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Abstract: The combined subchronic effects of exposure to lead acetate and cadmium chloride on apoptosis protein
expression were detected in the liver and kidney of rats to investigate the hazards of environmentally relevant,
low-dose exposure to these compounds. The TUNEL assay showed that there were increased numbers of apoptotic
cells. Immunohistochemical tests showed increased numbers of positive cells under Bax and caspase-3 protein
detection and decreased Bcl-2 protein. Furthermore, mitochondrial injury and increased numbers of apoptotic cells
with condensed nuclei were observed by TEM. These results suggested that low-dose exposure to Pb and Cd can
cause significant hepatic and renal apoptosis and finally impair their function. Hepatic and renal apoptosis induced
by low-dose exposure is associated with mitochondrial injury and changes in levels of apoptogenic proteins, such

as Bcl-2, Bax, and caspase-3.
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Introduction

The Agency for Toxic Substances and Disease
Registry classifies lead (Pb) and cadmium (Cd)
as nonessential environmental pollutants and
toxic compounds, which enter the environment
because of natural and human-related activi-
ties [1, 2]. The two elements are often released
into the environment because of their wide
industrial uses and untreated sewage from
chemical plants. These elements then become
concentrated in the environment. Thus, partic-
ular interest has been devoted to the safety of
public food supplies for human health [2, 3].
Given that the liver and kidney are the major
targets of Pb and Cd, these elements are highly
dangerous to hepatic and renal function.
Furthermore, the synergism between the toxic
effects of Pb and Cd has stimulated interest in
the study of toxic substances in the biological
system [4, 5].

In the majority of previous animal studies, only
one type of metal has been used in high con-

centration. However, in the environment, a pop-
ulation receives simultaneous multiple expo-
sures [6], further experiments are needed on
combinations of toxic metals. Historically,
numerous models have been explored to pre-
dict the potential combined effects of chemi-
cals for an individual species or population
group. These models, especially concentration
addition and independent action, have been
applied to numerous mixtures [7, 8]. However,
limited data showed effects of Pb/Cd-induced
on the apoptosis of the liver, kidney and testis
in rats so far. Recently, we have that Pb com-
bined with Cd induced oxidative damage in the
liver and kidney of rats, and MT may be a bio-
chemical environmental indicator [9].

In our previous research, Pb(NO,), and CdCl,
2.5H,0 were used in an equitoxic mixture ratio
design. The fixed mixture ratio was based on
the single toxicant LD50-value (median lethal
dose value) for an oral acute study [5]. The
result showed that Pb and Cd with the mixture
toxicant LD50-value of 2696.54 mg/kg also
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have an additive effect for rat models. In this
study, we chose low-dose exposure via the sub-
chronic experiment because ingestion is the
most important route of human and animal
exposure that naturally occurs in the environ-
ment, and pollutants emanate mainly from
industrial sources. The experimental model of
rats treated with relatively low Pb and Cd levels
were based on the mixture toxicant LD50-value
of our oral acute study for a 90 d period as a
model of Pb/Cd-induced subchronic toxicologi-
cal evaluation.

The objective of this study was to examine the
effects of simultaneous exposure to Pb and Cd
on cellular apoptosis in liver and kidney of rats
at exposure levels without anticipated overt
clinical indicators of toxicity.

Materials and methods
Reagents

Lead acetate (Pb(NO,),) and cadmium chloride
(CdCl,2.5H,0), which were all analytical grade
(AR > 99.0%), were obtained from Chengdu
Kelong Chemical Co., Ltd (Chengdu, China).

Study design

This study was performed in accordance with
the following references: (A) Food and Drug
Administration Redbook [10]: Chapter IV.C.4.a
Subchronic Toxicity Studies with Rodents; (B)
Organization for Economic Cooperation and
Development (OECD) Guidelines for the Testing
of Chemicals, Section 4 Health Effects (Part
408) [11]: Repeated Dose 90 d Oral Toxicity
Study in Rodents; and (C) Chinese Center for
Disease Control and Prevention [12]: chemical-
test method of repeated-dose oral toxicity
study in rodents. The study was conducted in
accordance with the OECD principles of Good
Laboratory Practice.

