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Abstract

Calcium ion (Ca®*) is one of the key intracellular signals, which is implicated in the regula-
tion of cell functions such as impregnation, cell proliferation, differentiation and death. Cad-
mium (Cd) is a toxic environmental pollutant that can disturb cell functions and even lead to
cell death. Recently, we have found that Cd induced apoptosis in gill cells of the freshwater
crab Sinopotamon henanense via caspase activation. In the present study, we further
investigated the role of calcium signaling in the Cd-induced apoptosis in the animals. Our
data showed that Cd triggered gill cell apoptosis which is evidenced by apoptotic DNA frag-
mentation, activations of caspases-3, -8 and -9 and the presence of apoptotic morphologi-
cal features. Moreover, Cd elevated the intracellular concentration of Ca®*, the protein
concentration of calmodulin (CaM) and the activity of Ca®*-ATPase in the gill cells of the
crabs. Pretreatment of the animals with ethylene glycol-bis-(b-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid (EGTA), Ca®* chelator, inhibited Cd-induced activation of caspases-3, -8
and -9 as well as blocked the Cd-triggered apoptotic DNA fragmentation. The apoptotic
morphological features were no longer observed in gill cells pretreated with the Ca®* signal-
ing inhibitors before Cd treatment. Our results indicate that Cd evokes gill cell apoptosis
through activating Ca*-CaM signaling transduction pathway.

Introduction

Cadmium (Cd) is a non-essential toxic heavy metal widely spreaded in terrestrial and aquatic
environments during mining and manufacturing. Cd accumulates in organisms by feeding and
metabolic processes, whose toxicity is exemplified by an extremely long biological half-life
within organisms (15-30 years), resulting in both acute and chronic toxicity. Acute exposure of
animals to high dose of Cd can cause cell apoptosis within a short time [1,2], while longer term
exposure to small amounts of Cd can result in tissue and organ damage and cell necrosis [3, 4].
During necrosis, cells first swell and then plasma membrane collapses and cells are rapidly
lysed [5]. In the process of apoptosis, its membrane is intact [6]. Apoptosis is associated with
morphological changes in the cell including cell shrinkage [7], deformation in the nucleus [8],
chromatin condensation [9,10], DNA fragmentation [11] and formation of apoptotic bodies
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[12]. Typical apoptotic features also include caspase activation [13,14]. Apoptosis is a mecha-
nism to protect the animal from disease by removing genetically damaged cells [15].

Under Cd stress, multiple cell signal transduction pathways may be activated that control
cell proliferation or death [16]. Calcium ion (Ca**) is a intracellular second messenger and its
overload or disturbance in its intracellular compartmentalization can trigger apoptosis in
various cells types [17-21]. The increase of intracellular Ca** concentration ([Ca®*]i) can be
elicited through two pathways: i) the Ca** release from intracellular stores, mainly the endo-
plasmic reticulum (ER) and Golgi apparatus, or ii) the entry from the extracellular milieu [22].
Misra et al. [23] reported that Cd may interact with cell surface membrane proteins coupled to
a G protein, which drives IP; induction and Ca*" release from ER and Golgi in primary murine
macrophages. Intracellular Ca** increase involves the opening of the plasma membrane Ca**
channels. Yeh et al. [24] found that Cd induced a [Ca®*]i increase in Madin Darby canine kid-
ney cells via evoking Ca** entry through non-selective Ca>* channels. Cd exposure led to the
increase of [Ca**]i. Extracellular Ca** removal by EGTA also diminished Cd-induced [Ca**]i
overloading but showed slight elevation of [Ca®"]i, suggesting that Cd-induced extracellular
Ca** influx is an important source for elevated [Ca**]i, but that another source of intracellular
Ca’" storage is also important [25,26]. Elevated intracellular Ca** may lead to excessive Ca®*
uptake by mitochondria [27]. Ca®" in the mitochondrial matrix interacts with cyclophilin D to
induce opening of the PTP, giving rise to release of the cytochrome ¢ (Cyt ¢) [28]. Cytosolic
Cyt ¢ binds on Apaf-1 and dATP, resulting in recruitment and activation of pro-caspase-9.
Activated caspase-9 proteolytically activates caspase-3, so as to orchestrate the biochemical
execution of apoptosis [29]. Hepatocyte exposure to Cd triggers the release of cytochrome c in
the crytosol and significant caspase-3, -8 and -9 activation in rainbow trout [30]. Calmodulin
(CaM) is a ubiquitous eukaryotic Ca**-dependent protein. Its activity is closely associated with
the intracellular concentration of Ca®*. Binding of Ca** to CaM activates CaM through config-
urational changes, which impacts the structure and activity of more than 20 enzymes [31].
Chen et al. [7] reported that Ca**/CaM-dependent protein kinase Il is activated by Cd trigger-
ing neuronal cell apoptosis. [Ca**]i is usually regulated by Ca**-ATPase, which can be acti-
vated by a small increase in [Ca**] and export Ca’* from the cytosol to the extracellular
environment. Studies have shown that Cd disrupts intracellular Ca** homeostasis, leading to
apoptosis in various types of cells [26,32,33].

The freshwater crab Sinopotamon henanense is a benthonic macroinvertebrate which inhab-
its aquatic environments and can accumulate metals in vivo [1,34]. In the previous studies, we
found that the 96 h LCs, value of Cd to S. henanense is 232 mg-L'1 for adult male crabs [35,36].
Acute exposure to high concentrations of Cd resulted in cell apoptosis in the gill, hepatopan-
creas and testes of S. henanense [10,37,38]. Cd also led to Ca®*-ATPase activation in hepato-
pancreas of the animal. There have been no specific studies in freshwater crab to measure
cytosolic Ca** concentration after exposure to waterborne Cd. And the effect of Cd on intracel-
lular Ca** signal and the molecular regulation mechanism of Ca®* on Cd-induced apoptosis
are poorly understood. In the present study, we investigated the role of Ca** signaling in the
Cd-evoked apoptosis in gills of the S. henanense.

Materials and Methods
Chemicals and reagents

All the chemicals used were obtained from Sigma Co. (St. Louis, MO, USA). Assay kits for cas-
pase-3, caspase-8 and caspase-9, the kit for DNA purification and Fluo-3/AM were obtained
from Beyotime Institute of Biotechnology (Jiangsu Province, China). CaM and Ca®"-ATPase
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analysis kits were supplied by Jiancheng Bioengineering Institute (Jiangsu Province, Nanjing,
China).

