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Abstract The combined effects of lead (Pb) and cad-
mium (Cd) on primary cultures of rat proximal tubular
(rPT) cells were studied. These cells were either treated
with Pb acetate (0.5 and 1 uM) alone, Cd acetate (2.5 and
5 pM) alone, or a combination of Pb and Cd acetate, and
then joint cytotoxicity was evaluated. The results showed
that the combination of these two metals decreased cell
viability and increased the number of apoptotic and
necrotic cells and lactate dehydrogenase release synergis-
tically. Simultaneously, increased intracellular reactive
oxygen species, malondialdehyde, and calcium levels and
decreased mitochondrial membrane potential, intracellular
acidification, and inhibition of Na™, K*-, and Ca’"-ATP-
ase activities were shown during the exposure. In addition,
apoptotic morphological changes induced by these treat-
ments in rPT cells were demonstrated by Hoechst 33258
staining. The apoptosis was markedly prevented by
N-acetyl-L-cysteine, whereas necrosis was not affected. In
summary, there was a synergistic cytototic effect of Pb
combined with Cd on rPT cells. Cell death induced by
Pb—Cd mixture was mediated by an apoptotic and a
necrotic mechanism. Apoptotic death was the chief
mechanism. Changes of intracellular events were inti-
mately correlated with both oxidative stress and mito-
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chondrial dysfunction, which promoted the development of
apoptosis.

Lead (Pb) and cadmium (Cd) are known occupational haz-
ards and environmental contaminants having long biological
half-lives and multiorgan toxicity. Unlike complex organic
pollutants, Pb and Cd compounds cannot be degraded by
microorganisms; instead, they can be accumulated by
organisms and also take part in the process of bioaccumu-
lation throughout the food chain, thus threatening human
health (Kong et al. 1995). As a consequence of increasing
industrialization, large quantities of Pb and Cd are discharged
into the environment, and the levels of these metals have
increased substantially during the past several years (Nriagu
and Pacyna 1988; Pefiuelas and Filella 2002; Liu 2003). In
reality, Pb and Cd are often released simultaneously in the
environment from a number of natural and anthropogenic
sources, adverse health effects caused by combined exposure
to Pb and Cd have provoked significant public health con-
cerns (Liu 2003; Brender et al. 2006; Walker et al. 2007).
The kidney is a sensitive target organ for Pb or Cd
exposure (Nolan and Shaikh 1992; Wtostowski et al. 2008).
The nephrotoxicity induced by Pb and/or Cd has been
extensively reported in many literatures (Ercal et al. 1996;
Loghman-Adham 1997; Patra et al. 2001; Antonio Garcia
and Corredor 2004; Morales et al. 2006; Muntner et al. 2007;
Wang et al. 2009a). Most of the these reports dealt with a
single Pb or Cd exposure. A few studies have been conducted
to investigate the combined effects of Pb and Cd on renal
injury. Moreover, most previous experiments concentrated
on animal and cell line studies, and primary cultures of
tubular cells were minimally applied (Wang et al. 2009b).
We recently demonstrated that synergism exists between the
two metals in their nephrotoxic effects in in vivo studies



Arch Environ Contam Toxicol (2011) 61:500-511

501

(Wangetal. 2009¢, 2010). Cell cultures are valuable tools for
mechanistic studies at the cellular level. However, little
information is available about the combined effect of Pb and
Cd on nephrotoxicity in vitro. Therefore, the objective of this
study was to set up an in vitro system to investigate the joint
effects of Pb and Cd on nephrotoxicity. Due to the fact that
primary cultures can better represent 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); thus, a pure preparation of iso-
lated proximal tubular cells from rat kidneys was used for
culture in this study. Our previous studies confirmed that
apoptotic cell death mediated by oxidative stress plays a
chief role in renal damage induced by a single Pb or Cd
exposure in vitro at lower exposure levels (Wang et al.
2009b, d). Hereby, a series of indices related to oxidative
stress and apoptosis were chosen to elucidate the joint
cytotoxicity of Pb and Cd in primary cultures of rat proximal
tubular (rPT) cells.

Materials and Methods
Chemicals

All chemicals were of highest grade purity available. Cell
Counting Kit-8 (CCK-8) was obtained from Dojindo
Laboratories (Tokyo, Japan) and Annexin V-FITC Apop-
tosis Detection kit from Pharmingen (Becton Dickinson,
USA). E-cadherin (L-CAM) was purchased from BD
Transduction Laboratories (Lexington, KY). Fetal bovine
serum (FBS) was purchased from Sijiging Biological
Engineering Material (Hangzhou, China). Malondialde-
hyde (MDA) assay kit, Na*- and K*-ATPase assay kit, and
Ca’"-ATPase analysis kit were from Keygen Biotech
(Nanjing, Jiangsu, China). N,N,N',N'-tetrakis-(2-pyridyl-
methyl) ethylenediamine (TPEN), Fluo-3/AM, and 2',7'-bis
(2-carboxyethyl)-5,6-carboxyfluorescein/acetoxymethyl
ester (BCECF/AM) were purchased from Molecular
Probes, USA. DMEM-F;, (1:1), Pb acetate (PbAc,), Cd
acetate (CdAc,), propidium iodide (PI), 2',7’-dichloroflu-
orescein diacetate (DCFH-DA), Hoechst 33258 staining,
antibiotic-antimycotic solution, rhodamine 123 (Rh-123),
collagenase, trypsin, N-acetyl-L-cysteine (NAC), ethylene
diamine tetraacetic acid (EDTA) and all other chemicals
were purchased from Sigma-Aldrich, USA.

