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Abstract. With the rapid development of modernization and
industrialization in China, a large quantity of heavy metals,
including zinc, copper, lead, cadmium and mercury, have
been entering the atmosphere, soil and water, the latter being
the primary route of pollution. In the present study, in vitro
experiments were performed to examine the joint toxicity and
the underlying mechanisms of the eight most common heavy
metals contaminating offshore waters on the eastern coast of
Ningbo region. Using a cell cycle assay, cell apoptosis and
reactive oxygen species (ROS) detection methods, the present
study demonstrated that the heavy metal mixture arrested
JB6 cells at the S phase, induced the generation of ROS and
cell apoptosis. A luciferase assay indicated that the levels
of activator protein-1 and nuclear factor-«B transcription
factors were upregulated. Upregulation of the protein levels
of C-jun and p65 were detected in the JB6 cells by western
blot analysis; these two genes have important roles in cell
carcinogenesis. These results provide a useful reference for
further investigations on the combined toxicity of the exposure
to multiple heavy metals.

Introduction

Heavy metals, including zinc, copper, cadmium, lead, chro-
mium, mercury and nickel, are widely used in industry (1).
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Cadmium enters the human body primarily through food and
water. By binding with thiol proteins in the body, cadmium
can inhibit the activity of enzymes (2). Epidemiological data
indicate that the joint pollution of lead and cadmium can
increase the incidence and mortality rates of cardiovascular
diseases (3). Experimental results have shown that joint treat-
ment with low doses of lead and cadmium induces high blood
pressure (4-6), with cadmium having a synergistic effect on
the high blood pressure induced by lead (7,8). These find-
ings indicate that lead and cadmium have synergistic effects
in toxicity (9,10). Nickel can cause lung cancer in humans,
which is classified by the International Agency for Research
on Cancer as a ‘group 1’ carcinogen (11). Heavy metals can
pollute water, air and soil (12). The most important route of
contamination is water. Heavy metals are usually difficult
to degrade in the environment, which results in them readily
accumulating in plants and aquatic organisms. Heavy metals
in contaminated water accumulate in a stepwise manner in
algae, shellfish and fish, and finally reach the human body
through the food chain (13-16). Therefore, the enrichment of
multiple heavy metals in aquatic products or foods, including
vegetables, is considered to be a health threat in China (17,18).
At present, there have been no investigations on the combined
toxic effects of multiple heavy metals at levels mimicking
those contaminating water or through food exposure.

Ningbo is a city on the eastern coast of China. Residents
in the Ningbo region are accustomed to consuming aquatic
products, particularly marine foods (19), leading to the rapid
development of offshore aquaculture and marine farming in
previous years. In the present study, eight of the most common
heavy metals contaminating the offshore waters off the eastern
coast of Ningbo were examined, including lead, cadmium,
mercury, copper, zinc, manganese, nickel and chromium.
These eight metals were selected for preparation as a mixture,
with the proportions matching those found in the region of
contamination, in order to investigate their joint toxicity and
underlying mechanisms of multi-heavy metal exposure.

Materials and methods

Materials. Chemical compounds for the eight heavy metals,
including (CH;COO),Pb-3H,0, CdCl,2.5H,0, NiCl,-6H,0,
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Table I. Preparation of the heavy metal mixture.
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Concentration in surface

Compound used for Concentration in stock

Heavy metal water (ug/l)* heavy metal solution (mg/1)
Cu 2.05 CuSO,-5H,0 2.05

Pb 25 (CH,;CO0),Pb-3H,0 25

Cd 0.15 CdCl,-2.5H,0 0.15

Zn 132 ZnSO,7H,0 132

Hg 0.033 CH;ClHg 0.033

Cr 03 K,Cr,0, 03

Mn 5 MnCl,-4H,0 5

Ni 2 CI,H,,NiOq 2

Total 25.233 N/A 25.233

*Surface water in Ningbo region.

MnCl,4H,0, ZnSO,7H,0, CuSO,:5H,0, K,Cr,0, and
CH;CIHg (all analytical reagents) were purchased from
Sinopharm Chemical Reagent Beijing Co. Ltd. (Beijing,
China). Dulbecco's modified Eagle's medium (DMEM),
heat-inactivated newborn calf serum (NCS), Tris-EDTA ,0.5%
Trypsin-EDTA and propidium iodide (PI) were obtained from
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Hoechst
33342, 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA)
and dihydroethidium (DHE) were purchased from Molecular
Probes (Eugene, OR, USA). An Annexin V-fluorescein
isothiocyanate (FITC)/PI apoptosis detection kit and apoptosis
assay kit were purchased from Thermo Fisher Scientific, Inc
(Waltham, MA, USA). A luciferase assay system and TPA
were purchased from Promega (Madison, WI, USA). All other
antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA).

