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ABSTRACT

Cadmium is a well-known carcinogen and immunotoxic metal commonly found in
cigarette smoke and industrial effluents. It has been reported that smokers have 4-5 times higher
level of cadmium in blood than non-smokers. Inhalation of cadmium will directly effect on
macrophages in respiratory system without first-pass elimination and be a factor of
immunodepression of smokers. The objectives of the present study are to define the important
signaling mediators in cadmium-induced cell death and growth arrest in murine macrophages.

Cadmium elevated intracellular calcium ([Ca*'];) and reactive oxygen species (ROS) at
early time point of 6 h in J774A.1 murine macrophage cells. Caspase-3 activation at 8 h and
thereafter DNA fragmentation were detected and initiator caspase-8 and -9 were involved to
activate executor caspase-3 in cadmium-induced apoptosis.  Phosphorylation of c¢-Jun
NH2-terminal kinase (JNK) and extracellular signal-related kinase (ERK) were activated and p38
mitogen-activated protein kinase (MAPK) was down-regulated by cadmium.

We show here that [Ca*]; elevation and oxidative stress by cadmium are interrelated each
other. Both Ca?* chelators and antioxidants inhibited cadmium-induced caspase-3 activation,

DNA fragmentation and growth arrest. Chelating intracellular and extracellular Ca?* inhibited



cadmium-induced JNK activation and inhibition of JNK reduced apoptotic response suggesting
elevated [Ca®*]-JNK-caspase-3 signaling pathway leading to apoptosis by cadmium.
Antioxidants decreased cadmium-induced ERK activation and cell death. We found that
cadmium induces ROS-ERK-p21VAPYCIPL signaling pathway leading to G2/M arrest and cell death.
Inhibition of ERK recovered cadmium-induced necrosis but did not show any effect on caspase-3
activation and apoptosis. Activation of ERK was dependent on free Cd**, while JNK and p38
MAPK were not. Chelating Cd** was able to inhibit cadmium-induced necrosis but failed to
recover cadmium-induced apoptosis. Chelating Cd®* was still able to elevate [Ca?*]; and hydrogen
peroxide generation. These results demonstrate that free Cd”* plays an important role in
ERK-necrosis signaling. Altered [Ca?*]; level or redox system by cadmium complexes is capable

of initiating toxic action leading to apoptosis, mitochondrial impairment and growth arrest.

INDEX WORDS: Cd**, Ca**, ROS, JNK, ERK, p38 MAPK, caspase-3, apoptosis, necrosis,
proliferation, cell cycle arrest, chelation, J774A.1
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CHAPTER 1

INTRODUCTION



Cadmium is a naturally occurring nonessential and toxic heavy metal, which
belongs to transition metal group IIB of the periodic table. The toxicity of cadmium as
an industrial pollutant and a food contaminant, and as one of the major components in
cigarette smoke is well established (Morselt, 1991). Cadmium is known to have a
biological half-life exceeding 20 years and may accumulate in various target organs such
as liver and kidney (Goering et al., 1995). It has been reported that cadmium induces
apoptosis in leukemia and lymphoma cells (Bagchi et al., 2000; el Azzouzi et al., 1994;
Tsangaris et al., 1998), renal epithelial cells (Matsuoka et al., 1995), proximal tubule
cells (Hamada et al., 1997), lung epithelial cells (Hart et al., 1999), liver (Habeebu et al.,
1998), testis (Xu et al., 1996; Zhou et al., 1999), and ventral prostate (Zhou et al., 1999).
However, the mechanism of toxicity and the signal transduction pathways leading to
apoptosis exposed to cadmium have not been clarified.