Cell Isolation, Cell Culture, and Exposure Conditions

Isolation of rPT cells was described in our previous study
(Wang et al. 2009b). The primary cells reached confluence
after 144 h of cultivation and were subcultured after a 6-day
culture by the trypsin-EDTA digestive method. Both primary

cells and subcultures were cultured in DMEM/F;, medium
supplemented with 25 mM HEPES, 10% FBS (heat-inacti-
vated at 56°C), 0.25 g/L glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin at 37°C in the presence of 95% air
and 5% carbon dioxide (CO,). Identity of the proximal
tubular cells was confirmed by staining with antibodies
against specific proximal tubular antigens (immunocyto-
chemical staining). Staining with E-cadherin (L-CAM)
antibody was performed to confirm absence of other kidney
cell types, such as distal tubular, collecting duct, and glom-
erulum-derived cells (Nouwen et al. 1993). Cell purity of the
isolated proximal tubular cells was routinely >95%. The first
passage was used to perform the experimental design when it
(the first-passage culture) was cultured for 120 h, at which
point there was the highest cell viability (according to the
growth curve [data not shown]). Based on the doses of Pb or
Cd in previous studies (Wang et al. 2009b, d), cell cultures
undergoing exponential growth were incubated at 37°C for
12 h in the presence of 0 and 2.5 pM Cd (C1) and 5 pM Cd
(C2) combined with or without Pb acetate at 0 and 0.5 M
(P1) and 1 pM (P2) in a serum-free medium. Primarily,
events of the low-dose combined group (P1C1) and high-
dose combined group (P2C2), i.e., 0.5 uM Pb + 2.5 uM Cd
and 1 pM Pb + 5 pM Cd, were chosen for specific study.

Cell Viability Assay

CCK-8 is a one-bottle solution that contains water-soluble
tetrazolium salt. It can reduce dehydrogenase in the mito-
chondria 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 x 10*in 96-well plates. After preprocessing, the cells
were treated with a series of Pb and/or Cd concentra-
tions (0 and 0.5 pM Pb, 1 uM Pb, 2.5 uM Cd, 5 pM Cd,
0.5uM Pb + 2.5 uM Cd, 0.5 uM Pb + 5 uM Cd, 1 pM
Pb+ 25 uM Cd, and 1 uM Pb + 5 uM Cd) for a time
period of 3, 6, 12, and 24 h. Also, the cells were incubated
with two combined concentrations of Pb 4+ Cd (0.5 uM
Pb+ 25 uM Cd and 1 uM Pb + 5 pM Cd) and 100 pM
NAC for 12 h to assess the cytoprotective effect of NAC on
cell survival. At the destined time points, cell viability assays
were performed using CCK-8 according to manufacturer’s
instructions. The absorbance was read at 450 nm by the
microplate reader (Sunrise, Austria).

Lactate Dehydrogenase Release

Lactate dehydrogenase (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 heavy-metal exposure, and the adherent cells on the
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plates were washed with phosphate buffered saline (PBS) and
then lysed with 0.1 M Tris-HCI (pH 7.4) containing 0.1%
Triton X-100. LDH activity was measured both in culture
medium and in cell lysate after the addition of 1 mM pyruvate
and 0.2 mM S-NADH. LDH release was given as percentage of
LDH in the culture medium with respect to 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 fluoro-
chrome Hoechst 33258 (bisbenzimide). rPT cells were
seeded on sterile cover glasses placed in the 24-well plates.
After incubation with various concentrations of heavy metal
(0, P1, P2, C1, C2, PICI1, and P2C2) for 12 h, cells were
washed with PBS and fixed with 4% paraformaldehyde for
10 min and then incubated with Hoechst 33258 staining
solution (50 pM in PBS) for 10 min in the dark at room
temperature. After three washes with PBS, the cells were
viewed under an inverted fluorescence microscope (IX-70;
Olympus, Japan) at an excitation wavelength of 352 nm
through fluorescein isothiocyanate (FITC) filter (blue fluo-
rescence). For assessing the extent of the apoptosis induced
by heavy-metal treatments, 200 cells were randomly
selected to count those apoptotic cells within every batch of
experiment, and each one was performed in triplicate.

Flow Cytometric Analysis

All the following assays were carried out on BD-FACS Aria
flow cytometer, and the 488 nm laser was utilized. Cells
were seeded at a density of 3 x 10 in six-well plates and
treated with various Pb and/or Cd concentrations (0, P1, P2,
Cl1, C2, P1Cl1, and P2C2) for 12 h. In addition, 100 pM
NAC was coadministered with P1C1/P2C2 for 12 h to
assess its effect on apoptosis. After treatment, the adherent
cells were collected with trypsin-EDTA solution (1.25 g/L
trypsin and 0.2 g/L EDTA). The detached and adherent cells
were pooled and harvested by centrifugation at 1500 rpm for
5 min. The harvested cells (at least 1 x 10° cells/group)
were washed twice with PBS and incubated with various
fluorescent dyes for flow cytometric analysis. Cell debris,
characterized by a low forward scatter/side scatter (FSC/
SSC) value, was excluded from analysis. The data were
analyzed by Cell Quest software, and mean fluorescence
intensity was obtained by histogram statistics.

Assessment of Apoptotic and Necrotic Cells
Detection of apoptotic and necrotic cell distribution was

performed using annexin V/PI staining assay. The amount of
early apoptotic cells, late apoptotic cells, living cells, and
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necrotic cells was determined as the percentage of annexin
V*/PI™, annexin V1/PIT, annexin V7/PI", and annexin V~/
PI" cells, respectively (Vermes et al. 1995). Therefore, the
total apoptotic proportion included the percentage of cells
with fluorescence annexin V/PI~ and annexin V*/PI'". After
the exposure (12 h), the harvested cells were labeled with
annexin V-FITC and PI using an apoptosis-detection kit
according to the manufacturer’s protocol. FITC and PI fluo-
rescence was measured through FL-1 filter (530 nm) and FL-2
filter (585 nm), respectively, and 10,000 cells were analyzed.