Preparation of the heavy metal mixture. The mixture of
heavy metals used in the present study comprised eight
heavy metals commonly contaminating the surface waters in
the Ningbo region, including zinc, manganese, lead, copper,
cadmium, mercury, chromium, and nickel. The propor-
tions of these eight heavy metal ions in the offshore water
were determined according to previous reports (20,21). The
chemical compounds were dissolved in DMEM to prepare the
stock solution (Table I). The final concentration of the stock
solution (total of the eight heavy metal ions) was 25.233 mg/I.
The stock solution was diluted in DMEM at concentrations
of 2.523, 5047, 7.570, 10.093, 12.617, 15.140 and 17.663 mg/l,
respectively, to form working solutions of the multi-heavy
metal mixture.

Cell culture. JB6 cells (a mouse epidermal cell line) were
provided by the National Institute of Occupational Safety
and Health (Morgantown, WV, USA) were cultured in 10%
NCS DMEM supplemented with penicillin-streptomycin
(10,000 U/ml penicillin and 10 mg/ml streptomycin) at 37°C
(80% humidified air and 5% CO,).

Cytotoxicity assay. The toxicity of the multi-heavy metal
mixture towards the JB6 cells was assessed using an MTT

assay. Briefly, the cells were plated in 180 xl DMEM at a
density of 0.5x10* cells/well in a 96-well plate. The cells were
treated with the various concentrations of the multi-heavy
metal mixture and cultured for 24 h at 37°C. After 24 h, 20 ul
MTT labeling reagent was added in each well and the plates
were incubated for a further 4 h at 37°C. Subsequently, 150 ul
solubilization solution was added to each well and the plate
was incubated for 10 min at 37°C. The optical density of each
well was measured at a wavelength of 490 nm using an ELISA
plate reader.

Cell cycle detection. The JB6 cells were seeded onto a
6-well plate overnight in 2 ml DMEM at a density of
2x10° cells/well (22). The cells were then treated with or without
the various concentrations of the multi-heavy metal mixture
for 24 h. The cells were harvested using 0.1% trypsin and fixed
overnight in a pre-cooling 70% ethanol at -20°C. The fixed
cells were subsequently centrifuged at 10,000 x g for 30 min
at 4°C, resuspended in PBS and stained with 0.02 mg/ml PI for
30 min in the dark. The population of cells in each phase was
then determined using flow cytometry (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Identification of cell apoptosis. Double staining with Annexin
V-FITC (apoptotic cell marker) and PI (nuclear marker) was
used to determine whether the cell death induced by the
multi-heavy metal mixture was apoptotic. As stated above,
the JB6 cells were seeded onto a 6-well plate and incubated
overnight, and were treated with or without the various
concentrations of the multi-heavy metal mixture for 24 h. The
cells were then harvested using 0.1% trypsin and were washed
twice with cold PBS. Annexin V-FITC (5 pl) and PI (1 pl) were
added to the cultures, and the cells were incubated in the dark
for 15 min at 25°C. Cell apoptosis was analyzed using flow
cytometry (Bio-Rad Laboratories, Inc.) within 1 h.

ROS detection. H,DCFDA and DHE are used for general
ROS and oxygen radical staining in cells, respectively. In the
present study, the cells (2.0x10° cells in 2 ml DMEM/well)
were seeded in a 6-well plate overnight, following which they
were treated with or without the various concentrations of
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Figure 1. Cell viability following treatment of JB6 cells with or without the
multi-heavy metal mixture. ‘P<0.05 and “P<0.01, compared with the control.

the multi-heavy metal mixture. The cells were fixed in 95%
ethanol for 5 min and then washed twice with PBS. The cells
were then incubated in PBS in the presence of H,DCFDA
(5 uM), DHE (2 uM) and Hoechst 33342 (3 uM) for 1 h at
37°C. Following incubation, the cells were washed three times
with PBS and images of ROS generation in cells were captured
using fluorescence microscopy (Axiovert 100M; Zeiss GmbH,
Jena, Germany).

