-3 Activity
and Enhances PCNA Expression

To evaluate the possible ameliorating effect of γGC against
lead-induced apoptosis, activity of the apoptotic marker
caspase-3 was determined in kidney tissues of different exper-
imental groups. The results indicated that while lead adminis-
tration elevated caspase-3 activity 3.5-fold, γGC administra-
tion restored caspase-3 activity back to the normal control
level (Fig. 7a). To evaluate the regenerative capacity of kidney
tissues after lead-induced tissue injury, proliferating cell nu-
clear antigen (PCNA) protein expression level was monitored.

The results revealed that while lead administration slightly
induced protein expression of PCNA, γGC administration
robustly induced PCNA expression in the lead +
γGC-treated (L + G) group (Fig. 7b).

Fig. 5 Activity of antioxidant enzymes in kidney tissues. Activity of
catalase (CAT) (a), glutathione peroxidase (GPx) (b), and superoxide
dismutase (SOD) (c) were measured in kidney tissue homogenates of
different rat groups. Data are presented as mean ± standard deviation.
Asterisks indicate significant difference from both C and G. Number
signs indicate significant difference from L, p < 0.05 (n = 8)
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Discussion

Among different body organs, kidney represents a major target
of lead toxicity [4, 5, 43]. Lead accumulates in renal tissue and
induces kidney hypertrophy that is manifested by increased

kidney weight [5, 8]. Lead also reduces the ability of the ex-
posed animal to gain weight, leading to increased kidney/body
weight ratio [4, 5, 8]. Consistent with these data, our results
revealed that lead administration resulted in increased lead con-
tents of kidney tissues and reduced body weight gaining ability
besides increased kidney/body weight ratio (Fig. 1). Previous
studies have shown that lead-induced renal injury is evidenced
by renal histopathological alteration and reduced renal excreto-
ry function [44, 45]. In concert with these data, the results of the
current work demonstrated that animals in lead only-treated
group (L) showed histopathological aberrations that include

Fig. 7 Caspase-3 activity and PCNA expression in kidney tissues. a
Activity of the apoptotic marker caspase-3. b Upper panel: Western
blotting analysis of proliferating cell nuclear antigen PCNA protein
level in kidney tissues of different rat groups. b Lower panel:
quantitation of PCNA protein expression level (normalized to the
loading control actin). Data are presented as mean ± standard deviation.
Asterisks indicate significant difference from both C and G.Number signs
indicate significant difference from L, p < 0.05 (n = 8)

Fig. 6 Levels of proinflammatory cytokines in kidney tissues. Levels of
IL-1β (a), TNF-α (b), and IL-6 (c) were determined at the end of the
experiment in kidney tissue homogenates of different experimental
groups. Data are presented as mean ± standard deviation. Asterisks
indicate significant difference from both C and G. Number signs
indicate significant difference from L, p < 0.05 (n = 8)
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degradation and swelling in the lining epithelium of renal tu-
bules with narrowing of the tubular lumen (Fig. 2(B)).
Hemorrhage was also observed in the capsular and subcapsular
area as well as between tubules in lead only-treated group
(Fig. 2(B’)). In contrast, normal control (C) and γGC control
(G) showed normal histological architecture of renal tissues
(Fig. 2(A, D)). Serum levels of creatinine and urea were signif-
icantly elevated in lead only-treated group (L) when compared
to normal control group (C), indicating deterioration of excre-
tory renal functions as a result of lead exposure (Fig. 3). The
results of the current study revealed that combined administra-
tion of lead and γGC (L + G) resulted in enhanced weight
gaining ability and reduced kidney/body weight ratio compared
to the lead only-treated group L (Fig. 1b–c). γGC also attenu-
ated the observed histopathological alteration (Fig. 2(C)) and
decreased levels of serum creatinine and urea (Fig. 3), indicat-
ing improved excretory renal functions.

Although it is a non-redox reactive metal, accumulating
evidence has indicated that lead-induced renal tissue injury
is basically mediated through induction of oxidative stress
and subsequent oxidative tissue injury [4, 8, 18, 19, 46].
Lead-induced oxidative stress is mediated through generation
of reactive oxygen species [8] and attenuation of both enzy-
matic and non-enzymatic antioxidant defense [8, 18, 46].
Lead inhibits antioxidant enzymes including SOD, CAT, and
GPx through interaction with their thiol groups and replace-
ment of the divalent co-factors that are required for their en-
zymatic activity [1, 3, 16, 17]. Lead also depletes reduced
glutathione (GSH), the critical non-enzymatic antioxidant that
works as a co-enzyme for glutathione peroxidase.
Lead-induced inhibition of glutathione reductase and glutathi-
one S-transferase inhibits GSH regeneration and significantly
contributes to GSH depletion [3, 15, 18]. Consistent with
these data, our results revealed that lead administration in-
duced oxidative stress as manifested by significant reduction
in GSH level and total antioxidant capacity in renal tissues of
lead only-treated group (L) when compared to normal control
group (Fig. 4a–b) besides significant reduction in antioxidant
enzyme activity including CAT, SOD, and GPx (Fig. 5). The
levels of lipid peroxidation marker MDA and protein oxida-
tion marker PCC were also significantly elevated (Fig. 4b–c)
in lead only-treated group compared to the normal control
group. γGC administration restored GSH level and signifi-
cantly attenuated lead-induced reduction in total antioxidant
capacity (TAC) compared to the lead only-treated group
(Fig. 4a–b). Because thiol group is a major target of lead and
is considered as a major underlining cause of lead-induced
oxidative stress [3], thiol group of cysteine residue of γGC
may mediate the observed alleviating effect against lead-
induced oxidative stress. γGC is the immediate precursor of
the GSH [26] which may explain, at least in part, its ability to
restore level of GSH to the normal control levels. In addition,
glutamyl cysteine administration reduced levels of lipid