Mitochondrial Membrane Potential (AY) Assay

For the detection of mitochondrial AW, the harvested cells
were incubated with rhodium-123 (5 pg/mL final concen-
tration) for 30 min in the dark at 37°C, harvested, and
resuspended in PBS. Mitochondrial AY was measured by
the fluorescence intensity (FL-1, 530 nm) of 10,000 cells.

Reactive Oxygen Species Measurement

Generation of reactive oxygen species (ROS) was moni-
tored by measurement of hydrogen peroxide generation
using the fluorescent probe dichlorofluorescein (DCFH)-
DA. This dye is cleaved to form nonfluorescent dichloro-
fluorescein (DCFH) in the cells, which is oxidized to
fluorescent DCF by ROS. Thus, the DCF fluorescence
intensity is proportional to the amount of peroxides pro-
duced by the cells. Briefly, 1.5 x 10° harvested cells/mL
were incubated with DCFH-DA (100 uM final concentra-
tion) for 30 min in the dark at 37°C. The incubated cells
were harvested and suspended in PBS, and ROS generation
was measured by the fluorescence intensity (FL-1, 530 nm)
of 10,000 cells on the flow cytometer.

Analysis of Intracellular Free Ca’" Concentration

After treatment, the harvested cells were incubated with
0.5 mmol/L. TPEN (cell-permeant heavy-metal chelator that
has high affinity for Cd** or Pb>* and low affinity for Ca**) to
discount Pb and/or Cd interference in the fluorescence signal
because calcium and heavy metals (Pb and Cd) interact sim-
ilarly (Dyatlov et al. 1998; Thévenod 2009). Cells were loaded
with Fluo-3/AM (1 pM final concentration) for 30 min in the
dark at 37°C and then washed with D-Hank’s balanced salt
solution (Ca®"- and Mg”-free). Intracellular [Ca® i levels
were represented with fluorescent intensity (FL-1, 530 nm) of
10,000 cells on the flow cytometer.

Measurement of Intracellular pH with BCECF

Intracellular pH (pHi) was measured by loading cells
with membrane-impermeant dye BCECF. The detailed
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procedure was performed according to Hirpara et al.
(2001), so the process will only be mentioned briefly. The
harvested cells were incubated with BCECF/AM (2 uM
final concentration) in 1 mL serum-free culture medium.
After 30 min of incubation in the CO, incubator at 37°C,
cells were pelleted, rinsed twice with PBS buffer, and
resuspended at an appropriate density for fluorescence
measurements. A minimum of 10,000 events were ana-
lyzed, and the ratio of BCECF fluorescence at 525 and
610 nm was used to obtain pHi from a calibration curve.

Determination of Other Indices

Cells were seeded at a density of 6 to approximately
8 x 10° in four-well plates and treated with the heavy
metal (0, P1, P2, C1, C2, P1C1, and P2C2) for 12 h. After
treatment, the detached and adherent cells were pooled and
harvested by centrifugation to measure the following
assays.

Activities of Nat-, Kt-, and Ca*t-ATPase

The harvested cells were homogenized in ice-cold physi-
ological saline in an ultrasonic disintegrator. The cell
homogenates were centrifuged at 1000x g for 10 min, and
supernatants were obtained whose protein concentration
was determined by the Folin phenol method using bovine
serum albumin as a standard (the protein concentration in
the assay was 3 to approximately 5 mg/mL) (Lowry et al.
1951). ATPase activities were assayed by the quantization
of phosphonium ions, which was performed in accordance
with the ATPase-detection protocol.

Measurement of Intracellular Lipid Peroxides

The harvested cells were lysed in ice-cold physiological
saline by sonication followed by centrifugation at
15,000xg for 5 min at 4°C. The resulting supernatants
were used immediately for measuring the levels of MDA.
The quantification was based on measuring formation of
thiobarbituric acid (TBA)-reactive substances according to
the manufacturer’s protocol. TBA was added to each
sample tube and vortexed. The reaction mixture was
incubated at 95°C for 40 min. After cooling, the chromo-
gen was read spectrophotometrically at 532 nm. Protein
concentrations of the samples were determined according
to the method of Lowry et al. (1951) to normalize the levels
of MDA.

Statistical Analysis

Data are presented as means £ SDs from at least three
independent experiments with different batches of cells,

each one performed in duplicate or triplicate. Intergroup
differences were assessed by one-way analysis of variance
(ANOVA) after ascertaining the homogeneity of variance
between the treatments. To assess the individual effects of
Pb and Cd on cell viability at different times, a factorial
experiment design consisting of three concentrations of Pb
and Cd was performed and followed by two-way ANOVA.
Synergistic effect was evaluated when the interaction
between Pb and Cd was significant (p < 0.05). All statis-
tical analyses were carried out using SPSS 13.0 (SPSS,
Chicago, IL, USA [IL: import license]). The critical value
for statistical significance was p < 0.05.

Results
Effects of Pb and/or Cd on Cell Viability

As listed in Table 1, either Pb or Cd alone caused pro-
gressive cell death in rPT cells in a concentration- and
time-dependent fashion during the exposure. Whereas
1 uM Pb and 5 pM Cd effectively affected cell viability
after a 3-h incubation period (p < 0.05), all of the single
treatments significantly decreased cell viability after a 6-h
exposure time (p < 0.05). By one-way ANOVA, the cell
viabilities of the four combined treatments (P1C1 [0.5 pM
Pb 4+ 2.5 uM Cd], P1C2 [0.5 pM Pb + 5 uM Cd], P2C1
[l pM Pb 4 2.5 uM Cd], and P2C2 [1 uM Pb + 5 uM
Cd]) were significantly decreased compared with the
control after a 3-h exposure time (p < 0.01). Moreover,
cell death caused by the combined treatments (P1Cl,
P1C2, P2C1, and P2C2) was always higher than that by
the corresponding Pb treatment or Cd treatment at the
same exposure time, respectively. Furthermore, cell vi-
abilities resulting from P2C2 (1 uM Pb + 5 uM Cd) were
always lower than those of any other treatment at the
destined time points (3, 6, 12, and 24 h). Two-way
ANOVA indicated that Cd alone had a significant inhib-
itory effect on cell viability after a 3-h exposure time
(p < 0.05), whereas Pb alone caused significant progres-
sive cell death after a 6-h incubation period (p < 0.05). In
addition, both Pb and Cd exhibited a strong synergistic
interaction on cell death after the beginning of incubation
for >6 h (p < 0.05).