Experimental animals

Four-week-old male and female specific patho-
gen-free Sprague-Dawley rats weighing 100 £ 5
g were purchased from the Chengdu Dossy
Experimental Animals Co., Ltd. (License No.
SCXK (Sichuan) 2013-24, China), and kept in
the animal house at the Sichuan Agriculture
University (Ya’an, China). Rats were housed
separately in the laboratory animal house at
20-25°C, 50-60% humidity, and a 12 h light/
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dark cycle with the lights off at 7 PM. These
conditions were based on the Guidelines of the
International Committee on Laboratory Ani-
mals. Finally, rats were fed with a standard diet
from Nuvital Nutrients (Colombo/PR, Brazil),
allowed access to distilled water ad libitum,
and had been acclimated to laboratory condi-
tions for 7 d.

Treatments

Three groups of 20 rats, each containing 10
females and 10 males, consumed a daily dose
of 29.96 (Group Il, 29.25+0.71), 89.88 (Group
Il,87.74+2.14),269.65 (Group 1V, 263.23+6.42)
mg/kg b.w. with a mixture of Pb(NO,), and
CdCl,2.5H,0 for at least 90 consecutive days.
The doses of our study aimed to chronically
expose rats to relatively low and environmen-
tally realistic concentrations of Pb/Cd [13-15].
In each case, the product volume administered
by gavage was 10 mL/kg b.w. A vehicle-control
group (Group I) formed by 20 rats consumed
distilled water as drinking water during a 90-day
period.

In each group, six rats (three males and three
females) were anesthetized and perfused
through the left ventricle with 300 mL of 0.9%
saline preheated at 37°C, followed by 500 mL
of ice-cold, freshly made 4% paraformaldehyde
in 0.1 M PBS (pH 7.4) for terminal deoxynucleo-
tidyl transferase-mediated dUTP nick end label-
ing (TUNEL), immunohistochemistry (IHC) and
Electron microscopic examination.

Analytical procedures

TUNEL assay: The DNA fragmentation indica-
tive of apoptosis was examined using TUNEL.
All liver and renal cortex were fixed by immer-
sion for at least 1 d in 10% buffered formalde-
hyde phosphate, and subsequently dehydrated
and embedded in paraffin wax. TUNEL assay
was performed in the deparaffinized section (5
pm thick) with in situ cell apoptosis detection
kit (MK1020, Boster, China) according to the
manufacturer’s instructions, as described by
Sun [16].

Bax, Bcl-2 and caspase-3 detected by IHC

The sections of liver and renal cortex were
acquired according to the method mentioned
above. Immunohistochemical staining against
Bax, Bcl-2 and Caspase-3 was performed. For
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Figure 1. Positive cells stained by TUNEL. Panel A: Liver. No hepatocyte apoptosis was observed in the control group
(A1). The positive cells brown stain) markedly increased in the group IV (A2). Panel B: Kidney. There are a few posi-
tive cells (brown stain) in the control group (B1). The positive cells markedly increased in the group IV (B2). The

arrows demonstrate positive immunoreation. Final magnification x 400, bars = 50 pm.

this purpose, briefly, a HRP/DAB detection IHC
kit (@b80436 Abcam, China) was used accord-
ing to the manufacturer’s protocol. The sec-
tions were then deparaffinized, and the forma-
lin-fixed paraffin-embedded tissue sections
were rehydrated. Hydrogen peroxide block was
added to cover the sections, which were incu-
bated for 10 min. After antigen retrieval (100 x
Citrate Buffer, ab64236 Abcam, China) for 20
min in a domestic pressure cooker and block-
ing non-specific binding sites with protein block,
the sections were immunoreacted with 10 ug/
mL primary antibodies against Bax, Bcl-2 and
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Caspase-3 (AB20073b, AB20158b and AB-
20074b, Sangon Biotech, China) overnight at
4°C, respectively. For negative controls, the
sections were immersed in PBS instead of the
specific antibody. Then, mouse-specific HRP
was applied to conjugate and incubate for 15
min at room temperature. DAB was applied
to the tissue sections counterstained with
hematoxylin.