Luciferase assay. The JB6 cells transfected with the nuclear
transcription factors AP-1 or NF-kB (provided by the
National Institute of Occupational Safety and Health) were
used to detect the luciferase activities of AP-1 or NF-«kB.
A cell suspension (2 ml; 1x10° cells/ml) was seeded in a
24-well plate in 10% NCS DMEM and incubated at standard
culture conditions (37°C, 80% humidified air and 5% CO,)
for 24 h. The cultures were then starved in 0.1% NCS DMEM
overnight. The cells were treated with or without the various
concentrations of the multi-heavy metal mixture for 8 h in
10% NCS DMEM. Following two washes with PBS, 120 ul of
1X Promage lysate buffer was added to each well. Following
incubation on ice for 60 min, the lysate was centrifuged
at 12,000 x g for 20 min at 4°C to obtain the supernatant.
Luciferase activity was measured using a luciferase assay
kit according to the manufacturer's protocol. TPA (20 nM)
was used as a positive control for the upregulation of AP-1 or
NF-«B luciferase activity.

Western blot analysis. The cells (5x10* cells in 1 ml of culture
medium) were plated into a 6-well plate and incubated over-
night. The cultures were treated with or without the various

Control 2523
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concentrations of the multi-heavy metal mixture for 8 h. To
collect the cell pellet, the cells were centrifuged at 12,000 x g
for 5 min at 4°C following which the cells were lysed in 100 ul
of NP40 lysate supplemented with a protease inhibitor cocktail.
Following incubation on ice for 60 min, the cell suspension
was centrifuged at 12,000 x g for 20 min at 4°C to obtain the
supernatant. The protein concentrations in the supernatants
were determined using the BCA protein quantitative method.
Equal quantities of proteins (50 pug) were denatured for 5 min
at 95°C, electrophoresed by 10% SDS-PAGE, and transferred
onto PVDF membranes. After proteins were transferred,
Ponceau S dye was used indicate protein transfer. Initially, the
blots were blocked in 5% milk blocking buffer for 3 h and
then incubated overnight at 4°C with the primary antibody.
C-jun and p65 antibodies (Cell signaling Technologies, Inc.,
Danvers, MA, USA; cat. nos. 1694 and 372, respectively) were
diluted in 5% milk blocking buffer at 1:1,000 and (3-actin anti-
body (Beyotime Institute of Biotechnology, Shanghai, China;
cat. no. AF0003) at 1:10,000. Then, after washing with TBST,
the blots were incubated for 2 h at room temperature with the
IgH horseradish peroxidase-conjugated secondary antibody
(Boster Biological Engineering Co. Ltd., Wuhan, China; cat.
no. BA1054) at 1:1,000. Finally, the chemiluminescence of
proteins transferred onto PVDF membranes were detected
with ECL Plus (Asvansta Inc., Menlo Park, CA, USA). Then
the images of the blots were captured using Bio-Rad image
capture system (Bio-Rad Laboratories, Inc.) and Quantity One
v.465 software (Bio-Rad Laboratories, Inc.) was used for band
analysis.

Statistical analysis. The experiments were repeated at least
three times and data are presented as the mean + standard
deviation. Significant differences were determined using
SAS 9.1 software (SAS Institute, Inc., Cary, NC, USA) or
one-way analysis of variance. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Cytotoxicity. The results of the MTT assay (Fig. 1) and cell
morphological observation under the microscope (Fig. 2)
showed that the multi-heavy metal mixture induced
dose-dependent cytotoxicity in the JB6 cells.

Cell cycle detection. The histograms in Fig. 3A show cell cycle
distribution, detected using flow cytometry. Further analysis
indicated that, as the concentration of the multi-heavy metal
mixture increased, the number of cells arrested at the S phase
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i e AT
17.663
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Concentrations of the multi-heavy metal mixture (mg/1)

Figure 2. Morphology of JB6 cells following treatment with or without the multi-heavy metal mixture. Under higher concentrations (10.093 and 17.663 mg/l),
the JB6 cell number gradually decreased and began to shrink in shape (magnification x20).
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increased, which was accompanied by a decrease in the
number of cells at the G1 and G2 phases. These results were
found to be dose-dependent (Fig. 3B; Table II).
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Figure 3. Effects on cell cycle in JB6 cells treated with or without the
multi-heavy metal mixture. (A) Histograms of cell cycle distribution detected
using flow cytometry. (B) Analysis of the cell cycle distribution. "P<0.05 and

“P<0.01, compared with the control.