Animals and exposures

Freshwater crabs, S. henanense, were purchased from the Dongan aquatic market in Taiyuan
city, PR China. Prior to the experiments, crabs were acclimated for 2 weeks in glass aquaria filled
with dechlorinated, carbon-filtered city tap water (pH 7.5, dissolved oxygen 8.0-8.3 mg/L) ata
temperature of 20 + 2°C and a photoperiod of 12/12 h (day / night) and were fed with commer-
cial food three times a week. Only healthy adult male crabs weighted 20.0 + 0.5 g were employed
in this study. The crabs were divided into four experimental groups of twenty specimens each
and allocated to control and three Cd*" concentrations of at 14.5, 29 and 58 mgoL’1 (correspond-
ing to 1/16, 1/8, 1/4 of the 96 h-LCs, for 96 h at 22°C in glass aquaria [36]. To study the effects of
inhibitor, the crabs were pretreated with 5 mM EGTA for 4 h, then exposed to 58 mgeL! CdCl,
for 48 h under the same conditions as described above. The exposure medium was changed every
48 h. During the experiment, crabs were not fed until the end of the exposure, the gill of crab was
removed and immediately frozen in liquid N, for use.

Measurement of [Ca®"]

To measure [Ca®*], the gill cells were isolated from the untreated crab gill and were loaded
with 5 uM Fluo-3/AM for 30 min at 37°C in the dark. After incubation, the cell suspensions
were washed twice with PBS to remove the extracellular Fluo-3/AM. Then the cells were treated
with 5.8 mgeL™" CdCl, for the different times. Fluorescent probe was excited at 488-nm, and
emission fluorescent was filtered by a 525-nm filter. The images were recorded under a laser
confocal microscope (LSM 510 META, Leica, Bensheim, Germany).

Determination of CaM protein concentration

CaM content assays were performed using the methods as described by Liu et al. [39] and Hu
et al. [40] with slight modifications. To isolate CaM, gill tissue was homogenized in buffer solu-
tion (50 mM Tris-HCI, pH 8.0, 1 mM EGTA, 0.5 mM phenylmethylsulfonyl fluoride) on ice.
The homogenate was treated in a water bath at 90°C to 95°C for 3 min and cooled at 4°C, and
then centrifuged at 10,000 x g for 30 min. The supernatant was used for measurement of total
protein concentration and CaM concentration. Total protein concentration was determined
according to the method of Bradford [41] with bovine serum albumin (BSA) as standard. The
CaM concentration was determined by enzyme-linked immunosorbent assay (ELISA) accord-
ing to the protocol recommended by the manufacturer.

Measurement of Ca®*-ATPase activities

Activities of Ca**-ATPase were determined spectrophotometrically by using a kit from the
Nanjing Jiancheng Bioengineering Institute according to the protocol recommended by the
manufacturer.

DNA-fragmentation assay

DNA was extracted with the DNA purification kit (Beyotime, C0008) and DNA fragmentation
pattern was assessed by conventional agarose gel electrophoresis. Briefly, at the indicated time
points after treatments, 20 mg of the sample was collected. The eluates containing DNA were
loaded for electrophoresis on a 1.5% agarose gel at 100 V for 1 h. Gels were stained with
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ethidium bromide. Pictures of DNA bands were visualized and captured by ultraviolet gel doc-
umentation system.

Ultramicrostructure observation using transmission electron microscopy

After Cd exposure, three to five tissue pieces from the middle of gill lamellae (approximately 1
to 2 mm?) were cut and then stored in glutaraldehyde. After fixation, tissues were rinsed twice
in the buffer immediately, post-fixed in 1% osmium tetroxide, dehydrated in a graded ethanol
series and embedded in thin viscosity resin. Ultrathin sections were cut with an ultramicrotome
(Leica UC-6), stained with uranyl acetate and lead citrate, and examined using a transmission
electron microscope (JEM-1011) at an accelerating voltage of 80 kV.

Caspase activity assay

Assays for caspase-3, -8 and -9 activities were performed using Caspase Activity Assay kits
(Beyotime, C1115, C1151, and C1157). Approximately 30 mg of frozen gill segments were
homogenized in 300 pl of lysis buffer and centrifuged at 15,000 g for 20 min (4°C). The super-
natant was immediately used for caspase activity assays. Caspase activity was measured
through cleavage of colorless substrates Ac-DEVD-pNA, Ac-IETD-pNA and Ac-LEHD-pNA
for caspase-3, caspase-8 and caspase-9 respectively. An increase in absorbance at 405 nm was
used to quantify enzyme activity. Caspases-3, 8 and 9 activities were calculated using a standard
curve. One unit is the amount of enzyme that can produce 1.0 nmol of the colorimetric sub-
strate pNA per hour at 37°C under saturated substrate concentrations.

Statistical analysis

Data were expressed as mean + SE. Statistical analyses were performed using SPSS 17.0 com-
puter software package. Differences among groups were examined by one-way analysis of vari-
ance (ANOVA). The post hoc least significant difference (LSD) test was performed for inter-
group comparisons. Values of p < 0.05 were considered to be statistically significant.

Results
Cadmium induced apoptosis in gill cells

In order to investigate the cytotoxicity of Cd and effects of Cd on apoptosis in the gill epithelial
cells, crabs were exposed to 58 mgeL' CdCl, for 48 h. There are a large number of organelles
in the control epithelial cell (Fig 1Aa). Organelles were reduced, and the phenomenon of vacu-
oles was obvious in the Cd-treated cell (Fig 1Ab), indicating that cell damage were serious after
48 h of exposure to Cd. Ultramicrostructure of the epithelial cells showed that the control
nuclei were normal and heterochromatin was uniformly distributed and adherent to the con-
tinuous and intact nuclear envelope (Fig 1Aa). Contrast with the control group, Cd led to the
shrinkage of nucleus and chromatin condensation (Fig 1Ab). DNA fragmentation ladder was
found in the Cd-treated gill cells (Fig 1B). Fig 1C showed that caspase-3, -8 and -9 were acti-
vated in the gill cells from the exposed crabs to Cd for 48 h. These results indicated that Cd is
able to induce apoptosis in gill, which was consistent with our previous findings [10].

