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Abstract Lead is a known nephrotoxic element. In this
study, primary cultures of rat proximal tubular (rPT) cells
were treated with diVerent concentrations of lead acetate
(0.25, 0.5 and 1 �M) to investigate its cytotoxic mecha-
nism. A progressive loss in cell viability together with a
signiWcant increase in the number of apoptotic and necrotic
cells and lactate dehydrogenase release were seen in the
experiment. Simultaneously, elevation of reactive oxygen
species levels and intracellular [Ca2+]i, depletion of mito-
chondrial membrane potential and intracellular glutathione
were revealed during the lead exposure. In addition, apop-
totic morphological changes induced by lead exposure in
rPT cells were demonstrated by Hoechst 33258 staining.
The apoptosis was markedly prevented by N-acetyl-L-cys-
teine, while the necrosis was not aVected. Moreover, cata-
lase and superoxide dismutase activities in the living cells
rose signiWcantly. In conclusion, exposure of rPT cells to
low-concentration lead led to cell death, mediated by an
apoptotic and a necrotic mechanism. The apoptotic death
induced by oxidative stress was the chief mechanism.
Meanwhile, a group of cells survived lead action, mediated
by their ability to activate antioxidant defense systems.

Keywords Lead · Oxidative stress · Apoptosis · Proximal 
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Introduction

Lead is a toxic, non-degradable heavy metal that was added
to petrol in the early twentieth century to improve fuel
eYciency. Lead in petrol has caused more environmental
lead exposure than any other source. The impact of lead
exposure has been very high in countries where lead is still
used in petrol or has only recently been phased out, espe-
cially in developing countries. In addition, the exposed
population may get exposed to lead due to food and water
contamination, occupational exposure, and air pollution
caused by industrial emission (Kadir et al. 2008). The per-
sistence of lead in the animals and humans and the associ-
ated health risk is a topic of current concern. It has been
found to produce wide range of toxic-biochemical eVects,
e.g., lead poisoning negatively impacts various body sys-
tems particularly, the haematopoietic, central, and renal
system (Ercal et al. 1996).

Oxidative stress and apoptosis (programmed cell death)
are two important phenomena in lead-induced toxicity.
Oxidative stress induced by lead in the soft tissues has been
postulated to be one of the important mechanisms of its
toxic eVects. Many animal studies have showed that lead is
capable of causing oxidative stress in the kidney, liver, and
brain (Ercal et al. 1996; Patra et al. 2001). Disruption of
prooxidant/antioxidant balance induced by lead could lead
to the tissue injury. Moreover, recent report also indicated
that apoptosis might be associated with the lead-induced
cytotoxicity (Pulido and Parrish 2003). Numerous studies
demonstrate that lead exposure is capable of inducing apop-
tosis in various cell types (Fox et al. 1998; Cheng et al.
2002; Xu et al. 2006). Mitochondrial alterations play a cen-
tral role in the apoptosis induced by lead (Fox et al. 1998).
However, the mechanisms of lead-induced apoptosis are
still largely unknown so far. Also, the correlation between
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oxidative stress and apoptosis in the toxic eVects of lead has
not yet been deWned explicitly. Thus, combined eVects of
oxidative stress and apoptosis in the lead toxicity need fur-
ther study.

The kidney is a sensitive target organ for lead exposure.
The nephrotoxic eVects of lead may occur at very low lev-
els. Several epidemiologic studies found a higher preva-
lence of chronic kidney disease at blood lead levels of
10 �g/dl (0.48 �M) to 80 �g/dl (3.85 �M), while high blood
lead levels (>80 �g/dl) are rare nowadays (Loghman-
Adham 1997; Muntner et al. 2007; Kadir et al. 2008). The
nephrotoxicity of lead has been extensively studied and
widely reported in occupationally (Loghman-Adham 1997)
and environmentally exposed human subjects (Muntner
et al. 2007; Kadir et al. 2008), as well as in various experi-
mental models (Ercal et al. 1996; Patra et al. 2001). Most
studies on the nephrotoxicity of lead were implicated in
oxidative stress and the role of lead-induced apoptosis in
nephrotoxicity was little referred. Furthermore, most exper-
iments related to lead nephrotoxicity concentrated on ani-
mal studies, in vitro studies were little reported. Cell
cultures are valuable tools for mechanistic studies at the
cellular level. Therefore, the intent of this paper was to set
up an in vitro system to study lead nephrotoxicity. Due to
the fact that primary cultures can better represent the live
tissue than cultures of permanent cell lines, they are ideal
for in vitro toxicity studies. Moreover, the renal tubule is
one major site of renal impairment (Goyer 1989); a very
pure preparation of isolated proximal tubular cells from rat
kidneys was brought into culture. This cell model was set
up to investigate the relationship between oxidative stress
and apoptosis in the lead nephrotoxicity.