peroxidation and protein oxidation compared to the lead
only-treated group (Fig. 4c–d). Decreasing level of protein
oxidation was more robust than that of lipid peroxidation
which may be explained by the peptide nature of γGC that
permit higher association with protein than with lipids.
Moreover, γGC administration significantly increased activity
of the antioxidant enzymes CAT, SOD, and GPx compared to
the lead only-treated group (Fig. 5), highlighting the amelio-
rative effect ofγGC against lead-induced oxidative stress. The
ability of γGC to increase the antioxidant enzymes activity
may be, at least in part, due to rescuing sulfhydryl groups of
the antioxidant enzymes by that of γGC.

In addition to oxidative stress, induction of inflammatory
responses has been also implicated in lead-induced renal tis-
sue injury [8]. Lead exposure has been associated with in-
creased levels of proinflammatory cytokines such as tumor
necrosis factor-α (TNF-α), interleukin-6 (IL-6), and
interleukin-1-β (IL-1β) [8, 47]. In addition, MAPKs and
NF-κB have been implicated in lead-induced kidney injury
[8, 48, 49]. In concert with these studies, the current work
demonstrated that lead only-treated group, L, showed signifi-
cant elevation of proinflammatory cytokines including IL-1β,
TNF-α, and IL-6 when compared to the normal control group,
C (Fig. 6). Administration of γGC, however, significantly
reduced levels of these proinflammatory cytokines compared
to lead only-treated group (Fig. 6), signifying the alleviating
effect of γGC against lead-induced renal injury. Lead-induced
ROS-mediated renal tissue injury has also been associated
with caspase-dependent renal cellular apoptosis [4, 8, 11,
50]. During the course of apoptosis, mitochondrial cyto-
chrome C is released to cytosol under the influence of
pro-apoptotic signals. Cytochrome C activates initiator
caspases caspase-8 and 9 and, eventually, the main caspase,
caspase-3 [21, 33, 51]. Our results demonstrated that lead
administration significantly increased caspase-3 activity in re-
nal tissues of lead only-treated group when compared to the
normal control group (Fig. 7a). γGC administration signifi-
cantly attenuated activity of caspase-3 when compared to the
lead only-treated group (Fig. 7a), highlighting the
anti-apoptotic activity of γGC and reinforcing its alleviating
effect against lead-induced renal injury.

PCNA is a homo-trimetric protein that is highly expressed
in proliferating cells [20, 34]. It has many critical functions
including DNA repair and cell proliferation, and it is consid-
ered as a tissue regeneration marker [52–54]. Previous studies
have revealed that PCNA expression is enhanced after oxida-
tive tissue damage, possibly as a compensatory mechanism to
regenerate the damaged tissues [55, 56]. Consistent with this
finding, our results showed that PCNA expression was en-
hanced in lead-only treated group (L) by 1.25-fold compared
to the normal control group (Fig. 7b). Although the oxidative
tissue damage markers (MDA and PCC) were significantly
lower in L + G group than in L group (Fig. 4c–d), the
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expression of the regenerative marker PCNA is higher in L +
G group than in L group (Fig. 7b), indicating the ability of
γGC to enhance renal tissue regeneration through mecha-
nisms other than the regular compensatory mechanisms.
Unlike L + G group, γGC alone (G) was not able to enhance
PCNA expression, denoting that the mechanism of
γGC-induced PCNA expression is downstream to tissue dam-
age and possibly synergizes with the regular compensatory
mechanisms to enhance PCNA expression and consequently
to enhance renal tissue regeneration. While the current study
demonstrated the ability of γGC to enhance PCNA expres-
sion, further studies are required to investigate the detailed
mechanisms by which γGC enhances the expression of
PCNA. Previous studies have reported that metal chelators
reduce tissue content of lead [57, 58]. The current study dem-
onstrated that γGC administration decreased renal tissue lead
content (Fig. 1a). γGC dipeptide contains glutamic acid resi-
due that has been reported to exhibit metal chelation properties
[59]. Together, these data are consistent with possible lead
chelation competency of γGC. However, additional studies
are warranted to investigate its potential lead chelation prop-
erties and to explore the mechanisms of reduction in kidney
lead content.

In conclusion, the current work accentuate, for the first
time, evidence for the alleviating effect of γGC dipeptide
against lead-induced renal tissue injury which is potentially
mediated through attenuation of oxidative stress, amelioration
of the inflammatory response, reduction of renal cellular apo-
ptosis, and enhanced tissue regeneration and possibly through
lead chelation.
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