Cadmium increased the level of intracellular [Ca®*]

To investigate whether the Cd-induced apoptosis is associated with [Ca®*], we first determined
the [Ca®"] level using the Ca®* indicator Fluo-3/AM. Cells from untreated crab gill were loaded
with Fluo-3/AM, and then treated with 5.8 mgsL™" CdCl,, and observed by laser confocal
microscope (LSCM). A time-course study on intracellular [Ca**] level alteration was
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performed with Cd treatment for 0 to 60 min. As shown in Fig 2, compared with the baseline
level of [Ca**] in control cells, intracellular [Ca®*] level in Cd-treated cells for 20 min started to
increase significantly and reached its peak at 35 min. The [Ca®*]i at 60 min was similar to that
of control cells.

The change in CaM content by Cadmium-induction

Cd treatment led to the changes of [Ca®"]i in gill cells of S.henanense. To investigate the effects
of Cd on CaM, the CaM content in the Cd signaling were measured using ELISA method. As
shown in Fig 3A, in the control group, there were no significant changes in the content of CaM

30 r OControl  [OCd treatment
25 F

%

1.5 *

Increased fold
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Caspase-8 Caspase-9 Caspase-3
Caspase activity

Fig 1. Cd induced apoptosis in gill cells of freshwater crab S. henanense. Crabs were treated with 58 mgeL"' CdCl, for 48 h and cell apoptosis was
assessed. (A) The effects of Cd on the morphology of nuclei. (a) (x8000) normal nuclei in untreated control group. (b) (x8000) abnormal nuclei with apoptotic
characteristics in the Cd-treated group. (B) DNA fragmentation characteristics of gill cells by Cd. Mr: DNA marker, Con: control (untreated gill cells), Cd: Cd-
treated gill cells. (C) The effects of Cd on the activities of caspases-3, -8 and -9. The mean expression in each treated group is shown as a fold increase
compared to the mean expression in the control, which had been ascribed an arbitrary value of 1. *P<0.05, **P<0.01 difference vs. control group.

doi:10.1371/journal.pone.0144392.g001
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Fig 2. Effects of acute Cd exposure on [Ca?*]i in gill cells of S. henanense. Cells were loaded with 5 uM
Fluo-3/AM for 30 min at 37°C in the dark, then treated with 5.8 mg-L‘1 CdCl, for the different times, followed
by the images recording under a laser confocal microscope (LSM 510 META, Leica, Bensheim, Germany).

doi:10.1371/journal.pone.0144392.9002

in gill cells. However, Cd treatment caused clear increase in the content of CaM. The content of
CaM significantly increased within 12 h of Cd treatment, reached a maximum at 24 h, and
then the increase trend started to drop.

Cadmium increased the Ca®*-ATPase activity

As shown in Fig 3B, the activity of Ca**-ATPase was determined over an experimental period
of 96 h. During this period, the activity of the control varied only slightly around their means.
In the presence of Cd the activity of Ca**-ATPase was obviously increased within 12 h. After
48 h of treatment with Cd, Ca**-ATPase activity reached maximum values, being 2-, 2.1- and
2.1- folds, respectively, higher than those in the controls for 14.5, 29 and 58 mgeL ™' Cd treat-
ment group. And the activity of Ca**-ATPase decrease after 72 h of Cd treatment.

Effects of Ca®* inhibitor on Cadmium-induced DNA fragmentation

Cd could lead to the increase of [Ca**] and induce apoptosis in gill cells. We proposed that the
change of [Ca®"] is involved in the Cd-induced cytotoxicity. To establish a link between Ca®" and
apoptosis in Cd signaling, crabs were treated with Ca** inhibitor (EGTA) for 4 h prior to Cd
treatment. As shown in Fig 4, acute Cd exposure resulted in DNA apoptotic fragmentation in gill
cells of S. henanense. Pretreatment of Ca** inhibitor blocked the DNA fragmentation, indicating
that Cd-elevated [Ca®*] is required for the apoptotic DNA fragmentation induced by Cd.
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Effect of pretreatment with Ca®* inhibitor on ultrastructure in gill cells

To further test the effects of Cd on apoptosis in gill cells and regulation of Ca** signaling on
Cd-induced apoptosis, ultrastructure of gill cells were analyzed using transmission electron
microscopy (Fig 5). These results revealed that the nuclei of control epithelial cells were normal
and heterochromatin was uniformly distributed (Fig 5A). In the presence of Cd, typical apo-
ptotic characteristics in nuclei of gill cells were observed, such as chromatin condensation and
irregular nuclei with fingerlike buds (Fig 5B). In the EGTA alone treatment group, morpholo-
gies of gill cells and nuclei were normal without apoptotic features (Fig 5C). In EGTA plus Cd
group (Fig 5D), the characteristics of apoptotic features were also not observed in the cells.
Thus, pretreatment of Ca®" inhibitor inhibited Cd-induced apoptosis of gill cells.

Effect of pretreatment with Ca®* inhibitor on caspase-3/8/9 activities

Treatment with Cd also led to significant increase in the activities of caspases-3, -8 and -9 in
the gill of S. henanense compared with the control (Fig 6). Pretreatment with EGTA blocked
the Cd-induced increase in the activities of these caspase enzymes (Fig 6).
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Fig 3. Effects of Cd exposure on CaM content and Ca?*-ATPase activity in gill cells. Results are
presented as mean + SE; n = 3. *P<0.05, **P<0.01 difference vs. control group.

doi:10.1371/journal.pone.0144392.g003
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Con Cd E E+Cd

Fig 4. Effects of pretreatment with EGTA on DNA fragmentation induced by Cd. DNA fragmentation was
assayed in agarose gel electrophoresis. Crabs were pretreated with or without 5 mM EGTA for 4 h, and then
exposed to 58 mgeL"" Cd for 48 h. The letters on the lanes represent: Con = H,0 (4 h) + H,O (48 h); Cd = H,0O
(4 h) + 58 mgeL"" CdCl, (48 h); E =5 mM EGTA (4 h) + H,O (48 h); and, E + Cd =5 mM EGTA (4 h) + 58
mgeL ™! CdCl, (48 h).

doi:10.1371/journal.pone.0144392.g004

Fig 5. Effects of EGTA pretreatment on Cd-induced morphological variation of epithelial cells in the
gill. (A) (x10000) normal epithelial cell with nucleus and a large of cytoplasmic organelles. (B) (x10000)
apoptotic epithelial cell induced by 58 mgeL™' CdCl, with apoptotic characteristics, such as chromatin
condensation and extremely irregular nuclear membrane in nucleus. (C) (x8000) epithelial cell treated by
5 mM EGTA alone; (D) (x6000) epithelial cell treated by 5 mM EGTA for 4 h, then exposed to Cd for 48
without apoptotic characteristics.