Cadmium is known to increase lipid peroxidation and to decrease activity of
antioxidant enzymes such as superoxide dismutase, catalase and glutathione peroxidase
(del Carmen et al., 2002). The involvement of reactive oxygen species (ROS) as
intracellular messengers to induce DNA single strand breaks and fragmentation in the
toxicity of cadmium has been proposed (Bagchi et al., 1998; Hassoun et al., 1996). A
number of recent studies also demonstrate that cadmium interacts with the function of
Ca®"-dependent enzymes such as endonuclease and regulatory proteins such as protein
kinase C (PKC) and phospholipase C, thus interfering with the Ca*-signaling pathways
(Lohmann et al., 1993; Long, 1997; Misra et al., 2002). Calcium ions are central to
multiple signal transduction pathways to accomplish a variety of biological functions.

The spatial and temporal regulation of intracellular calcium Ca2+i serves as a
p p g



modulator of pathways involved in learning and memory, fertilization, proliferation and
development (Berridge et al., 2000). Ca”*"-dependent processes by cadmium (< 1 pM)

1 ras

activate p21™-dependent mitogen activated-protein kinases (MAPKs) pathways, and
nuclear factor-kB (NF-«kB)-dependent gene expression, to stimulate proliferation in
peritoneal macrophages (Misra et al., 2002). Further the direct interaction of cadmium
with intracellular molecules, oxidative stress or altered [Ca’']; homeostasis is considered
as initiation of toxic action by cadmium. If cadmium interacts with cell surface receptors
affecting intracellular signals, free Cd*" ion will not be required to enter cells in order to
exert toxic effects (Beyersmann et al., 1997). Cadmium in culture or tissues exists in
several different forms, however, which type of cadmium is responsible for toxicity and
the role of free Cd*" has not been clearly determined.

MAPKSs are a family of Ser/Thr protein kinases that transmit extracellular signals
into the nucleus (Robinson et al., 1997; Schaeffer et al., 1999). Three subfamilies of
MAPKSs including extracellular signal-related kinase (ERK), c-Jun NH,-terminal kinase
(JNK, also known as stress-activated protein kinase) and p38 MAPK have been shown to
participate in a diverse array of cellular functions such as cell growth, cell differentiation
and cell death (Robinson et al., 1997; Schaeffer et al., 1999). However, it is not clear if
cadmium-altered MAPKs activity is interrelated with cell growth and apoptosis.
Cadmium-induced phosphorylation of JNK has been reported in LLC-PK; porcine renal
epithelial cells (Matsuoka et al., 1998), in Rat-1 fibroblasts (Iordanov et al., 1999), and
ERK as well as JNK in rat mesangial cells (Ding et al., 2000). On the other hand, ERK

and p38 MAPK but not JNK were activated in response to cadmium exposure in LMH

chicken hepatoma cells (Elbirt et al., 1998) and 9L rat brain tumor cells (Hung et al.,



1998), suggesting that MAPKs are differentially activated by cadmium exposure
depending on the cell type.

Based on substantial evidence, mostly from in vivo animal models, cadmium is
able to damage both the humoral immune response and cell mediated immunity
(Descotes, 1992). J774A.1 cells are a commonly used murine macrophage cell line
possessing similarities to mature macrophages making them an alternative to primary
cells (Yan et al., 2004). J774A.1 cells originated from BALB/c mouse reticulum cell
sarcoma, and due to the tumor-like property, these cells may be more resistant to
cadmium toxicity. Even though macrophages are considered terminally differentiated,
studies using macrophages on cadmium-induced inhibition of cell cycle progression and
subsequent cell death would be helpful to understand cadmium effect on the immune
system.

The objective of this research comprising in the dissertation is to test the
hypothesis that Cadmium toxicity involves oxidative stress, calcium and MAPKS in
murine macrophages. The following specific aims were attempted to accomplish the
objectives:

1. To investigate the effect of cadmium on cell cycle progression and cell death
via ERK in J774A.1 murine macrophage cells.

2. To evaluate cadmium-mediated calcium signaling in activation of JNK and
caspase-3 in J774A.1 murine macrophage cells.

3. To determine the time frame of ROS generation and apoptosis induced by

cadmium in J774A.1 murine macrophage cells.