Materials and methods

Chemicals

All the chemicals were of highest grade purity available.
Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
Laboratories (Tokyo, Japan) and Annexin V-FITC Apopto-
sis Detection kit from Pharmingen (Becton Dickinson
Company, USA). E-cadherin (L-CAM) was purchased
from BD Transduction Laboratories (Lexington, KY). Fetal
bovine serum (FBS) was purchased from Sijiqing Biological
Engineering Material (Hangzhou, China). 5�-chloromethyl-
Xuorescein diacetate (CMF-DA), N,N,N�,N�-tetrakis-(2-
pyridylmethyl) ethylenediamine (TPEN) and Fluo-3/AM
were purchased from Molecular Probes, USA. DMEM-F12

(1:1), lead acetate (PbAc2), propidium iodide (PI), 2�,7�-
dichloroXuorescein diacetate (DCFH-DA), Hoechst 33258
staining, antibiotic–antimycotic solution, rhodamine 123
(Rh 123), collagenase, trypsin, N-acetyl-L-cysteine (NAC),

EDTA/EGTA and all other chemicals were purchased from
Sigma-Aldrich, USA.

Cell isolation and culture

Isolation of rat proximal tubular (rPT) cells has been
described in detail elsewhere (Lühe et al. 2003), so the pro-
cedure will only be mentioned brieXy. Male SD rats with a
body weight between 180 and 200 g were anesthetized by
an intraperitoneal injection of sodium pentobarbital [50 mg/kg
body weight (bw)], and the kidneys were in situ perfused
with Ca2+-free Hank’s balanced salt solution (HBSS)
containing 0.5 mM EGTA. After removing the capsule, the
kidneys were digested under permanently rotating condi-
tions in a 200-U/ml collagenase IV-HBSS solution contain-
ing 4 mM CaCl2 and 1% penicillin/streptomycin for 15 min
at 37°C. Kidneys were cut in half and the cortex was sepa-
rated from the medulla by scraping it with a scalpel and cut-
ting it into small pieces. Cells were isolated mechanically
by squashing these pieces through gauzes of 135 �m fol-
lowed by Wltering through a 70-�m mesh. The isolated rPT
cells were centrifuged at 700 rpm for 5 min at 4°C and
washed once with the culture medium (DMEM/F12).
Finally, cells were seeded into collagen I coated 6-well
plates at a density of 5.0 £ 105 cells per well. After an
attachment phase of 72 h the medium was renewed the Wrst
time. Since then the medium was renewed every 2 days.
The primary cells reached conXuence after 144 h of cultiva-
tion and were subcultured after a 6-day culture by the tryp-
sin–EDTA digestive method. Both primary cells and
subcultures were cultured in DMEM/F12 medium supple-
mented with 25 mM HEPES, 10% FBS (heat-inactivated at
56°C), 0.25 g/L of glutamine, 100 U/ml of penicillin, and
100 �g/ml of streptomycin at 37°C in the presence of 95%
air and 5% CO2. Cell viability was checked by the trypan
blue exclusion and it was routinely higher than 95%. Iden-
tity of the proximal tubular cells has been conWrmed by
staining with antibodies against speciWc proximal tubular
antigens. Staining with E-cadherin (L-CAM) antibody was
carried out to conWrm absence of other kidney cell types,
such as distal tubular cells, collecting duct cells, and glom-
erulum-derived cells (Nouwen et al. 1993). The Wrst pas-
sage was used to perform the experimental design when
cultured for 120 h, which was in its highest cell viability
(according to the growth curve, data not shown).

Lead treatment

In this study toxic eVects of lead acetate, the most bioavail-
able form of inorganic lead salts, were investigated.
Regarding the toxic concentrations chosen for this experi-
ment, cells were treated with a range of lead acetate
(PbAc2) concentrations (0, 0.25, 0.5, 1, 2, 4 �M) for 12 h,
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and cell viability was tested using MTT assay (data not
shown). Several experiments from diVerent cultures
showed that IC50 value for rPT cells at 12 h was 2.18 �M
and 4 �M Pb concentration leads to 100% cell death. Based
on blood lead levels of lead-exposed patients reported in
epidemiologic studies (Loghman-Adham 1997; Muntner
et al. 2007; Kadir et al. 2008), low concentrations of lead
acetate were used in this study. That is, cell cultures were
incubated in the presence of 0, 0.25, 0.5, and 1 �M PbAc2,
in a serum-free medium at diVerent time intervals. Primar-
ily, events of lead exposure over a 12-h period were chosen
to investigate the lead nephrotoxicity.