doi:10.1371/journal.pone.0144392.9g005
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Fig 6. Effects of pretreatment with EGTA on the activities of caspase enzymes in the gill of crabs
exposed to acute Cd treatment. The mean expression in each treated group is shown as a fold increase
compared to the mean expression in the control, which had been ascribed an arbitrary value of 1. Using one-
way analysis of variance and on comparing with the control, significance is shown by *P<0.05, **P<0.01; on
comparing with Cd treatment group, *P<0.05, #P<0.01.

doi:10.1371/journal.pone.0144392.g006

Discussion

Exposure of cells to Cd can evoke a number of cellular responses to protect the cell from the
metal-induced cytotoxicity. The primary protective mechanism is by sulthydryl compounds
such as glutathione and metallothionein, which can decrease the intracellular free Cd ions by
sulthydryl reaction [1,35,42,43]. The second mechanism is the activation of DNA repair
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proteins such as heat shock proteins (HSP), protein disulfide isomerase (PDI) and DNA glyco-
sylase [44-46]. Ultimately, when the damage caused by Cd ions exceeds the capacity of cell to
repair such damage, the cell can activate signaling pathways to initiate apoptosis, which is believed
to limit the damage locally to prevent injury spreading in organisms. Ca®" is an important signal
in the regulation of various cell functions such as fertilization, proliferation, development, learning
and memory, contraction and secretion [17,47,48]. The [Ca**]iis tightly controlled in all eukary-
otic cells. Typically, [Ca®*] in the cytosol is within the range 0.05-0.5 uM and is 1-10uM in the
extracellular fluid [49]. On chemical stimulation, the intracellular [Ca®'] increases by one to two
orders of magnitude either as a result of Ca®* influx across the cell membrane, or through the
release of Ca** from intracellular stores, or both [50]. In the mesangial cells, Cd treatment led

to an increase in [Ca®*]i, which resulted from the release of Ca®* from ER in 0.5 to 8.5 h [51]. Sim-
ilar results were obtained in macrophages exposed to Cd, although the increase of [Ca®*]i was
detected in shorter time range (300 s) [23]. Chen et al. [7] and Xu et al. [26] have found that Cd
(0-20 puM) elevated [Ca**]ilevel in PC12 and SH-SY5Y cells as well as primary murine neurons
in a concentration- and time-dependent manner, which lasted for 24 h. Liu et al. [52] reported
that Cd caused the rapid elevation of [Ca**]i, which occurred as early as 0.5 h following treatment
with Cd (100 uM), and cell apoptosis in thyroid cancer cells. In the present study, we found that
Cd exposure altered the balance of intracellular Ca*" and resulted in the increase of [Ca*']i,
which is consistent with the observations by Kim and Sharma [25] who demonstrated that low
concentration Cd (i.e., 20 uM) caused a low-amplitude [Ca**]i elevation and high concentration
Cd (i.e., 500uM) resulted in rapid and high-amplitude [Ca**]i elevation. We treated the gill cells
of crab with 5.8 mg-L'1 Cd (ie., 51.6 uM) and found that [Ca**] started to increase within 20 min
and the increase started to drop after 40 min (Fig 2).

Many proteins cannot bind calcium themselves and have to use intracellular Ca**-binding
proteins as a calcium sensor and signal transducer to modulate cellular processes [26]. CaM is
a highly conserved Ca®*-binding protein in eukaryotic cells containing the EF-hand structural
motif, which functions as cofactors in different Ca**-dependent processes. CaM itself has no
catalytic activity but, upon Ca** binding, it activates numerous target proteins involved in a
variety of cellular processes including apoptosis [53,54]. These Ca**/CaM stimulated proteins
include various Ser/The protein kinases, protein phosphatase calcineurin, nitric oxide
synthases, ion transporters and cytoskeletal proteins. Cd is reported that may induce [Ca**]i
elevation, and Cd-elevated [Ca®*]i activates MAPK and CaMKII, which are activated in the
presence of Ca®* and CaM [7]. The NFAT (nuclear factor of activated T cells) proteins are at
the heart of Ca** signal transduction in cells [55]. Ca”" binds to calcineurin as well as to CaM
to activate the phosphatase activity of calcineurin. Calcineurin dephosphorylates multiple
phosphoserines on NFAT, leading to its nuclear translocation and activation. In most cases,
NFAT-dependent transcription requires that the Ca®* signaling be coincident with MAP
kinase signaling [56]. NFAT have been shown to play roles in apoptosis regulation both in
immune and nonimmune cells [57]. Alvarez et al. [58] reported that nuclear translocation of
NFAT through activation of calcineurin after TNF-a treatment leads to increased apoptosis in
neuroblastoma cells. Many, and possibly most, Ca**-induced genes are regulated by the tran-
scription factor CREB (cyclic AMP response element—binding protein) [59]. CREB appears to
be a primary transcriptional activator of the anti-apoptotic gene, bcl-2 [60]. Inhibition of
CREB activity induces apoptosis. CREB protein is a target for caspases, which is cleaved by cas-
pases during neural cell apoptosis [61]. The destruction of CREB eliminates a key factor that
could reverse apoptosis. CaMK4 regulates cell apoptosis and proliferation in part via CREB
activation in B-cells [62]. Many studies have shown that CaM is activated by metal ions
[63,64]. Silencing CaM remarkably inhibited Cd-induced phosphorylation of MAPK and Akt/
mTOR pathways and cell death in PC12 cells [26]. We investigated the effect of Cd on CaM
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content in the present study. The data showed that Cd increased the CaM content of gill in S.
henanense, indicating that Ca>* and CaM are regulated by Cd (Fig 3A).

The recovery of basal [Ca®*] after treatments is carried out by energy-consuming Ca>*-
ATPases and Na*/Ca®"-exchange mechanisms [65]. Ca®"-ATPase is the one situated in the
plasma membrane and intracellular membranes of erythrocytes, which had high affinity for
Ca* [66]. The Ca*"-activated ATPase is normally considered to be a "defense system" that re-
establish basal [Ca®'] after a Ca®* signaling event. Ca**-pumps might also contribute to the
generation/modulation of Ca®" signals [67]. In this study we found that Cd elicited a transit
increase in cytosolic [Ca*"] (Fig 2), along with which was the increase of Ca’"-ATPase activity
(Fig 3B). This indicates that the increased enzymatic activity may be used to pump out exces-
sive Ca>" in the cytosol [37]. In the later stages of Cd treatment, Ca®*-ATPase activity had no
significant change compared with the control in crabs (Fig 3B), indicating that [Ca®*] is not
activated at the late time.