Protective Effect of NAC on Cell Death Induced
by Heavy-Metal Exposure

Cytoprotective actions of NAC on cell death induced by
single Pb and single Cd treatment were investigated in our
previous studies (Wang et al. 2009b, d). Hereby, NAC was
chosen to evaluate its protective effect on cell death
induced by the combination of Pb and Cd exposure. As
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Table 1 Effects of Pb and/or Cd on cell viability of rPT cells at different time points

Groups Viability rate (%)

3h 6h 12 h 24 h
Control 100 100 100 100
P1 98.9 + 2.56 95.1 & 3.11° 88.8 + 3.42° 78.2 & 3.55°
P2 96.7 + 3.11° 91.2 + 4.33° 79.9 + 4.26° 67.7 + 4.01°
Cl1 99.2 + 3.01 96.2 + 3.26° 93.0 & 2.73° 87.6 + 4.69°
Cc2 97.1 + 3.09* 92.2 +222° 89.9 + 3.81° 78.2 + 4.21°
PICI 940 + 2.12° 90.0 & 2.01° 823 + 3.05° 712 + 3.82°
P1C2 92.0 + 2.01° 87.4 + 3.06° 80.1 &+ 4.61° 68.9 + 4.03°
P2C1 90.1 + 3.08° 82.5 &+ 3.37° 71.1 £ 327° 59.3 + 4.00°
P2C2 89.8 + 2.52° 78.4 + 3.25° 67.9 + 4.19° 51.3 £ 3.37°
Fca 6.87° 11.71¢ 16.74¢ 13.98¢
Frp 1.36 9.54° 8.08° 5.84°
Fcombined effect 3.68 6.42¢ 7.64¢ 9.01°¢

Among the groups P/ 0.5 pmol/L Pb, P2 1 pmol/L Pb, CI 2.5 pmol/L Cd, C2 5 pmol/L. Cd, PICI 0.5 pmol/L Pb + 2.5 pmol/L Cd, PIC2
0.5 pmol/L Pb + 5 pmol/LL Cd, P2CI 1 pmol/L Pb + 2.5 pmol/L Cd, and P2C2 1 pmol/L Pb + 5 pmol/L Cd. Cell viabilities of the control
group at the destined time points were assumed as 100%, and the variations were represented as percentage. The results were expressed as
mean £ SD (n = 6). Comparing the exposed groups (P1, P2, C1, C2, P1C1, P1C2, P2C1, and P2C2) with the respective control: “p < 0.05 and

bp < 0.01 using one-way ANOVA. Comparing single F value with F;, value in two-way ANOVA analysis: ‘p < 0.05 and dp < 0.01

shown in Fig. 1, the cell death induced by Pb + Cd (P1Cl1
and P2C2) was prevented in part by 100 uM NAC
(p < 0.05). In addition, NAC treatment alone did not affect
cell viability (p > 0.05).

Effects of Pb and Cd Compounds on Necrosis
and Apoptosis

Cell death induced by Pb combined with Cd was performed
by the necrotic mechanism judged by the LDH release
(Fig. 2a). After 12 h of exposure, the necrosis induced
by Pb + Cd (PIC1l and P2C2) increased significantly
(p < 0.01). However, necrosis was not inhibited by the
antioxidant molecule (NAC) (p > 0.05). In addition,
necrosis induced by combined treatments of Pb and Cd was
reflected by flow cytometric analysis (Fig. 2b). The number
of necrotic cells in the two combined groups was signifi-
cant higher than that of the control group, respectively. In
any case, necrosis was not inhibited by NAC (p > 0.05).
Apoptosis induced by Pb combined with Cd was performed
by flow cytometric analysis (Fig. 2b). At 12 h, the number
of apoptotic cells enhanced significantly (p < 0.01) to
9.33-fold and 14.3-fold of that of the control after exposure
to P1C1 and P2C2, respectively; apoptosis was signifi-
cantly prevented by NAC (p < 0.05). However, NAC
treatment alone did not affect necrosis and apoptosis
(p > 0.05). In addition, apoptosis and necrosis induced by
Pb and Cd, singly and in combination, are shown in
Figure 3. The number of apoptotic cells and necrotic cells
in the PIC1 and P2C2 treatments were significantly
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Fig. 1 Cytoprotective action of NAC on cell death induced by heavy-
metal exposure as measured by CCK-8 reduction method. The cells
were incubated with heavy metal (P1C1, P2C2) and/or 100 pM NAC
for 12 h to determine cell survival. Cont control, PICI 0.5 pM
Pb + 2.5 uM Cd, and P2C2 1 uM Pb + 5 pM Cd. Two different
colors were chosen to indicate 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 presented as means £+ SDs
(n = 6). * Statistical significance between control and heavy-metal
treatments (P1C1 and P2C2) among the no NAC-treated groups;
# statistical significance between cells cultured in the absence (—) and
presence (4) of NAC. NS not significant. ** p < 0.01; #p < 0.05