Determination of cell survival

Cell Counting Kit-8 (CCK-8) is a one-bottle solution,
which contains water-soluble tetrazolium salt. It can reduce
the dehydrogenase in the mitochondria to water-soluble
formazan dyes. The absorbance of these formazan dyes at
450 nm is proportional to the number of viable cells in the
medium. Cells were seeded at a density of 1 £ 104 in 96-
well plates. After the preprocessing, the cells were treated
with various Pb concentrations (0.25, 0.5 and 1 �M) for a
time range of 3, 6, 12, and 24 h. Also, the cells were incu-
bated with diVerent concentrations of lead and 100 �M
NAC for 12 h to assess the cytoprotective eVect of NAC on
cell survival. At the destined time points, cell viability
assays were performed using CCK-8, according to manu-
facturer’s instructions. The absorbance was read at 450 nm
by the microplate reader (Sunrise, Austria).

Lactate dehydrogenase (LDH) release

LDH activity was measured as the rate of decrease of the
absorbance at 340 nm, resulting from the oxidation of NADH
to NAD (Koh and Choi 1987). For the determination of LDH,
the culture medium was collected after 12 h of lead treatment
and the adherent cells on the plates were washed with phos-
phate-buVered saline (PBS) and then lysed with 0.1 M Tris–
HCl (pH 7.4) containing 0.1% Triton X-100. LDH activity
was measured both in culture medium and in cell lysate, fol-
lowing the addition of 1 mM pyruvate and 0.2 mM �-NADH.
LDH release was given as percentage of LDH in the culture
medium with respect to the total LDH (the sum between LDH
in the culture medium and LDH inside the cells).

Hoechst 33258 staining

Apoptotic morphological changes in the nuclear chromatin
were detected by staining with the DNA binding Xuoro-
chrome Hoechst 33258 (bisbenzimide). rPT cells were
seeded on sterile cover glasses placed in the 24-well plates.
After incubation with various concentrations of Pb (0.25,

0.5 and 1 �M) for 12 h, cells were washed with PBS and
Wxed with 4% paraformaldehyde for 10 min, and then incu-
bated with 50 �M Hoechst 33258 staining solution for
10 min. After three washes with PBS, the cells were viewed
under an inverted Xuorescence microscope (Olympus,
IX-70, Japan) at an excitation wavelength of 352 nm through
FITC Wlter (blue Xuorescence). For assessing the extent of
the apoptosis induced by lead treatment, 200 cells were ran-
domly selected to count those apoptotic cells within every
batch of experiment, each one performed in triplicate.

Flow cytometric analysis

All the following assays were carried out on BD-FACS Aria
Xow cytometer and the 488-nm laser was utilized. Cells were
seeded at a density of 3 £ 105 in 6-well plates and treated
with various Pb concentrations (0.25, 0.5 and 1 �M) for 12 h.
In addition, 100 �M NAC was co-administered with Pb for
12 h to assess its eVect on apoptosis. After the treatment, the
adherent cells were collected with trypsin–EDTA solution
(1.25 g/L trypsin, 0.2 g/L EDTA). The detached and adher-
ent cells were pooled and harvested by centrifugation at
1,500 rpm for 5 min. The harvested cells were washed twice
with PBS and incubated with various Xuorescent dyes for the
Xow cytometric analysis. Cell debris, characterized by a low
FSC/SSC was excluded from analysis. The data were ana-
lyzed by Cell Quest software and mean Xuorescence inten-
sity was obtained by histogram statistics.

Assessment of apoptotic and necrotic cells

The apoptotic and necrotic cell distribution was analyzed by
annexin V binding and propidium iodide (PI) uptake. Posi-
tioning of quadrants on annexin V/PI dot plots was analyzed
by Cell Quest software and living cells (annexin V¡/PI¡),
early apoptotic/primary apoptotic cells (annexin V+/PI¡),
late apoptotic/secondary apoptotic cells (annexin V+/PI+) and
necrotic cells (annexin V¡/PI+) were distinguished (Vermes
et al. 1995). Therefore, the total apoptotic proportion
included the percentage of cells with Xuorescence annexin
V+/PI¡ and annexin V+/PI+. After the exposure (12 h),
400 �l of binding buVer (1£) was added to the harvested
cells of each sample. The resuspended cells were incubated
with 10 �l annexin V-FITC and 20 �l PI for 15 min in dark
at room temperature. The FITC and PI Xuorescence was
measured through FL-1 Wlter (530 nm) and FL-2 Wlter
(585 nm), respectively, and 10,000 events were acquired.

Mitochondrial membrane potential (��) determination

For the detection of mitochondrial ��, the harvested cells
were incubated with Rh 123 (5 �g/ml Wnal concentration)
for 30 min in dark at 37°C, harvested and resuspended in
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PBS. The mitochondrial �� was measured by the Xuores-
cence intensity (FL-1, 530 nm) of 10,000 cells.