Cd can mediate a wide variety of cytotoxic and metabolic effects, such as altering the activi-
ties of various enzymes, interfering with the normal protective actions of essential metals,
inducing oxidative stress, inhibiting mitochondrial ATP production, and altering gene expres-
sion that may trigger cell death by either apoptosis or necrosis [68]. Cd led to cells apoptosis in
the gill, hepatopancreas and testes of S. henanense [1,37,38] and changed the Ca*"-ATPase
activity [37,69]. H,O, production is involved in the Cd-induced cell apoptosis [10]. However,
the role of Ca>* signal in the apoptosis pathway is still unknown. In the present study, we
found that Cd induced a rapid and transient, but significant, cytosolic [Ca®*] elevation, fol-
lowed by apoptosis in gill cells of the crabs. The Ca** inhibitor, EGTA, could completely antag-
onize the apoptotic action of the metal, through the inhibition of activation of caspases-3, -8
and -9 and preventing DNA fragmentation. The result demonstrates that removal of Ca**
from medium (by chelator EGTA) protects cells from apoptosis induced by Cd. This finding is
in keeping with the results by other researchers [7,25,26,70], which demonstrate that Cd can
induce [Ca®*] elevation leading to cell apoptosis in J774A.1 (murine macrophages), PC12 (rat
pheochromocytoma) and SH-SY5Y (human neuroblastoma) cell lines, and mouse thymocytes.
Calcium ions are the most powerful inductors and mediators of cell death. Ca** signal is
involved in the regulation of cell apoptosis induced by Cd in S. henanense. However, Ca**
cross-talks with a variety of signaling pathways and the integrative function of the Ca*" signal-
ing in apoptosis requires further investigations.

Conclusion

Our results showed that acute Cd exposure increased [Ca**]i level and Ca®*-ATPase activity as
well as the protein concentration of CaM, which is followed by gill cell apoptosis which was evi-
denced by activation of caspases- 3, -8 and -9, apoptotic DNA fragmentation, and apoptotic
ultrastructure morphology. All the apoptotic features in the gill cells induced by Cd were inhib-
ited by pretreatment of the animals with Ca** chelator EGTA. Thus, it is indicated that Cd elic-
its gill cell apoptosis through Ca** signal transduction pathway in the animal model.

Acknowledgments
We thank Prof. Shao Chin Lee and Dr. Shuzhen Liu for language edit of the manuscript.

Author Contributions

Conceived and designed the experiments: JW LW NL QW. Performed the experiments: JW PZ
NL QW JL. Analyzed the data: JW PZ NL QW. Contributed reagents/materials/analysis tools:
JW LW PZ NL QW JL. Wrote the paper: JW LW NL QW.

PLOS ONE | DOI:10.1371/journal.pone.0144392 December 29, 2015 11/14



@’PLOS ‘ ONE

The Role of Calcium Signal in Cadmium-Induced Apoptosis in Gill Cells

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

23.

Wang JX, Zhang PP, Shen QQ, Wang Q, Liu DM, Li J, et al. The effects of cadmium exposure on the
oxidative state and cell death in the gill of freshwater crab Sinopotamon henanense. PLoS ONE 2013;
8: €64020. doi: 10.1371/journal.pone.0064020 PMID: 23737962

Xu CY, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and death decisions. J. Clin.
Invest. 2013; 115: 2656—2664.

Wu H, Xuan R, Li Y, Zhang X, Jing W, Wang L. Biochemical, histological and ultrastructural alterations
of the alimentary system in the freshwater crab Sinopotamon henanense subchronically exposed to
cadmium. Ecotoxicology 2014; 23: 65—75. doi: 10.1007/s10646-013-1152-z PMID: 24276410

Xuan RJ, Wu H, Li YJ, Wang JX, Wang L. Sublethal Cd-induced cellular damage and metabolic changes
in the freshwater crab Sinopotamon henanense. Environ. Sci. Pollut. Res. 2014; 21: 1738-1745.

Proskuryakov SY, Konoplyannikov AG, Gabaib VL. Necrosis: a specific form of programmed cell
death? Experimental Cell Reasearch 2003; 283: 1-16.

Hockenberry D. Defining apoptosis. Am. J. Pathol. 1995; 146: 16—19. PMID: 7856725

Chen SJ, Xu YJ, Xu BS, Guo M, Zhang Z, Liu L, et al. CaMKlIl is involved in cadmium activation of
MAPK and mTOR pathways leading to neuronal cell death. J. Neurochem. 2011; 119: 1108-1118. doi:
10.1111/j.1471-4159.2011.07493.x PMID: 21933187

Kim MS, Kim BJ, Woo HN, Kim KW, Kim KB, Kim IK, et al. Cadmium induces caspase-mediated cell
death: suppression by Bcl-2. Toxicology 2000; 145:27-37. PMID: 10771129

Waétjen W, Haase H, Biagioli M, Beyersmann D. Induction of apoptosis in mammalian cells by cadmium
and zinc. Environ. Health Perspect. 2002; 110: 865-867.

Wang J, Wang Q, LiJ, Shen Q, Wang F, Wang L. Cadmium induces hydrogen peroxide production and
initiates hydrogen peroxide-dependent apoptosis in the gill of freshwater crab, Sinopotamon hena-
nense. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2012; 156: 195-201. doi: 10.1016/j.cbpc.
2012.05.006 PMID: 22692000

Bertin B, Averbeck-Biochimie D. Cadmium: cellular effects, modifications of biomolecules, modulation
of DNA repair and genotoxic consequences. Biochimie 2006; 88: 1549—1559. PMID: 17070979

Szuster-Ciesielska A, Stachura A, Stotwiniska M, Kaminiska T, Sniezko R, Paduch R, et al. The inhibi-
tory effect of zinc on cadmium-induced cell apoptosis and reactive oxygen species (ROS) production in
cell cultures. Toxicology 2000; 145: 159—171. PMID: 10771141

Kondoh M, Araragi S, Sato K, Higashimoto M, Takiguchi M, et al. Cadmium induces apoptosis partly
via caspase-9 activation in HL-60 cells. Toxicology 2002; 170: 111-117. PMID: 11750088

Oh SH, Lee BH, Lim SC. Cadmium induces apoptotic cell death in WI 38 cells via caspase-dependent
Bid cleavage and calpain-mediated mitochondrial Bax cleavage by Bcl-2-independent pathway. Bio-
chem. Pharmacol. 2004; 68: 1845-1855. PMID: 15450950

Templeton DM, Liu Y. Multiple roles of cadmium in cell death and survival. Chem. Biol. Interact. 2010;
188:267-275. doi: 10.1016/j.cbi.2010.03.040 PMID: 20347726

Andosch A, Affenzeller MJ, Ltz C, Litz-Meindl U. A freshwater green alga under cadmium stress:
ameliorating calcium effects on ultrastructure and photosynthesis in the unicellular model Micrasterias.
J. Plant Physiol. 2012; 169: 1489-1500. doi: 10.1016/j.jplph.2012.06.002 PMID: 22762790

Berridge MJ, Lipp P, Bootman MD. The versatility and universality of calcium signaling. Nat. Rev. Mol.
Cell Bio. 2000; 1:11-21.