For immunohistochemical quantification, two

slices were selected from one integration
receptor sample. Five 400 x microscopic views
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Figure 2. Immunohistochemistry with specific antibody against Bcl-2, Bax and caspase-3 in liver tissues. Panel
A: Bcl-2 protein. There are many positive cells (brown stain) in the control group (A1). The positive cells markedly
decreased in the group IV (A2). Panel B: Bax protein. There are several positive cells (brown stain) in the control
group (B1). The positive cells markedly increased in the group IV (B2). Panel C: Caspase-3 protein. There are a few
positive cells (brown stain) in the control group (C1). The positive cells markedly increased in the group IV (C2). The
arrows demonstrate positive immunoreation. Immunohistochemical labeling of HRP-streptavidin detection and HE
counterstain, final magnification x 400, bars = 50 ym.

of cortex and medulla per slide were selected DS-Ri1 camera (Nikon Corporation, Tokyo,
randomly and photographed using a Nikon Japan). The immunopositive reactions in the
ECLIPSE 80i microscope equipped with a Nikon photographs were analyzed by Software Image
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Figure 3. Immunohistochemistry with specific antibody against Bcl-2, Bax and caspase-3 in renal cortex tissues.
Panel A: Bcl-2 protein. There are many positive cells (brown stain) in the control group (Al). The positive cells mark-
edly decreased in the group IV (A2). Panel B: Bax protein. There are several positive cells (brown stain) in the control
group (B1). The positive cells markedly increased in the group IV (B2). Panel C: Caspase-3 protein. There are a few
positive cells (brown stain) in the control group (C1). The positive cells markedly increased in the group IV (C2). The
arrows demonstrate positive immunoreation. Immunohistochemical labeling of HRP-streptavidin detection and HE
counterstain, final magnification x 400, bars = 50 ym.

Pro-Plus 6.0 (Media Cybernetics, Silver Spring, method [9, 17]. All photographs were taken and
MD, USA), according to a previously introduced measured in the same parameter setting to
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Table 1. Average optical density (AOD) of Bax, Bcl-2, and caspase-3 positive cells in the liver and

kidney
mg/kg/day

organ Parameter (G-I (G-I (G-II) (G-IV)

0 29.96 89.88 269.65
liver Bcl-2 0.274+£0.010 0.266+0.006" 0.260+0.005™ 0.244+0.005™
Bax 0.225+0.007 0.229+0.010" 0.247+0.021™ 0.272+0.013™
Caspase-3 0.253+0.005 0.259+0.008" 0.271+£0.007"" 0.285+0.006™
kidney Bcl-2 0.301+0.010 0.286+0.015" 0.273+0.011" 0.268+0.010™
Bax 0.217+0.011 0.233+0.025" 0.259+£0.010™ 0.266+0.003™
Caspase-3 0.263+0.003 0.274 +0.010" 0.296+0.006™ 0.313+0.026"

The values are presented as means * standard deviation (n = 6). Compared with control group, “P < 0.05, “*P < 0.01.

ensure that the data were comparable. The
area of positive staining was measured in pix-
els using Image-Pro Software, which detected
brown staining in the liver and renal cortex. The
average optical density (AOD) was defined as
the percentage of positive area in the total area
of liver, renal cortex and testis sections.

Electron microscopic examination

For electron microscopy, small pieces of liver
and renal cortex tissue (about 1 mm3) were rap-
idly fixed with 2.5 percent glutaraldehyde in 0.1
M sodium phosphate buffer (pH 7.2) for 3 h at
4°C, washed in the same buffer for 1 h at 4°C
and postfixed with 1 percent osmium tetroxide
in sodium phosphate buffer for 1 h at 4°C. The
tissues were then dehydrated in graded series
of ethanol, starting at 50 percent each step for
10 min, after two changes in propylene oxide.
The tissue specimens were embedded in
Araldite. Ultrathin sections were stained with
Mg-uranyl acetate and lead citrate for trans-
mission electron microscope (TEM) evaluation.

Statistical analysis

All data were expressed as the means + stan-
dard error of the means, and analyzed by one-
way ANOVA with Duncan’s multiple-range tests
after using SPSS 17.0 software (SPSS Inc.,
Chicago, IL, USA). The significant values at
either P < 0.05 (*) or P < 0.01 (**) were repre-
sented as asterisks.