(p < 0.05) increased as compared with the corresponding
single Pb treatment or Cd exposure, respectively. These
results indicate that Pb combined with Cd induced apop-
tosis and necrosis in rPT cells, which exhibited a syner-
gistic effect.
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Fig. 2 The combined effects of Pb and Cd on cell death type. Effect
of NAC (1) on necrosis (a) and b as measured by LDH release and
flow cytometry and (2) on apoptosis (b) as measured by flow
cytometry. Cont control, PICI 0.5 uM Pb + 2.5 uM Cd, and P2C2
1 uM Pb + 5 pM Cd. The cells were incubated with two metal
compounds (P1C1 and P2C2) and/or 100 pM NAC for 12 h to
measure the assays. Two different colors were chosen to point out
which cells were treated with NAC (4) and which were not (—); i.e.,
white columns for no NAC treatment and black for NAC treatment.
Data are presented as means &+ SDs of three separate experiments,
and each one was performed in triplicate. * Statistical significance
between control and heavy-metal treatments (P1C1 and P2C2) among
the no NAC-treated groups; * statistical significance between cells
cultured in the absence (—) and presence (4) of NAC. NS not
significant. ** p < 0.01; * p < 0.05

Effects of Pb and Cd Compounds on Apoptotic
Morphological Changes

Apoptotic morphological changes in the nuclear chromatin
were detected by staining with the DNA binding fluoro-
chrome Hoechst 33258 (bisbenzimide) (Fig. 4a). In the
control 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 Pb and/or Cd for 12 h, it showed mor-
phological changes typical of apoptosis, i.e., fragmented

80

OCont MPI EP2 @mCl mC2 @PICl  mP2C2|

Percent in the total cells(%)

necrotic cells

apoptotic cells

Fig. 3 Effects of Pb and Cd, singly and in combination, on apoptosis
and necrosis in rPT cells after 12 h of exposure. Cont control, Pl
0.5 uM Pb, P21 uM Pb, C1 2.5 yM Cd, C2 5 uM Cd, PICI 0.5 uM
Pb + 25 uM Cd, and P2C2 1 uM Pb 4+ 5 pM Cd. Results are
means = SDs of three separate experiments, and each one was
performed in triplicate. * Statistical significance between control and
heavy-metal treatments (P1, P2, C1, C2, PICI1, and P2C2); *# statis-
tical significance between the combined groups (P1C1 and P2C2) and
the single Pb (P1 and P2) or Cd (C1 and C2) groups, respectively.
#* p < 0.01; * p <0.05

chromatin was characterized by a scattered, drop-like
structure, and condensed chromatin was located at the
periphery of the nuclear membrane and appeared as a half-
moon form. The nuclei of apoptotic cells appeared smaller
and shrunken compared with intact cells. In addition, the
statistical result (Fig. 4b) of cells with apoptotic charac-
teristics shows that the number of apoptotic cells enhanced
progressively with Pb or Cd concentration when exposed to
each metal alone. As far as the extent of the apoptosis is
concerned, the combined groups caused more severe
lesions than did the respective single Pb or Cd exposure
(p < 0.05). Furthermore, the number of apoptotic cells
resulting from Pb (1 pM) + Cd (5 pM) combination was
much greater than those of any other treatment.

Effects of Pb and Cd Compounds on ROS Generation
and Intracellular MDA Levels

The generation of intracellular ROS was detected by using
the fluorescent probe DCFH-DA. As shown in Fig. 5a, the
level of ROS was increased by treatment with single Pb or
Cd alone in a dose-dependent manner. Exposure to the
combined metals led to a greater increase in ROS genera-
tion compared with the single heavy-metal exposure from
3.81-fold to 4.53-fold that of the control after exposure to
Pb (0.5 uM) + Cd (2.5 pM) and Pb (1 uM) + Cd (5§ pM),
respectively. Simultaneously, the level of intracellular
MDA (a common end product of lipid peroxidation) was
measured to study the impact of heavy-metal exposure on
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(a)

Fig. 4 Effects of Pb and/or Cd on apoptotic morphological changes
in rPT cells as determined by Hoechst 33258 staining. a Cont control,
P11 0.5uM Pb, P2 1 pM Pb, CI 2.5 pM Cd, C2 5 pM Cd, PICI
0.5 uM Pb 4 2.5 uM Cd, and P2C2 1 pM Pb + 5 uM Cd. In the
heavy-metal exposed groups, changes of nuclei fragmentation with
condensed chromatin are evident (thin arrows). Cont-P2C2 = ori-
ginal magnification x400. b The statistical results of apoptotic cells
are expressed as means + SDs of three separate experiments, and

oxidative lesions (Fig. 5b). The concentration-dependent
generation of MDA levels increased significantly
(p < 0.01) after a single Pb or Cd exposure, and the
0.5 uM Pb, 1 uM Pb, 2.5 pM Cd, and 5 pM Cd treatments
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each one was performed in triplicate. Cont control, P/ 0.5 uM Pb, P2
1 uM Pb, C1 25 uM Cd, C2 5 uM Cd, PICI 0.5 pM Pb 4 2.5 pM
Cd, and P2C2 1 uM Pb + 5 uM Cd. * Statistical significance
between control and heavy-metal treatments (P1, P2, C1, C2, P1C1,
and P2C2); * statistical significance between the combined groups
(P1C1 and P2C2) and the single Pb (P1 and P2) or Cd (C1 and C2)
groups, respectively. ** p < 0.01; * p < 0.05