Liu'Y, Templeton DM. Cadmium activates CaMK-Il and initiates CaMK-Il-dependent apoptosis in
mesangial cells. FEBS Lett. 2007; 581: 1481-1486. PMID: 17367784

Demaurex N, Distelhorst C. Apoptosis—the calcium connection. Science 2003; 300: 65—-67. PMID:
12677047

Hajnéczky G, Davies E, Madesh M. Calcium signaling and apoptosis. Biochem. Bioph. Res. Co. 2003;
304: 445-454.

Lemarié A, Lagadic-Gossmann D, Morzadec C, Allain N, Fardel O, Vernhet L. Cadmium induces cas-
pase-independent apoptosis in liver Hep3B cells: role for calcium in signaling oxidative stress-related
impairment of mitochondria and relocation of endonuclease G and apoptosis-inducing factor. Free
Radic. Biol. Med. 2004; 36: 1517—1531. PMID: 15182854

Rizzuto R, Marchi S, Bonora M, Aguiari P, Bononi A, De Stefani D, et al. Ca (2+) transfer from the ER to
mitochondria: when, how and why. Biochim. Biophys. Acta 2009; 1787: 1342—1351. doi: 10.1016/j.
bbabio.2009.03.015 PMID: 19341702

Misra UK, Gawdi G, Akabani G, Pizzo SV. Cadmium-induced DNA synthesis and cell proliferation in
macrophages: the role of intracellular calcium and signal transduction mechanisms. Cell. Signal. 2002;
14: 327-340. PMID: 11858940

PLOS ONE | DOI:10.1371/journal.pone.0144392 December 29, 2015 12/14


http://dx.doi.org/10.1371/journal.pone.0064020
http://www.ncbi.nlm.nih.gov/pubmed/23737962
http://dx.doi.org/10.1007/s10646-013-1152-z
http://www.ncbi.nlm.nih.gov/pubmed/24276410
http://www.ncbi.nlm.nih.gov/pubmed/7856725
http://dx.doi.org/10.1111/j.1471-4159.2011.07493.x
http://www.ncbi.nlm.nih.gov/pubmed/21933187
http://www.ncbi.nlm.nih.gov/pubmed/10771129
http://dx.doi.org/10.1016/j.cbpc.2012.05.006
http://dx.doi.org/10.1016/j.cbpc.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22692000
http://www.ncbi.nlm.nih.gov/pubmed/17070979
http://www.ncbi.nlm.nih.gov/pubmed/10771141
http://www.ncbi.nlm.nih.gov/pubmed/11750088
http://www.ncbi.nlm.nih.gov/pubmed/15450950
http://dx.doi.org/10.1016/j.cbi.2010.03.040
http://www.ncbi.nlm.nih.gov/pubmed/20347726
http://dx.doi.org/10.1016/j.jplph.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22762790
http://www.ncbi.nlm.nih.gov/pubmed/17367784
http://www.ncbi.nlm.nih.gov/pubmed/12677047
http://www.ncbi.nlm.nih.gov/pubmed/15182854
http://dx.doi.org/10.1016/j.bbabio.2009.03.015
http://dx.doi.org/10.1016/j.bbabio.2009.03.015
http://www.ncbi.nlm.nih.gov/pubmed/19341702
http://www.ncbi.nlm.nih.gov/pubmed/11858940

@’PLOS ‘ ONE

The Role of Calcium Signal in Cadmium-Induced Apoptosis in Gill Cells

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

Yeh JH, Huang CC, Yeh MY, Wang JS, Lee JK, Jan CR. Cadmium-induced cytosolic Ca2+ elevation
and subsequent apoptosis in renal tubular cells. Basic Clin. Pharmacol. Toxicol. 2009; 104: 345-351.
doi: 10.1111/j.1742-7843.2009.00391.x PMID: 19413654

Kim J, Sharma RP. Calcium-mediated activation of c-Jun NH2-Terminal Kinase (JNK) and apoptosis in
response to cadmium in murine macrophages. Toxicol. Sci. 2004; 81: 518-527. PMID: 15254339

XuBS, Chen SJ, Luo Y, Chen Z, Liu L, Zhou H, et al. Calcium signaling is involved in cadmium-induced
neuronal apoptosis via induction of reactive oxygen species and activation of MAPK/mTOR network.
PLoS ONE 2011; 6: €19052. doi: 10.1371/journal.pone.0019052 PMID: 21544200

Giorgi C, Romagnoli A, Pinton P, Rizzuto R. Ca®* signaling, mitochondria and cell death. Curr. Mol.
Med.2008; 8: 119-130. PMID: 18336292

Hajnéczky G, Csordas G, Das S, Garcia-Perez C, Saotome M, Sinha Roy S, et al. Mitochondrial cal-
cium signalling and cell death: Approaches for assessing the role of mitochondrial Ca2+ uptake in apo-
ptosis. Cell Calcium 2006; 40: 553-560. PMID: 17074387

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, et al. Cytochrome ¢ and dATP-
dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell 1997;
91: 479-489. PMID: 9390557

Risso-de Faverney C, Orsini N, de Sousa G, Rahmani R. Cadmium-induced apoptosis through the
mitochondrial pathway in rainbow trout hepatocytes: involvement of oxidative s tress. Aquat. Toxicol.
2004; 69: 247-258. PMID: 15276330

Finn BE, Forsén S. The evolving model of calmodulin structure, funtion and activiation. Structure 1995;
3:7-11. PMID: 7743133

Biagioli M, Pifferi S, Ragghianti M, Bucci S, Rizzuto R, Pinton P. Endoplasmic reticulum stress and
alteration in calcium homeostasis are involved in cadmium-induced apoptosis. Cell Calcium 2008; 43:
184-195. PMID: 17588656