Cell apoptosis induction. Following treatment with or without
different concentrations of the multi-heavy metal mixture for
24 h, double staining with Annexin V-FITC and PI (Fig. 4A)
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Table II. Effects of the multi-heavy metal mixture on the cell cycle of JB6 cells.
Phase of cell cycle (%)

Concentration of
mixture (mg/l) Gl S G2
0 (control) 48.74+0.76 35.20+1.49 16.05+1.00
2.523 47.76+0.81 36.39+2.18 15.86+1.45
5.047 47.49+1.39 36.79+0.82 15.73+0.57
7.570 43.34+0.68° 42.17+0.65° 14.49+0.03"
10.093 41.66x1.21° 44.04+0.96° 14.30+0.65*
12.617 41.65+0.88° 44 .91+0.95° 13.44+0.07*
15.140 39.23+0.22¢ 51.21+0.50° 9.57+0.28"
17.663 39.09+0.71° 51.53+0.79° 9.38+0.16"

Cell cycle data are presented as the mean = standard deviation. “P<0.05 and *P<0.01, compared with the control.
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showed that the multi-heavy metal mixture induced JB6 cell

apoptosis in a dose-dependent manner (Fig. 4B).

ROS generation. The results of the present study showed
that higher doses of the multi-heavy metal mixture induced
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Figure 6. Effects of the multi-heavy metal mixture on the luciferase activities
of (A) AP-1 and (B) NF-xB in JB6 cells. ““P<0.05, compared with the control.
AP-1, activator protein-1; NF-xB, nuclear factor-kB.

significant ROS generation (Fig. 5).

Luciferase activities of AP-1 and NF-xkB. The results
demonstrated that the multi-heavy metal mixture induced
upregulation in the luciferase activities of AP-1 (Fig. 6A) and
NF-«B (Fig. 6B) in a dose-dependent manner.

Expression of cell signaling proteins. The results of the western
blot analysis showed that the multi-heavy metal mixture
induced an upregulation in cell signaling protein expressions
of C-jun and p65 (Fig. 7).
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Figure 7. Effects of the multi-heavy metal mixture on the expression of cell
signaling proteins in JB6 cells.

Discussion

In the past 30 years, China has experienced a rapidly developing
economy, which has led to serious environmental pollution.
Among the different types of pollution, heavy metal pollution
has become one of the major environmental issues (23). In
China, coastal areas are under increased threat due to heavy
metal contamination caused by an increase in urbanization
and industrialization, compared with inland areas. Evidence
indicates that the heavy metals present in certain seafood from
coastal areas may exceed the safety limit, caused by heavy
metal contamination in the surface water (24). The contami-
nation of heavy metals in the water in the coastal area is
considered to be a threat to marine farming and human health
in China. The toxicities of single heavy metals, including lead
and nickel, have been well documented (25). However, in daily
life, individuals are usually exposed to a contamination by
multiple heavy metals simultaneously from water (26), the air
or food consumption. To investigate the joint toxicity and the
underlying mechanisms of multi-heavy metal exposure, the
present study selected eight heavy metals commonly found
contaminating the offshore waters of the Ningbo region, and
prepared a mixture with the proportions of each contaminant
matching those in the region.

In China, although different regions have different spec-
trums in heavy metal contamination, Zn, Pb, Cu and Cd
remain the dominant contaminations whether in the water or
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soil (27), which is similar to the contamination spectrum of
the offshore water in the Ningbo region (Table II). Although
heavy metals, including Zn and Cu, are essential elements in
the human body, exposure to high doses can also be harmful
to human health, particularly when combined with other toxic
heavy metals.