Reactive oxygen species (ROS) measurement

Generation of ROS was monitored by measurement of
hydrogen peroxide (H2O2) generation using the Xuorescent
probe DCFH-DA. This dye is cleaved to form non-Xuores-
cent dichloroXuorescein (DCFH) in the cells, which gets
oxidized to Xuorescent dichloroXuorescein (DCF) by ROS.
Thus, the DCF Xuorescence intensity is proportional to the
amount of peroxides produced by the cells. BrieXy,
1.5 £ 106 harvested cells/mL was incubated with DCFH-
DA (100 �M Wnal concentration) for 30 min in dark at
37°C. The incubated cells were harvested and suspended in
PBS and ROS generation was measured by the Xuorescence
intensity (FL-1, 530 nm) of 10,000 cells on Xow cytometer.

Analysis of intracellular free Ca2+ concentration ([Ca2+]i)

Following the treatment, the harvested cells were incubated
with 0.5 mmol/L of TPEN (lead chelator) to discount Pb
interference in the Xuorescence signal, because calcium and
lead interact similarly with the Fluo-3/AM dye (Dyatlov
et al. 1998). Then, the cells were loaded with Fluo-3/AM
(1 �M Wnal concentration) for 30 min in dark at 37°C, and
then washed with D-Hank’s balanced salt solution (Ca2+-
free and Mg2+-free). Intracellular [Ca2+]i levels were repre-
sented with Xuorescent intensity (FL-1, 530 nm) of 10,000
cells on Xow cytometer.

Glutathione (GSH) measurement

The cellular level of GSH was monitored by CMF-DA.
This Xuorescent probe reacts with intracellular sulfhydryls
and reXects predominantly GSH (Chikahisa et al. 1996).
The harvested cells were incubated with CMF-DA (1 �M
Wnal concentration) for 30 min in dark at 37°C. The incu-
bated cells were harvested, suspended in PBS and GSH was
measured by the Xuorescence intensity (FL-1, 530 nm) of
10,000 cells (Okada et al. 2000).

Antioxidant enzyme detection

Cells were seeded at a density of (5–6) £ 105 in 4-well plates
and treated with diVerent concentrations of lead acetate (0.25,
0.5 and 1 �M) for 12 h. After the treatment, the adherent cells
(live cells) were collected to detect the antioxidant enzymes.

Measurement of catalase (CAT) activity

After lead treatment, 50 mM of potassium phosphate (pH
7.2) was added to the collected cells, and then the samples

were sonicated. The cellular suspension was centrifuged in
an Eppendorf tube at 13,000 rpm for 4 min and at 4°C, and
CAT activity was measured in the supernatant (López et al.
2006). Results were expressed as increment of optical den-
sity per minute per milligram protein.

Superoxide dismutase (SOD) activity

After lead treatment, 50 mM Tris–KCl (pH 8.2) was added
to the collected cells, and then sonicated. The cellular sus-
pension was centrifuged at 13,000 rpm for 4 min at 4°C.
SOD activity was measured in supernatants according to
Marklund and Marklund (1974).

Data presentation

Data are presented as mean § SD from at least three inde-
pendent experiments with diVerent batches of cells, each
one performed in duplicate or triplicate. Statistical compar-
isons were made using one-way analysis of variance
(ANOVA) (ScheVe’s F test) after ascertaining the homoge-
neity of variance between the treatments. DiVerences were
considered signiWcant at P < 0.05.

Results

Action of lead on cellular viability

Lead caused a progressive cellular death in rPT cells,
exhibited a concentration-dependent and time-dependent
fashion during the exposure (Fig. 1a). Whereas 1 �M Pb
eVectively aVected cell viability after a 3-h incubation
period (P < 0.05), the lowest concentration tested,
0.25 �M Pb, signiWcantly decreased the cell viability after
a 12-h exposure time (P < 0.01). The cellular death
caused by 1 �M Pb was always higher than that by
0.25 �M Pb or 0.5 �M Pb at the same exposure time. At
the longest exposure time (24 h), the 0.25 �M Pb concen-
tration caused »9% loss in cell viability. That is, almost
91% cells remained viable as compared to »72% at 1 �M
Pb. In addition, the cellular death induced by lead (0.25,
0.5 and 1 �M) at 12 h was prevented, in part, by NAC
(100 �M), an antioxidant agent (P < 0.05) (Fig. 1b). How-
ever, NAC treatment alone did not aVect the cell viability
(P > 0.05).