Wang SH, Shih YL, Ko WC, Wei YH, Shih CM. Cadmium-induced autophagy and apoptosis are medi-
ated by a calcium signaling pathway. Cell. Mol. Life Sci. 2008; 65: 3640—-3652. doi: 10.1007/s00018-
008-8383-9 PMID: 18850067

Ma W, Wang L, He Y, Yan Y. Tissue-specific cadmium and metallothionein levels in freshwater crab
Sinopotamon henanense during acute exposure to waterborne cadmium. Environ. Toxicol. 2008; 23:
393-400. doi: 10.1002/tox.20339 PMID: 18214890

Wang L, Yan B, Liu N, Li YQ, Wang Q. Effects of cadmium on glutathione synthesis in hepatopancreas
of freshwater crab, Sinopamon yangtsekiense. Chemosphere 2008; 74: 51-56. doi: 10.1016/j.
chemosphere.2008.09.025 PMID: 18952253

Qin Q, Qin SJ, Wang L, Lei WW. Immune responses and ultrastructural changes of hemocytes in fresh-
water crab Sinopotamon henanense exposed to elevated cadmium. Aquat. Toxicol. 2012; 106-107:
140-146. doi: 10.1016/j.aquatox.2011.08.013 PMID: 22155426

Liu DM, Yan B, Yang J, Lei WW, Wang L. Mitochondrial pathway of apoptosis in the hepatopancreas of
the freshwater crab Sinopotamon yangtsekiense exposed to cadmium. Aquat. Toxicol. 2011; 105:
394-402. doi: 10.1016/j.aquatox.2011.07.013 PMID: 21831345

Wang L, Xu T, Lei WW, Liu DM, Li YJ, Xuan RJ, et al. Cadmium-induced oxidative stress and apoptotic
changes in the testis of freshwater crab, Sinopotamon henanense. PLoS ONE 2011; 6: e27853. doi:
10.1371/journal.pone.0027853 PMID: 22132153

Liu JS, Liu Y, Chin YC. Preparation and assay of calmodulin. Acta Academiae Medicinae Sinicae 1985;
7:453-458. PMID: 3011297

Hu XL, Jiang MY, Zhang JH, Zhang AY, Lin F, Tan M. Calcium-calmodulin is required for abscisic acid-
induced antioxidant defense and functions both upstream and downstream of H,O, production in
leaves of maize (Zea mays) plant. New Phytol. 2007; 173: 27-38. PMID: 17176391

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal. Biochem. 1976; 72: 248-254. PMID: 942051

Park JD, Liu Y, Klaassen CD. Protective effect of metallothionein against the toxicity of cadmium and
other metals. Toxicology 2001; 163: 93—100. PMID: 11516518

Ishido M, Ohtsubo R, Adachi T, Kunimoto M. Attenuation of both apoptotic and necrotic actions of cad-
mium by Bcl-2. Environ. Health Persp. 2002; 110: 37-42.

Sancar A, Lindsey-Boltz LA, Unsal-Kagmaz K, Linn S. Molecular mechanisms of mammalian DNA
repair and the DNA damage checkpoints. Annu. Rev. Biochem. 2004; 73: 39-85. PMID: 15189136

Giaginis C, Gatzidou E, Theocharis S. DNA repair systems as targets of cadmium toxicity. Toxicol.
Appl. Pharma. 2006; 213: 282-290.

PLOS ONE | DOI:10.1371/journal.pone.0144392 December 29, 2015 13/14


http://dx.doi.org/10.1111/j.1742-7843.2009.00391.x
http://www.ncbi.nlm.nih.gov/pubmed/19413654
http://www.ncbi.nlm.nih.gov/pubmed/15254339
http://dx.doi.org/10.1371/journal.pone.0019052
http://www.ncbi.nlm.nih.gov/pubmed/21544200
http://www.ncbi.nlm.nih.gov/pubmed/18336292
http://www.ncbi.nlm.nih.gov/pubmed/17074387
http://www.ncbi.nlm.nih.gov/pubmed/9390557
http://www.ncbi.nlm.nih.gov/pubmed/15276330
http://www.ncbi.nlm.nih.gov/pubmed/7743133
http://www.ncbi.nlm.nih.gov/pubmed/17588656
http://dx.doi.org/10.1007/s00018-008-8383-9
http://dx.doi.org/10.1007/s00018-008-8383-9
http://www.ncbi.nlm.nih.gov/pubmed/18850067
http://dx.doi.org/10.1002/tox.20339
http://www.ncbi.nlm.nih.gov/pubmed/18214890
http://dx.doi.org/10.1016/j.chemosphere.2008.09.025
http://dx.doi.org/10.1016/j.chemosphere.2008.09.025
http://www.ncbi.nlm.nih.gov/pubmed/18952253
http://dx.doi.org/10.1016/j.aquatox.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/22155426
http://dx.doi.org/10.1016/j.aquatox.2011.07.013
http://www.ncbi.nlm.nih.gov/pubmed/21831345
http://dx.doi.org/10.1371/journal.pone.0027853
http://www.ncbi.nlm.nih.gov/pubmed/22132153
http://www.ncbi.nlm.nih.gov/pubmed/3011297
http://www.ncbi.nlm.nih.gov/pubmed/17176391
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/11516518
http://www.ncbi.nlm.nih.gov/pubmed/15189136

@’PLOS ‘ ONE

The Role of Calcium Signal in Cadmium-Induced Apoptosis in Gill Cells

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Yang QL, Yao CL, Wang ZY. Acute temperature and cadmium stress response characterization of
small heat shock protein 27 in large yellow croaker, Larimichthys crocea. Comp. Biochem. Physiol. C
Toxicol. Pharmacol. 2012; 155: 190-197. doi: 10.1016/j.cbpc.2011.08.003 PMID: 21867773

Uchida K, Miyauchi H, Furuichi T, Michikawa T, Mikoshiba K. Critical regions for activation gating of the
inositol 1,4,5-trisphosphate receptor. J. Biol. Chem. 2003; 278: 16551-16560. PMID: 12621039

Petersen OH, Michalak M, Verkhratsky A. Calcium signalling: past, present and future. Cell Calcium
2005; 38:161-169. PMID: 16076488

Clapham DE. Calcium signaling. Cell 2007; 131: 1047—1058. PMID: 18083096

Reuter H. Calcium channel modulation by neurotransmitters, enzymes and drugs. Nature 1983; 31:
569-574.