exhibited a 3.5-, 4.5-, 3.1-, and 4.6-fold significant
(p < 0.01) increase, respectively, compared with the con-
trol group. Also, levels of MDA in the combined treat-
ments (P1C1 and P2C2) were significantly (p < 0.05)
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Fig. 5 Effects of Pb and/or Cd on generation of ROS (a) and
intracellular MDA levels (b). a The harvested cells were incubated
with 100 pM DCFH-DA for 30 min at 37°C. DCF fluorescence was
measured using flow cytometer with FL-1 filter. Fluorescence results
were expressed as mean fluorescence intensity. Each bar represents
mean = SD (n = 6). b The cells were incubated with different
treatments of Pb and/or Cd for 12 h to measure MDA levels. Data are
presented as means £ SDs of three experiments from cells of
different cultures, and each one was performed in triplicate. Cont
control; P/ 0.5 uM Pb, P2 1 uM Pb, CI 2.5 pM Cd, C2 5 uM Cd,
PICI 0.5 uM Pb 4+ 2.5 uM Cd, and P2C2 1 pM Pb + 5 pM Cd.
* Statistical significance between control and heavy-metal treatments
(P1, P2, C1, C2, P1C1, and P2C2); # statistical significance between
the combined groups (P1C1 and P2C2) and the single Pb (P1 and P2)
or Cd (CI and C2) groups, respectively. ** p < 0.01; # p <0.05

higher than those of the single Pb (P1 and P2) or single Cd
(C1 and C2) treatments, respectively.

Effects of Pb and Cd Compounds on Mitochondrial
Membrane Potential (AYW)

Rhodium-123, a lipophilic cationic fluorescent dye, is
selectively taken up by mitochondria and used to analyze
changes in mitochondrial AY during apoptotic cell death.
As shown in Fig. 6, a significant decrease in mitochondrial
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Fig. 6 Effects of Pb and/or Cd on mitochondrial membrane potential.
rPT cells were treated with Pb and Cd (singly and in combination) for
12 h. Rhodium-123 was added, and the harvested cells were
incubated for 30 min. Fluorescence was measured using flow
cytometer with FL-1 filter. Fluorescence results were expressed as
mean fluorescence intensity. Each bar represents mean £ SD
(n = 6). Cont control, P/ 0.5 uM Pb, P2 1 uM Pb, CI 2.5 uM Cd,
C2 5uM Cd, PICI 0.5uM Pb + 2.5uM Cd, and P2C2 1 pM
Pb 4+ 5 uM Cd. * Statistical significance between control and heavy-
metal treatments (P1, P2, Cl1, C2, PICI, and P2C2); # Statistical
significance between the combined groups (P1C1 and P2C2) and the
single Pb (P1 and P2) or Cd (Cl and C2) groups, respectively.
** p < 0.01;* p <0.05

AY occurred in rPT cells after exposure to Pb and Cd for
12 h, both singly and in combination. Regarding the single-
metal treatments, its reduction occurred in a concentration-
dependent manner. Likewise, both Pb and Cd exhibited a
significant synergistic effect on the loss in mitochondrial
AY (p < 0.01).

Effects of Pb and Cd Compounds on Intracellular
[Ca®T]i and Activities of Na*-, K*-, and Ca>*-ATPase

After incubation with PbAc, (0.5 and 1 uM) and/or CdAc,
(2.5 and 5 pM) for 12 h, marked enhancement of intra-
cellular [Ca®*)i (»p <0.01) and significant inhibition of
Na'- and K™-ATPase activities and Ca®"-ATPase activity
(p < 0.05, p <0.01) occurred (Fig. 7). Intracellular cal-
cium overload and loss in activities of ATPases (Na™, K,
and Ca*") induced by either Pb or Cd alone occurred in a
concentration-dependent manner. The combined Pb and Cd
treatments had a significant synergistic effect on intracel-
lular [Ca®"]i, being 2.4-fold and 3.0-fold of that of the
control value after exposure to Pb (0.5 uM) + Cd
25 uM) and Pb (1 uM) + Cd (5 uM), respectively.
Simultaneously, the Pb—Cd mixture had a significant
inhibitory effect on the activities of ATPases, levels far
lower than those of the single-metal treatments. When
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Fig. 7 Effects of Pb and/or Cd on intracellular [Ca**Ti levels (a) and
the ATPase activities (b and ¢) in rPT cells. a The collected cells were
first incubated with 0.5 mmol/L. TPEN, and then the harvested cells
were incubated with 1 pM Fluo-3/AM for 30 min at 37°C. Fluo-3
fluorescence was measured using flow cytometer with FL-1 filter.
Fluorescence results were expressed as mean fluorescence intensity.
Each bar represents mean &+ SD (n = 6). The cells were treated for
12 h with the indicated heavy-metal treatments to measure the
activities of Na™*- and KT-ATPase (b) and Ca>*-ATPase (c). Data are

exposed to Pb (0.5 uM)+ Cd (2.5 uM) and Pb
(1 uM) + Cd (5 pM) for 12 h, Nat- and K'-ATPase
activities decreased to 58.2% and 46.7% of the control
value and Ca**-ATPase activity to 64.4% and 53.1% of the
control value, respectively.

Intracellular Acidification Due to the Induction of Pb
and/or Cd

The results of intracellular pH analysis by flow cytometry
are shown in Fig. 8. A significant decrease in pHi occurred
in rPT cells exposed to Pb and/or Cd, which indicates that
low-dose heavy metal treatments resulted in intracellular
acidification in rPT cells. The decrease of pHi in the rPT
cells exposed to either Pb or Cd alone occurred in a dose-
dependent manner. The result of pHi in Pb (1 pM) + Cd
(5 M) treatment was significantly (p < 0.05) decreased
compared with the 1 uM Pb treatment or 5 pM Cd treat-
ment, respectively; its level was far lower than those of
other treatments.
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presented as mean £ SD of three experiments from cells of different
cultures, and each one was performed in triplicate. Among the groups
Cont control, P1 0.5 pM Pb, P2 1 pM Pb, C1 2.5 uyM Cd, C2 5 pM
Cd, PIC1 0.5 uM Pb + 2.5 uM Cd, and P2C2 1 uM Pb + 5 uM Cd.
* Statistical significance between control and heavy metal treatments
(P1, P2, C1, C2, PIC1, and P2C2); # statistical significance between
the combined groups (P1C1 and P2C2) and the single Pb (P1 and P2)
or Cd (C1 and C2) groups, respectively. * p < 0.05; ** p < 0.01;
#p <005