Results
TUNEL assay

TUNEL staining is a method for detecting DNA
fragmentation. The TUNEL-positive cells were
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mainly around hepatocyte in liver and around
renal tubular epithelial cells in kidney (Figure
1). The results showed that the number of
apoptotic hepatocyte and renal tubular epithe-
lial cells were significantly higher in the group IV
of Pb and Cd co-exposure administration than
those in the control group.

Bax/Bcl-2 and caspase-3 protein detection

As shown in Figures 2 and 3 and Table 1, the
positive cells containing Bcl-2 protein expres-
sion (brown stain) were decreased in Pb and Cd
co-exposure administration (Groups Il and V)
spread throughout the liver and renal cortex
when compared with those of the control group.
The intensity and amount of immunostaining of
Group Il showed a fewer decrease than those of
the control group. Moreover, Bcl-2 immunos-
taining was primarily localized within hepato-
cytes and proximal convoluted tubules, and
was weak or absent from distal convoluted
tubules. The AOD of the Bcl-2 was much lower
in the exposed rats (Groups Il to IV) than that in
the control group. However, the positive cells
containing Bax and caspase-3 protein expres-
sion (brown stain) were increased in the high-
fluorine groups Il and Il (Figures 2 and 3).
Moreover, the AOD of the Bax and caspase-3
was higher in the exposed rats (Groups Il to 1V)
than that in the control group (Table 1).

Ultrastructural observation

Electron microscope has revealed specific
ultrastructural changes in hepatic cells and
renal tubular epithelial cells under experimen-
tal conditions. Details of a normal hepatic cell
and its organelles are illustrated in Figure 4A.
After 90 days of introducing Pb and Cd co-expo-
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Figure 4. Effect of lead and cadmium on the TEM of liver of rats after administration for 90 days. Panel A: Normal
liver, rat. Relationship of the hepatic cell to the sinusoids and characteristic organelles are seen. The bile canalicu-
lus is located between adjoining cells, x 2550. Panel B: Detail of hepatic cell. Note ER fractured and membrane
surface ribosome fallen off, marked intracellular edema and swollen disorganized mitochondria, x 2550. Nucleus
(N), Mitochondria (m), Bile canaliculus (BC), Lysosomes (L), Ribosome (R), Rough endoplasmic reticulum (RER),
Endoplasmic reticulum (ER).

sure in rats, intracellular edema was manifest-
ed by distortion or fracture of the endoplasmic
reticulum and swollen disorganized mitochon-
dria (Figure 4B). The ribosomal fell off from the
rough endoplasmic reticulum membrane and
scattered into the cytoplasm. The mitochondria
were found to be swollen and the cristae within
the mitochondria were disorganized.

The characterizations of intraluminal brush bor-
der of a normal proximal convoluted tubular cell
are presented in Figure 5A. Pathological dam-
age of the kidney produced by Pb/Cd were the
changes of proximal convoluted tubules as well
as the distal tubules. In some proximal convo-
luted tubule epithelial cells, the brush border
was interrupted and escape from the cyto-
plasm to the lumen of the tubule (Figure 5B).
The usually elongated mitochondria in the basi-
lar portion of the distal convoluted tubule epi-
thelial cells became more spherical, with
marked disorganization and swelling of the cris-
tae. However, the basement membrane of
mitochondria was intact (Figure 5C). No signifi-
cant alteration was observed in the glomeruli
and the well preserved fine structure of these
areas was illustrated in Figure 5D.

Discussion

This study is the first attempt to report the equi-
toxic mixture ratio of Pb and Cd as the experi-
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mental animal model method for long-term tox-
icity experiments. After introducing Pb and Cd
co-exposure in rats, no significant changes in
body weight and intoxication were observed
[B]. Thus, the general metabolic condition of
the animals was within normal range. Moreover,
this animal model may help in detecting the
early events of chronic Pb/Cd intoxication with
relatively low and environmentally realistic
concentrations.