Detecting levels of cytotoxicity provides an economical
method for evaluating the toxicity of compounds. In the
present study, it was found that the mixture of eight common
heavy metals induced cytotoxicity in the JB6 cells in a
dose-dependent manner. The cause underlying the cytotoxic
effect of heavy metals remains to be fully elucidated, however,
it has been suggested that their toxicity, at least in part, may
be due to the formation of hydroxyl radicals, which can lead
to lipid, protein or DNA damage (28). In the present study,
it was found that the multi-heavy metal mixture induced
significant ROS generation and cell apoptosis. Exposure to
the mixture exposure also arrested the JB6 cells at the S
phase, indicated by an increase in the proportion of cells in
the S phase from 35.2% in the control to 51.53% (17.663 mg/1),
and a decrease in the proportion of cells in the G2 phase
from 16.05% in the control to 9.35% (17.663 mg/1). Evidence
shows that different heavy metals can exert different effects
on the cell cycle. A significant increase of intracellular Zn
content in MDAMB231 cells results in G1 and G2/M cell
cycle arrest, and cell apoptosis (29). Manganese chloride
induces GO/GI1 phase arrest and apoptosis in cultured rat
astrocytes (30). Sub-lethal exposure of Swiss albino mice
to copper, as copper chloride, induces an increase in G0/
Gl cell numbers in the thymus and spleen (31). Cadmium
can induce a delay in the transition between the G1 and S
phases of the cell cycle, and slows progression through the S
phase (28). Nickel (II) modulates cellular responses through
effectors involved in G2/M arrest and apoptosis regulatory
pathways (32,33). Rodriguez-Sastre et al (34) evaluated the
capability of a mixture of 2 M NaAsO,, 2 yM CdCl, and 5 yM
Pb(C,H;0,),-3H,0 at relevant epidemiological concentrations
to induce cell transformation processes. The results revealed a
decrease in cell viability and an increase in ROS, accompanied
by G1 cell cycle arrest. Costa et al (35) found that 1-6 yM of
CdCl,, HgCl,, CoCl,, CuSO,, NiCl,, ZnCl, and PbSO, slowed
cell growth and selectively arrested cells in the S phase. It
was concluded that the potency of the metal compounds in
arresting cells in the S phase was associated with their chem-
ical reactivity and uptake into cells. Specifically, the S phase
arrest produced by the metals examined was consistent with
their genotoxic or carcinogenic activities; as such activity
indicated a selective interaction with DNA metabolism. In the
present study, H,DCFDA and DHE were used for the staining
of general ROS and oxygen radicals produced in JB6 cells,
respectively (36). It was found that treatment of cells with the
multi-heavy metal mixture induced significant ROS genera-
tion followed by apoptosis of the JB6 cells. It is known that
ROS can damage DNA (37). DNA damage can cause S phase
arrest in the cell and switch on cell apoptotic pathways. The
detailed mechanism underlying the effects of the multi-heavy
metal mixture on inducing the combined toxic effects of
S phase arrest in the cell requires further investigation.

The AP-1 transcription factor family consists of the
subfamilies, C-jun, C-fos, activating transcription factor
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and Jun dimerization partners. AP-1 family members can
induce physiological or pathological responses under certain
stimulation, including stress, radiation or growth signals, and
are involved in processes, including cell proliferation, differ-
entiation and transformation, which are important in tumor
formation, metastasis and invasion. The activation of AP-1
can directly regulate the expression of several cancer genes.
C-jun, as one of the subunits of the AP-1 transcriptional regu-
latory protein family, can react to a variety of stimuli (38).
An increase of C-jun can increase the risk of cancer (39,40).
The NF-«B transcription factor is a particularly broad induc-
ible transcription factor (41,42). Similar to AP-1, NF-«B is
also important in immunity, inflammation, cell survival,
proliferation, differentiation and apoptosis (43-45). p65 is a
subunit of NF-xB and the activation of p65 is associated with
carcinogenesis (46-48). In the present study, it was found that
the multi-heavy metal mixture induced an upregulation in
the luciferase activities of AP-1 and NF-«B, and the protein
levels of C-jun and p65 in a dose-dependent manner. These
results suggested that multi-heavy metal exposure at a high
concentration for a prolonged duration may be carcinoge-
netic.

In conclusion, the joint toxicities of the mixture of eight
heavy metals included intercellular ROS generation, apoptosis
and cell cycle arrest at the S phase. The AP-1 and NF-kB
transcription factors, and the protein levels of C-jun and p65
were upregulated, suggesting carcinogenesis as a result of the
multi-heavy metal exposure. Intercellular ROS generation
may be an important effect induced by the joint toxicity of
the multi-heavy metal mixture. To the best of our knowledge,
this is the first study demonstrating the joint toxicities of an
eight heavy metal mixture, which comprised of eight heavy
metals commonly contaminating the surface waters in the
Ningbo region. These results will be of benefit for elucidating
the combined toxicity and the underlying mechanisms of
multi-heavy metal pollution. In addition, the result may also
be useful as a reference when examining the toxicity of
multi-heavy metal pollutants in aquatic products in further
studies.
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