Induction of necrosis and apoptosis by lead

The cellular death induced by lead was performed by the
necrotic mechanism judging by the LDH release (Fig. 2a).
After 12 h exposure, the necrosis induced by lead acetate
(0.25, 0.5 and 1 �M) increased signiWcantly (P < 0.01).
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However, the necrosis was not inhibited by the antioxidant
molecule (NAC) (P > 0.05). The apoptosis induced by
lead was performed by Xow cytometric analysis. The
annexin V binding assay measures the Xuorescence gener-
ated by annexin binding with externalized phosphatidyl-
serine of apoptotic cells. Also, the necrotic cells can be
reXected when the annexin V binding assay incorporates

PI. As shown in Fig. 2b, the number of apoptotic cells
enhanced progressively with the lead concentration. At
12 h, the proportion of apoptotic cells drastically increased
from 3.2% (control) to 48.9% at 1 �M Pb (P < 0.01), while
the apoptosis was signiWcantly prevented by NAC
(P < 0.05). The number of necrotic cells was incremental
with increase in lead concentration as shown in Fig. 2b.
All the same, the necrosis was not inhibited by NAC

Fig. 1 EVects of lead acetate on cell viability a and protection against
cellular death by NAC b, measured by cck-8 reduction method. a The
cells were incubated with increasing concentrations of PbAc2 for
diVerent periods of time. Cell viabilities of the control group at the des-
tined time points were assumed as 100% and the variations were rep-
resented as percentage. Absorbance was measured at 450 nm. Each
point represents mean § SD (n = 6).*P < 0.05, **P < 0.01 as compared
to respective control, using one-way ANOVA. b The cells were incu-
bated with PbAc2 and/or 100 �M NAC for 12 h to determine the cyto-
protective action. Two diVerent colors were chosen to point out which
cells were treated with NAC (+) and which were not (¡); i.e., white
columns for no NAC-treatment and black for NAC-treatment. Data are
mean § SD (n = 6). * Statistical signiWcance between control and lead
treatment (0.25, 0.5 and 1 �M PbAc2) among the no NAC-treated
groups; #Statistical signiWcance between cells cultured in the absence
(¡) and presence (+) of NAC. ns Not signiWcant; **P < 0.01; #P < 0.05
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(P > 0.05). Meanwhile, NAC treatment alone did not aVect
the necrosis and apoptosis (P > 0.05).These results indi-
cate that lead acetate induced apoptosis and necrosis in
rPT cells.

EVect of lead on apoptotic morphological changes

Apoptotic morphological changes induced by lead were
assessed by using Hoechst 33258 staining (Fig. 3a). In con-

trol group, the majority of cells had uniformly stained
nuclei and the chromatin of normal nuclei was unaltered
and spread uniformly throughout the entire nucleus. After
exposure to lead acetate (0.25, 0.5 and 1 �M) for 12 h, it
showed morphological changes typical of apoptosis, i.e.,
nuclear chromatin condensed and fragmented chromatin
was characterized by a scattered, drop-like structure. The
nuclei of apoptotic cells appeared smaller and shrunken
when compared to intact cells. In addition, the statistical

Fig. 3 EVects of lead on apop-
totic morphological changes in 
rPT cells. Cells were incubated 
with PbAc2 (0.25, 0.5 and 1 �M) 
for 12 h and nuclear chromatin 
changes (apoptosis) were as-
sessed by Hoechst 33258 stain-
ing. a Among the groups, a 
control; b 0.25 �M Pb; c 0.5 �M 
Pb; d 1 �M Pb. In lead exposed 
groups, changes of nuclei frag-
mentation with condensed chro-
matin are evident (thin arrows). 
b The statistical results of apop-
totic cells are expressed as 
mean § SD of three separate 
experiments and each one per-
formed in triplicate. **P < 0.01 
as compared to control, using 
one-way ANOVA
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result (Fig. 3b) of cells with apoptotic characteristics shows
that the number of apoptotic cells enhanced progressively
with the lead concentration.

EVect of lead on mitochondrial membrane potential (��)

Rh 123, a lipophilic cationic Xuorescent dye, is selectively
taken up by mitochondria and used to assess the mitochon-
drial �� of rPT cells. As shown in Fig. 4a, the mitochon-
drial �� was decreased substantially (P < 0.01) in rPT
cells after exposure to lead acetate (0.25, 0.5 and 1 �M) for
12 h. Also, its reduction was in a concentration-dependent
manner.

EVect of lead on ROS generation and intracellular [Ca2+]i

The DCF Xuorescence, proportionate to the ROS levels in
the cells, was monitored on Xow cytometer (Fig. 4b). The
concentration-dependent generation of ROS increased at
12 h and the 0.25, 0.5 and 1 �M Pb concentration exhibited
a 2.8-fold, 3.5-fold, and 4.3-fold signiWcant (P < 0.01)
increase, respectively, compared with the control group.
Simultaneously, there was a concentration-dependent
enhancement in intracellular [Ca2+]i (Fig. 4c). SigniWcant
[Ca2+]i increment in three Pb concentrations (0.25, 0.5 and
1 �M) was observed at 12 h (P < 0.05, P < 0.01).