Discussion

Cd and Pb are known nephrotoxic toxicants. With regard to
the present studies, little is known about joint effects of these
metals on nephrotoxicity, although they are commonly
found associated in polluted environments. Furthermore, it
remains controversial as to the joint effects of Pb and Cd on
nephrotoxicity (Antonio Garcia and Corredor 2004; Wang
et al. 2009¢c, 2010). Due to the fact that primary cultures can
better represent live tissue, they are ideal for in vitro toxicity
studies. Moreover, the proximal tubule is a sensitive target
site of renal damage induced by Cd and Pb exposure (Goyer
1989). Herein, this study was designed to investigate the
intracellular events in primary cultures of rat proximal
tubular cells to aid in better understanding of the underlying
nature of nephrotoxic damage by coexposure to Pb and Cd.
Primarily, events of heavy-metal exposure during a 12-h
period were chosen to investigate the toxic effects.
Concerning the single-metal exposures, the progressive
loss in cell viability shows that Cd or Pb exposure induced
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Fig. 8 Effects of Pb and/or Cd on intracellular pH of rPT cells as
measured by flow cytometry. The harvested cells were loaded with
2 uM BCECF/AM for 30 min at 37°C, and the fluorescence ratio
(525/610 nm) obtained was used to determine pHi. Each bar
represents mean £+ SD (n = 6). Cont control, P/ 0.5 uM Pb, P2
1 uM Pb, C1 2.5 uM Cd, C2 5 uM Cd, PICI 0.5 uM Pb + 2.5 uM
Cd, and P2C2 1 puM Pb 4+ 5 puM Cd. * Statistical significance
between control and heavy-metal treatments (P1, P2, C1, C2, P1ClI,
and P2C2); * statistical significance between the combined groups
(P1C1 and P2C2) and the single Pb (P1 and P2) or Cd (CI and C2)
groups, respectively. * p < 0.05; ** p < 0.01; * p < 0.05

cell death in these cells, depending on both the metal
concentration and the exposure time (Table 1). Moreover,
the combined groups caused more severe cell death than
the corresponding single Pb or Cd treatment at the same
exposure time, respectively. Cell death induced by the
combined groups was correlated with both the incubation
time and the mixed concentrations of Pb and Cd. Factorial-
design ANOVA showed that these metals exhibited a sig-
nificant interaction on cell death after the beginning of
incubation < 6 h (p < 0.05). Thus, there was an obvious
synergistic effect of Pb combined with Cd on cytotoxicity
in rPT cells. To conveniently investigate the cytotoxic
mechanism, only low-dose combination (0.5 uM Pb +
2.5 pM Cd) and high-dose combination (1 uM Pb + 5 pM
Cd) treatments were chosen for specific study. Our previ-
ous studies demonstrated that single Pb- or Cd-induced
cytotoxicity is intimately related to oxidative stress (Wang
et al. 2009b, d). As shown in Fig. 1, cell death was in part
prevented by NAC, an antioxidant agent, indicating that
oxidative stress could be implicated in the mechanism by
which Pb combined with Cd induces cell death in rPT cells.
Meanwhile, cell death induced by Pb—Cd mixture is med-
iated by two mechanisms: necrotic and apoptotic (Fig. 2).
The increased LDH release rates (Fig. 2a) and number of
necrotic cells (Fig. 2b) seen in the combined treatments
were remarkable, indicating cytosolic membrane breaking.
It could be demonstrated that a necrotic mechanism played
arole in cell death. In addition, a significant increase in the
number of apoptotic cells induced by Pb—Cd mixture was

implicated with apoptotic death (Fig. 2b). Compared with
apoptotic cells, the number of necrotic cells was small. In
other words, apoptotic death played a primary role in cell
death induced by Pb—Cd mixture at these combined con-
centrations. Apoptosis induced by Pb—Cd mixture was
significantly prevented by NAC (Fig. 2b) whereas necrosis
was not affected by this antioxidant molecule (Fig. 2a, b).
It also appears that in apoptotic death mediated by Pb
combined with Cd, but not in necrotic death, oxidative
stress could be implicated. Thus, this study showed a cer-
tain type of relationship between apoptosis and oxidative
stress in the joint effects of Pb and Cd on rPT cells.
Necrotic death induced by these combinations is not dis-
cussed here but is worthy of further investigation.

Regarding apoptotic rates (Fig. 3), Pb—Cd mixtures
caused the more severe apoptotic effect than did each metal
alone, and the number of apoptotic cells resulting from Pb
(1 pM) + Cd (5 pM) combination treatment was much
greater than those of any other treatments. Also, apoptosis
induced by these metals was assessed by Hoechst 33258
staining (Fig. 4). Compared with intact cells, obvious
apoptotic morphological changes were mediated by Pb and
Cd exposure, both singly and combined (Fig. 4a). The
percentage of apoptotic cells (Fig. 4b) was significantly
increased after exposure to Pb and/or Cd for 12 h, which is
consistent with the result obtained by flow cytometric
analysis (Fig. 3). Apoptotic morphological changes further
show that Pb—Cd combination exhibited an obvious
synergistic interaction on apoptosis in rPT cells.