Wang SH, Shih YL, Lee CC, Chen WL, Lin CJ, Lin YS, et al. The role of endoplasmic reticulum in cad-
mium-induced mesangial cell apoptosis. Chem. Biol. Interact. 2009; 181:45-51. doi: 10.1016/j.cbi.
2009.05.004 PMID: 19442655

Liu ZM, Chen GG, Vlantis AC, Tse GM, Shum CKY, van Hasselt CA. Calcium-mediated activation of
PI3K and p53 leads to apoptosis in thyroid carcinoma cells. Cell. Mol. Life Sci. 2007; 64: 1428-1436.
PMID: 17514353

Chin D, Means AR. Calmodulin: a prototypical calcium sensor. Trends Cell Biol. 2000; 10: 322—-328.
PMID: 10884684

Yap KL, Kim J, Truong K, Sherman M, Yuan T, Ikura M. Calmodulin target database. J. Struct. Funct.
Genomics 2000; 1: 8-14. PMID: 12836676

Buchholz M, Ellenrieder V. An emerging role for Ca®*/calcineurin/NFAT signaling in cancerogenesis.
Cell Cycle 2007; 6: 16—19. PMID: 17245111

Crabtree GR, Schreiber SL. SnapShot: Ca®*-calcineurin-NFAT signaling. Cell 2009; 138: 210-210.
e1.doi: 10.1016/j.cell.2009.06.026 PMID: 19596245

Iwai-Kanai E, Hasegawa K. Intracellular signaling pathways for norepinephrine- and endothelin-1-medi-
ated regulation of myocardial cell apoptosis. Mol. Cell Biochem. 2004; 259: 163—-168. PMID: 15124920

Alvarez S, Blanco A, Fresno M, Mufioz-Fermandez Ma. TNF-a contributes to caspase-3 independent
apoptosis in neuroblastoma cells: role of NFAT. PLoS ONE 2011; 6: e16100. doi: 10.1371/journal.
pone.0016100 PMID: 21298033

Impey S, Goodman RH. CREB signaling—timing is everything. Sci. STKE 2001: pe1.

Pugazhenthi S, Nesterova A, Sable C, Heidenreich KA, Boxer LM, Heasley LE, et al. Akt/protein kinase
B up-regulates Bcl-2 expression through cAMP-response element-binding protein. J. Biol. Chem. 2000;
275:10761-10766. PMID: 10753867

Frangois F, Godinho MJ, Grimes ML. CREB is cleaved by caspases during neural cell apoptosis. FEBS
Lett. 2000; 486: 281-284. PMID: 11119719

Liu B, Barbosa-Sampaio H, Jones PM, Persaud SJ, Muller DS. The CaMK4/CREB/IRS-2 cascade
stimulates proliferation and inhibits apoptosis of $-cells. PloS ONE 2012; 7: e45711. doi: 10.1371/
journal.pone.0045711 PMID: 23049845

Suzuki Y, Chao SH, Zysk JR, Cheung WY. Stimulation of calmodulin by cadmium ion. Arch. Toxicol.
1985; 57:205-211. PMID: 2998298

Kursula P, Majava V. A structural insight into lead neurotoxicity and calmodulin activation by heavy met-
als. Acta Crystallogr. 2007; F 63: 653—-656.

Fiekers JF. The contributions of plasma membrane Na*-Ca?*-exchange and the Ca®*-ATPase to the
regulation of cytosolic calcium ([Ca®*]i) in a clonal pituitary cell line (AtT-20) of mouse corticotropes.
Life Sci. 2001; 70: 681-698. PMID: 11833718

MacLennan DH, Rice WJ, Green NM. The mechanism of Ca®* transport by sarco (endo) plasmic reticu-
lum Ca®*-ATPases. J. Biol. Chem. 1997; 272: 28815-28818. PMID: 9360942

Thastrup O. Role of Ca%*-ATPases in regulation of cellular Ca®* signalling, as studied with the selective
microsomal Ca®*-ATPase inhibitor, thapsigargin. Agents and Actions 1990; 29: 1-2.

Lee WK, Abouhamed M, Thévenod F. Caspase-dependent and -independent pathways for cadmium-
induced apoptosis in cultured kidney proximal tubule cells. Am. J. Physiol. Renal Physiol. 2006; 291:
F823-F832. PMID: 16597613

Li RJ, Zhou YY, Wang L, Ren GR. Low-molecular-weight-chitosan ameliorates cadmium-induced toxic-
ity in the fresh water crab, Sinopotamon yangtsekiense. Ecotox. Environ. Safe. 2011; 74: 1164-1170.

Shen HM, Dong SY, Ong CN. Critical role of calcium overloading in cadmium-induced apoptosis in
mouse thymocytes. Toxicol. Appl. Pharma. 2001; 171: 12-19.

PLOS ONE | DOI:10.1371/journal.pone.0144392 December 29, 2015 14/14


http://dx.doi.org/10.1016/j.cbpc.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21867773
http://www.ncbi.nlm.nih.gov/pubmed/12621039
http://www.ncbi.nlm.nih.gov/pubmed/16076488
http://www.ncbi.nlm.nih.gov/pubmed/18083096
http://dx.doi.org/10.1016/j.cbi.2009.05.004
http://dx.doi.org/10.1016/j.cbi.2009.05.004
http://www.ncbi.nlm.nih.gov/pubmed/19442655
http://www.ncbi.nlm.nih.gov/pubmed/17514353
http://www.ncbi.nlm.nih.gov/pubmed/10884684
http://www.ncbi.nlm.nih.gov/pubmed/12836676
http://www.ncbi.nlm.nih.gov/pubmed/17245111
http://dx.doi.org/10.1016/j.cell.2009.06.026
http://www.ncbi.nlm.nih.gov/pubmed/19596245
http://www.ncbi.nlm.nih.gov/pubmed/15124920
http://dx.doi.org/10.1371/journal.pone.0016100
http://dx.doi.org/10.1371/journal.pone.0016100
http://www.ncbi.nlm.nih.gov/pubmed/21298033
http://www.ncbi.nlm.nih.gov/pubmed/10753867
http://www.ncbi.nlm.nih.gov/pubmed/11119719
http://dx.doi.org/10.1371/journal.pone.0045711
http://dx.doi.org/10.1371/journal.pone.0045711
http://www.ncbi.nlm.nih.gov/pubmed/23049845
http://www.ncbi.nlm.nih.gov/pubmed/2998298
http://www.ncbi.nlm.nih.gov/pubmed/11833718
http://www.ncbi.nlm.nih.gov/pubmed/9360942
http://www.ncbi.nlm.nih.gov/pubmed/16597613