Lead action on intracellular GSH levels and activities 
of CAT and SOD

After incubation with PbAc2 (0.25, 0.5 and 1 �M) and/or
NAC (100 �M) for 12 h, signiWcant GSH depletion caused
by lead treatment is shown in Fig. 4d (P < 0.05), following
by a concentration-dependent manner. However, the reduc-

Fig. 4 EVects of lead on mitochondrial membrane potential a, gener-
ation of ROS b, intracellular [Ca2+]i levels c and intracellular GSH lev-
els d, measured by Xow cytometry. a Cells were treated with PbAc2
(0.25, 0.5 and 1 �M) for 12 h. Rh 123 was added and the harvested
cells were incubated for 30 min. The Xuorescence was measured using
Xow cytometer with FL-1 Wlter. b The harvested cells were incubated
with 100 �M DCFH-DA for 30 min at 37°C. DCF Xuorescence was
measured using Xow cytometer with FL-1 Wlter. c The collected cells
were Wrst incubated with 0.5 mmol/L of TPEN, and then the harvested
cells were incubated with 1 �M Fluo-3/AM for 30 min at 37°C. Fluo-
3 Xuorescence was measured using Xow cytometer with FL-1 Wlter. d
The harvested cells were incubated with 1 �M CMF-DA for 30 min in
dark at 37°C. CMF Xuorescence was measured using Xow cytometer
with FL-1 Wlter. Two diVerent colors were chosen to point out which
cells were treated with NAC (+) and which were not (¡); i.e., white
columns for no NAC-treatment and black for NAC-treatment. Fluores-
cence results were expressed as mean Xuorescence intensity. Each bar
represents mean § SD (n = 4). *Statistical signiWcance between con-
trol and lead treatment (0.25, 0.5 and 1 �M PbAc2) among the no
NAC-treated groups; #Statistical signiWcance between cells cultured in
the absence (¡) and presence (+) of NAC. ns Not signiWcant;
*P < 0.05, **P < 0.01; #P < 0.05
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tion of GSH levels after lead acetate exposure was mark-
edly prevented by NAC (P < 0.05) (Fig. 4d). Information
on activities of CAT and SOD in living cells is shown in
Figs. 5a and b. At 12 h, it was found that lead signiWcantly
increased the CAT activity (P < 0.01). Simultaneously,
there was a concentration-dependent signiWcant increase in
SOD activity that was caused by lead acetate (P < 0.01).

Discussion

Nephrotoxicity is one of the major side eVects of exposure
to xenobiotics, of which lead is a potent toxic agent that
causes damage to the proximal tubular epithelium (Goyer
1989). Herein, this study was designed to investigate the
intracellular events leading to PbAc2-induced nephrotoxi-
city in primary cultures of rat proximal tubular cells, focus-
ing on the relationship between apoptosis and oxidative

stress. Primarily, events of lead exposure over a 12-h period
were chosen to investigate its toxic eVects.

The progressive loss in cell viability shows that lead
exposure induced cellular death in these cells, depending on
both the lead concentration and the exposure time (Fig. 1a).
The death was, in part, prevented by NAC (Fig. 1b), an
antioxidant agent, which indicated that oxidative stress
could be implicated in the mechanism by which lead ace-
tate induces cell death in rPT cells. According to the results
(Fig. 2), cellular death induced by lead is mediated by two
mechanisms, necrotic and apoptotic. The increment in the
LDH release rates (Fig. 2a) and increase in the number of
necrotic cells (Fig. 2b) during the lead treatment were very
remarkable, indicating cytosolic membrane breaking. It
could be demonstrated that a necrotic mechanism played a
role in the cellular death. On the other hand, signiWcant
increase in the number of apoptotic cells induced by lead
was implicated with the apoptotic death (Fig. 2b). Com-
pared with the apoptotic cells, the number of necrotic cells
was small. In other words, the apoptotic death played a
chief role in the cellular death induced by lead at these con-
centrations (0.25–1 �M). The apoptosis induced by lead
was prevented by NAC signiWcantly (Fig. 2b), while the
necrosis was not aVected by this antioxidant molecule
(Figs. 2a, b). It also appears that in the apoptotic death med-
iated by lead, but not in the necrotic death, oxidative stress
could be implicated. Thus, this study showed a certain type
of relationship between apoptosis and oxidative stress in
the toxic eVects of lead on rPT cells. The necrotic death
induced by lead was not discussed here, which will be wor-
thy of further investigation.