The main objective of our study was to estab-
lish whether Pb and Cd co-exposure in rats
would increase apoptosis in hepatocyte and
renal tubular epithelial cells. Based on the
quantitative and qualitative evaluations of
apoptosis in the liver and kidney, we found that
the percentage of apoptotic cells in the liver
and kidney showed no obvious changes in the
control group, but were significantly increased
in livers and kidneys that took in more than
29.96 mg/kg b.w. with a mixture of Pb(NO,),
and CdCl,2.5H,0. TUNEL revealed that apop-
totic cells with brown-stained nuclei were dis-
tributed within hepatocyte in liver and around
renal tubular epithelial cells in kidney around
the exposed rats (Groups Il to IV) in comparison
with that of the control group. Meanwhile, we
also noted ultrastructural morphological char-
acteristics, such as chromatin condensation
and vacuolated mitochondria with degenerat-

Int J Clin Exp Pathol 2014;7(6):2905-2914
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Figure 5. Effect of lead and cadmium on the TEM of kidney of rats after administration for 90 days. Panel A: Normal
mice kidney. Detail of apical portion of proximal convoluted tubule cell, x 2,550. Panel B: Proximal tubular cell in
group IV. Note swelling and disorganization of mitochondria, and discontinuity of brush border at arrow, with escape
of cytoplasm into tubular lumen, x 2,550. Panel C: Distal tubule in group IV. Note swelling and disorganization of
mitochondria (m), the fingerlike projections of the basement membrane (BM) of distal convoluted tubule epithelial
cells appeared distorted by the mitochondrial swelling, marked disorganization of the cristae and stippling in the
matrix, x 6,000. Panel D: Glomerulus in group IV. The fine structure appears well preserved. x 2,550. Brush border
(BB), Mitochondria (m), Nucleus (N), Tubular lumen (TL), Glomerular Basement Membrane (GBM), Foot process
(FP), Endothelial cells (EC), Capillary lumen (CL), Red blood cell (RBC).

ing cristae. Some reports [4] and our own data
have supported that the Pb/Cd-induced apop-
tosis may be associated with mitochondrial
injury. During the mitochondrial injury, mito-
chondrial apoptogenic proteins, such as those
of Bcl-2 family, are released into the cytoplasm.
Then, the apoptotic signal proceeds towards
the final, execution phase of the apoptotic pro-
cess [18].

It is well known that Bcl-2 protein is expressed
in the inner mitochondrial membrane [18]. The
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members of the Bcl-2 protein family are known
to regulate the release of apoptosis-activating
factors that the ratio of Bcl-2 to Bax determines
cell survival or cell death [19]. In the present
study, Bax protein expression was found to be
increased while Bcl-2 protein expression was
depressed in the exposed rats (Groups Il to 1V).
There is currently no report about the effects of
Pb/Cd-induced on the expression of Bcl-2 fam-
ily proteins. However, these findings in our
study are similar to those of a study on vanadi-
um-induced DNA damage and P53 expression

Int J Clin Exp Pathol 2014;7(6):2905-2914



Sub-chronic lead and cadmium co-induce apoptosis

[20]. At the same time, changes in the Bax and
Bcl-2 expression also activate caspase-3 and
induce apoptotic processes [21]. In the present
study, the caspase-3 protein expression was
found to be increased in the exposed rats
(Groups Il to IV). These changes resulted in an
increased number of apoptotic hepatocyte in
liver and around renal tubular epithelial cells in
kidney of the exposed rats.

Mitochondrial injury and overexpression of pro-
apoptotic proteins are associated with the pro-
duction of free radicals. We have reported that
deleterious effects of Pb and Cd co-exposed on
anti-oxidative systems, which have been dem-
onstrated in rat peripheral blood and in liver,
kidney [9]. Lower levels of Pb/Cd-induced de-
pressed the activities of antioxidant enzymes,
and then free radicals accumulated in the body
or organs and induced the lipid peroxidation of
the membrane. It is reasonable to propose that
oxidative damage could occur in mitochondria
and cause the release of proapoptotic proteins
into the cytosol, which resulted in cellular apop-
tosis [22].

In conclusion, it is confirmed that combined
exposure to Pb and Cd disrupted apoptosis in
the liver and kidney. Low-dose exposure to Pb
and Cd can cause significant hepatic and renal
apoptosis and finally impair their function.
Hepatic and renal apoptosis induced by low-
dose exposure is associated with mitochondrial
injury and changes in levels of apoptogenic pro-
teins, such as Bcl-2, Bax, and caspase-3.
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