In addition, the ability of either Pb or Cd alone to induce
oxidative stress in rPT cells was confirmed in our previous
studies (Wang et al. 2009b, d). In this study, cells treated
with different combinations of Pb and Cd generated ROS
significantly (Fig. 5a) accompanied by the enhanced gen-
eration of intracellular MDA levels (Fig. 5b), thus dem-
onstrating further that oxidative stress plays a critical role
in cytotoxicity induced by Pb—Cd combination. These
changes also indicated that Pb and Cd exhibit a strong
synergistic effect on lipid peroxidation in rPT cells during
treatment. Mitochondria are the major source of intracel-
lular ROS generation as well as an important target for the
damaging effects of ROS (Ott et al. 2007). Lipid peroxi-
dation is involved in mitochondrial dysfunction, and
alterations in mitochondrial function are largely attributed
to the damaging effects of ROS (Sen et al. 2006). More-
over, excessive amounts of ROS in the mitochondria can
directly oxidize and inactivate proteins, leading to further
ROS overload (Franco et al. 2009). In this study, the
induction of ROS in rPT cells could be mediated by
mitochondria alterations because both Pb and Cd, singly
and in combination, produced a breakdown of mitochon-
drial AW (Fig. 6). The combined effect of Pb and Cd on
mitochondrial dysfunction is consistent with the results in
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vivo studies (Wang et al. 2010). ROS has been demon-
strated to perform certain functions in early stages of
apoptosis and to induce depolarization of the mitochondrial
membrane, which also indicates that ROS may constitute a
direct cause of mitochondrial dysfunction (Oh and Lim
2006). A variety of investigations have demonstrated that
ROS is a prerequisite for the collapse of mitochondrial AW
(Bolduc et al. 2004; Yang et al. 1997). In single Pb or Cd
exposure, it has been shown that the mitochondria are most
pertinent in mediating apoptosis in rPT cells, putatively by
way of metal-induced ROS (Wang et al. 2009b, d).
Because accumulation of ROS targeted the mitochondrial
membrane to induce a collapse of mitochondrial AY, it is
reasonable to assume that mitochondria play a crucial role
in apoptosis induced by Pb combined with Cd.

Furthermore, previous studies have suggested that
intracellular calcium overload is associated with apoptosis
induced by either Pb or Cd alone in rPT cells (Wang et al.
2009b, d). In this study, we observed that treatment with
Pb—Cd combination also resulted in abnormal manifesta-
tion in intracellular [Ca®"]I by showing that significantly
stronger [Ca®"]i existed in the combined groups than in
single-metal treatment, respectively (Fig. 7a). This fact
suggests that abnormal Ca®" homeostasis due to combined
exposure to Pb and Cd may be another important mecha-
nism of the development of apoptosis in these cells.
Intracellular Ca*" levels are maintained by many factors.
Among them, Na™*-, K-, and Ca®"-ATPase play critical
roles in intracellular Ca** homeostasis, which act in the
removal of Ca’" from the cytosol across the plasma
membrane, and blockage of these enzymes can induce
cytosolic calcium overload (Fujita et al. 1998). Inhibition
of Na™-, K*-, and Ca®"-ATPase activities by Pb and/or Cd
exposure in rPT cells (Fig. 7b, ¢) may demonstrate this
idea. The Na™-, K-, and Ca®"-ATPases are concerned
with immediate release of energy, and sufficient ATP is
necessary to maintain their function (Uner et al. 2005).
Because mitochondria are the major site of ATP production
and mitochondrial AW is the driving force of ATP syn-
thesis, a breakdown in mitochondrial AW could lead to a
decrease in ATP levels (Chakraborti et al. 1999). There-
fore, the resultant deficiency in cellular ATP levels due to
mitochondrial dysfunction leads to inhibition of the Nat-,
K*-, and Ca®"-ATPases (Wang et al. 2003; Qin et al.
2008). Simultaneously, Na™-, K*-, and Ca**-ATPases are
susceptible to the effects of oxidative damage (Qin et al.
2008). Thus, it can be concluded that mitochondrial dys-
function induced by Pb combined with Cd, leading to the
disruption of energy metabolism and overproduction of
ROS (elevation of intracellular MDA levels), results in
decreased ATPase activities, which are involved in intra-
cellular calcium overload.
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In addition to its role in the modulation of cytosolic
calcium levels, mitochondria may act as a mediator in the
equilibrium of intracellular pH effects during the process of
apoptosis (Foster et al. 2006). Cytosolic pH changes have
been reported to be involved in mitochondria-mediated
apoptosis, with cytosolic acidification promoting cyto-
chrome c-mediated activation of caspases (Matsuyama
et al. 2000). Moreover, it has been reported that oxidative
stress rapidly decreases pHi in kidney epithelial cell lines
(Kaufman et al. 1993). As shown in Fig. 8, intracellular
acidification was accompanied by exposure of Pb and/or
Cd to rPT cells. Likewise, there was an obvious synergistic
effect of Pb combined with Cd on the decrease of pHi in
rPT cells. Combined with the changes in the above-men-
tioned indices, it can be seen that intracellular acidification
in rPT cells results from the induction of oxidative stress,
which could create an intracellular environment efficient
for caspase activation to promote apoptosis (Hirpara et al.
2001). Furthermore, intracellular acidification was related
to the mitochondrial function because changes in cytosolic
pH may directly affect the AW to make it negative (Foster
et al. 2006). This will further result in the dysfunction of
mitochondria.

In summary, oxidative stress plays a critical role in cell
death induced by Pb combined with Cd in rPT cells.
Apoptosis triggered by oxidative stress was the chief death
mechanism in these cells. The death mechanism induced
by Pb—Cd mixture was similar to that in cells exposed to
single Pb or Cd at these concentrations, resulting from a
synergistic interaction in the combination of these metals.
ROS-related alteration of mitochondrial homeostasis
(breakdown of mitochondrial AY and ROS overproduc-
tion), as well as disturbance in the equilibrium of intra-
cellular milieu (intracellular acidification and calcium
overload), indicate their crucial roles as intracellular
mediators for the initiation of apoptotic events.
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