In addition, lead-induced apoptosis was assessed by
Hoechst 33258 staining (Fig. 3). Compared with the intact
cells, lead exposure resulted in obvious apoptotic morpho-
logical changes (Fig. 3a). The percentage of apoptotic cells
(Fig. 3b) was signiWcantly increased in a concentration-
dependent manner after lead treatment. This change
tendency is consistent with the result obtained by Xow cyto-
metric analysis. Apoptotic morphological changes further
show that apoptosis played a critical role in low concentra-
tion lead-induced cytotoxicity in rPT cells.

Moreover, the ability of lead to induce oxidative stress in
rPT cells is aided by the induction of ROS by this cation.
These cells treated with diVerent concentrations of lead
acetate (0.25, 0.5 and 1 �M) generated ROS signiWcantly
(Fig. 4b), demonstrating further that oxidative stress played
a critical role in the lead toxicity. Mitochondria are the
major source of ROS and its production is related to the
level of electron transport (Fleury et al. 2002). ROS pro-
duction rises when electron transport is reduced, which
occurs in pathological situations (Wallace 2005). Large
amounts of ROS seem to be lethal by inducing the mito-
chondrial permeability transition, and, as a result, mito-

Fig. 5 EVects of lead acetate on CAT activity (a) and SOD activity
(b). rPT cells were treated for 12 h with the indicated lead concentra-
tions. Data are mean § SD of three experiments from cells of diVerent
cultures, each one performed in triplicate. **P < 0.01 as compared to
control, using one-way ANOVA
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chondria swelling, loss of the mitochondrial �� and further
ROS production (Fleury et al. 2002; Foster et al. 2006).
Then, the excessive ROS contribute to cell aging because
they can oxidize lipids, proteins, and DNA (Chen et al.
2001). In this study, the induction of ROS in the rPT cells
could be mediated by mitochondria alterations because lead
produced a breakdown of the mitochondrial �� (Fig. 4a).
ROS are not only inducers of cell death due to their high
toxicity but these molecules also act as signaling molecules
in apoptosis, which can directly activate apoptosis (Hervouet
et al. 2007). In metal-induced apoptosis, it is thought that
the mitochondria are most pertinent in mediating apoptosis,
putatively via metal-induced ROS (Chen et al. 2001). Since
accumulation of ROS targeted the mitochondrial membrane
to induce a collapse of mitochondrial ��, it is reasonable
to assume that the mitochondria play a crucial role in
lead-induced apoptosis. This conclusion is consistent with
previous results (Pulido and Parrish 2003).

Furthermore, evidences suggest that the elevation of
intracellular [Ca2+]i is associated with the development of
apoptosis (Orrenius et al. 1992; Rekasi et al. 2005). In this
study, to evaluate the eVect of lead on [Ca2+]i in rPT cells,
Fluo-3/AM was chosen to use as an intracellular free Ca2+

Xuorescent probe. We observed that treatment with PbAc2

(0.25, 0.5 and 1 �M) resulted in abnormal manifestation in
intracellular [Ca2+]i, showing signiWcant stronger [Ca2+]i
existed in the treated cells than in control cells at 12 h
(Fig. 4c). The fact suggests that abnormal Ca2+ homeostasis
due to lead exposure may be another important mechanism
of the development of apoptosis in these cells. Intracellular
calcium overload may be related to the mitochondrial dys-
function. Since mitochondria are the major site of ATP pro-
duction and mitochondrial �� is the driving force of ATP
synthesis, a breakdown in the mitochondrial �� could lead
to the fall in the ATP levels (Chakraborti et al. 1999). The
resulting reduction in cellular ATP levels can lead to a dis-
ruption of ionic homeostasis which can cause an increase in
[Ca2+]i and subsequent cellular apoptosis/necrosis
(Grammatopoulos et al. 2004). Moreover, mitochondria act
as temporary sinks to maintain the intracellular Ca2+ levels,
which protect cells from toxic Ca2+ levels before releasing
the Ca2+ into the cytosol (Nicholls 1985). Regarding the
eVect of mitochondria on the cell viability, the threatening
event is the mitochondrial permeability transition, which
occurs in response to calcium overload during elevated cel-
lular ROS levels (Crompton 1999). The decrease of mito-
chondrial �� (Fig. 4a) and the increase of intracellular
[Ca2+]i (Fig. 4c) induced by lead in rPT cells indicate a
clear mitochondrial dysfunction together with an alteration
of Ca2+ homeostasis. These results are in agreement with
other investigations that indicate that nephrotoxicity is
associated with many Ca2+-dependent processes (Alvarez-
Barrientos et al. 2001), and that mitochondrial dysfunction

seems to play an important role in several types of xenobi-
otics-induced nephrotoxicity (Aleo et al. 1991; Alvarez-
Barrientos et al. 2001).

A growing body of evidence has indicated that intracel-
lular redox status is one of the key mediators of apoptosis in
many cell systems (Voehringer 1999; Schafer and Buettner
2001). A more highly oxidizing environment in the cell
leads to apoptosis easily (Voehringer 1999). GSH is con-
sidered to be the major redox buVer of the cell (Schafer and
Buettner 2001). It also has been demonstrated that GSH can
protect cells against apoptosis—the protective role origi-
nates from multifactorial mechanisms that involve detoxiW-
cation and modulation of cellular redox state and the
subsequent redox-sensitive cell-signaling pathways and
interaction with pro- and anti-apoptotic signals (Masella
et al. 2005). In accord with these features, the increase of
intracellular GSH might prevent apoptosis. In these cells
treated with lead, NAC, an antioxidant molecule, was cho-
sen to investigate the anti-apoptotic eVect due to its ability
to raise intracellular GSH levels (Lavrentiadou et al. 2001).
The results indicated that lead-induced apoptosis was pre-
vented by 100 �M NAC signiWcantly (Fig. 2b). Moreover,
lead treatment promoted a concentration-dependent decrease
of GSH in rPT cells while the GSH depletion was signiW-
cantly altered by NAC (Fig. 4d). This phenomenon is
related to GSH synthesis as a protective mechanism. When
the cells are oxidatively challenged, GSH synthesis
increases as a protective mechanism. But with the higher
concentration of toxicant, the GSH synthesis is unable to
compete with oxidative stress, and so the levels tend to
decline (Schafer and Buettner 2001). In a word, these
results seem to suggest that oxidative stress induced by lead
acetate in rPT cells is able to trigger apoptosis through the
depletion of cellular GSH.

Beside cellular death mediated by lead ion, there are
some surviving cells which are resistant to the action of this
cation. The cellular survival in the presence of the toxic
eVect of ROS formation is based on the equilibrium
between the toxic action and the ability of living cells to
protect them against ROS action. Taking this into account,
the possible antioxidative defense mechanisms in the living
cells was investigated. SOD is one of the most eVective
intracellular enzymatic antioxidants, which catalyzes the
dismutation of O2

¡  to O2 and to the less-reactive species
H2O2. CAT is located in the peroxisomes, which very
eYciently promotes the conversion of hydrogen peroxide to
water and molecular oxygen (Matés et al. 1999). Our
results indicate that in rPT cells, exposure to lead induced
an increase in CAT (Fig. 5a) and SOD (Fig. 5b) activities at
three lead concentrations. The results seem to suggest that
there is a group of cells which are resistant to lead because
they are able to induce enzymes against oxidative stress
which produces the ROS. Maybe the increase in CAT and
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SOD activities is an indication of increased ROS generation
in living cells due to lead treatment and this lend credence
to the data in Fig. 4b. Also, the increases in these enzymatic
activities could be due to an increase in the enzyme expres-
sion, since it is known that oxidative damages induce a cel-
lular response, which tries to compensate the overload of
the ROS formation (Dalton et al. 1999). Another possibility
is that the enzyme activity was activated by the lead ion
directly.

As far as the eVect of lead on antioxidant enzymes is
concerned, there are contradictory results (Sandhir et al.
1994; Sandhir and Gill 1995; Sivaprasad et al. 2003). Con-
trary to the present Wndings, lower activities of SOD and
CAT were strongly correlated with lead intoxication in pre-
vious evidences. This diversity of results may be because
the eVect of lead varies in function according to (a) the cel-
lular type, (b) the lead concentration used, and (c) the expo-
sure time. Those variations might be due to the fact that the
higher concentration of lead acetate and longer exposure
time used in those studies compared to the lower concentra-
tion (0.25–1 �M) and the shorter exposure time (12 h) used
in the present investigation. Also, most previous experi-
ments were based on animal studies. Whether lead acetate
inXuences the activities of antioxidant enzymes diVerently
at low and high concentrations/for long and short exposure
time is an area worthy of investigation in future studies.

In summary, oxidative stress plays a critical role in the
cellular death induced by lead acetate in rPT cells. Apopto-
sis triggered by oxidative stress was the chief death mecha-
nism in these cells. This death mechanism was produced by
mitochondrial lead toxicity with breakdown of mitochon-
drial ��, elevation of intracellular [Ca2+]i, and ROS over-
production. Also, marked production of ROS and
signiWcant enhancement of intracellular [Ca2+]i indicate
their crucial roles as intracellular mediators for the initia-
tion of apoptotic events. In addition, depletion of cellular
GSH further promoted the development of apoptosis. How-
ever, a group of cells survived. This may be due to the start
of antioxidant mechanisms (activation of SOD and CAT) or
other mechanisms, which will be worthy of further investi-
gation.
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