4. To examine the role of free versus chelated cadmium in cadmium-induced

cytotoxicity in J774A.1 murin macrophages.
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CHAPTER 2

LITERATURE REVIEW



Cadmium : Occurrence, Exposure and Dose

Cadmium is a naturally occurring metallic element, one of the components of the earth’s
crust. Its presence in the environment results mainly from gradual phenomena such as rock
erosion and abrasion, volcanic eruptions. Cadmium is therefore present everywhere in air, water,
soil and foods. Its existence was revealed in 1817. Unlike most metals, cadmium use began
fairly recently with its large-scale application dating from 1940s, based on its unique chemical
and physical properties (Goering et al., 1995). The most remarkable characteristics of cadmium
are its great resistance to corrosion, its low melting point and excellent electrical conduction.
For these reasons, cadmium is widely used in special alloys, pigments, coatings, and stabilizers
and, above all (almost 70% of its use) in rechargeable nickel-cadmium batteries.

Major occupational exposure occurs in non-ferrous metal smelters, in the production and
processing of cadmium, its alloys and compounds and, increasingly, in the recycling of
electronic waste. Non-occupational exposure is mainly from cigarette smoke, which contains
relatively high concentration of cadmium; for non-smokers who are not occupationally exposed,
diet is the main route of exposure to cadmium (WHO, 1992). Breathing high levels of cadmium
in contaminated air (from battery manufacturing, metal soldering, welding or burning of fossil
fuels or municipal waste) severely damages the lung and can cause death (Andersen et al., 1988;
Manca et al., 1994). Eating contaminated water or foods such as shellfish, liver, and kidney
meats severely irritates the stomach leading to vomiting and diarrhea (Andersen et al., 1988).
Gastrointestinal absorption of cadmium may be influenced by nutritional factors, such as iron
status (Flanagan et al., 1978).

The cadmium concentration in blood generally reflects current exposure, but partly also

lifetime body burden (Jarup et al., 1983). Biological monitoring has shown that cigarette
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smoking may cause significant increases in blood cadmium levels. The concentration on
smokers were average 4-5 times higher than those in non-smokers (Jarup et al., 1998). The
cadmium concentration in urine is manly influenced by the body burden (Jarup, 2003). Smokers
and people living in contaminated areas have higher urinary cadmium concentration, smokers

having about twice as high concentration as non-smokers (Jarup et al., 1998).

Cadmium : Health Effect

In most studies, the half-life in human is estimated to be between 15 and 20 years (Jin et
al., 1998). Long-term exposure to lower levels of cadmium in air, food, or water leads to a
buildup of cadmium in the kidneys and possible kidney disease (Manca et al., 1991; Shaikh et al.,
1999). Animals given cadmium in food or water had high blood pressure, iron-poor blood, liver
disease, and nerve or brain damage (Andersen et al., 1988; Fariss, 1991; Kumar et al., 1996;
Shaikh et al., 1999). Other long-term effects are lung damage and fragile bones (Andersen et al.,
1988; Manca et al., 1994). The classical example of the importance of cadmium as an
environmental contaminant is the outbreak at the Jinzu River in Japan of a severe disease (itai-
itai, ouch-ouch disease) characterized by severe pain, bone fractures, osteomalacia and
osteoporosis, which appeared mainly among women. It seems that the exposure was caused by
the ingestion of cadmium-contaminated rice and water used, originating in a mine slag, in

combination with nutritional factors (Agency for Toxic substances and Disease Registry, 1999).

Cadmium : Cancer

Cadmium is a potent human carcinogen and occupational exposure to it has been
associated with cancers of the lung, the prostate, the pancreas, and the kidney (Waisberg et al.,
2003). Because of its characteristics as a lung carcinogen, the IARC (International Agency for

Research on Cancer and the National Toxicology Program of the USA) has classified cadmium
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as a human carcinogen (group I) on the basis of sufficient evidence in both humans and
experimental animals (IARC, 1993). Cadmium predominantly is a non-genotoxic carcinogen
(Waisberg et al., 2003). It is essentially non-mutagenic in bacterial tests and only weakly
mutagenic in mammalian cells in vitro (IARC, 1993). On the other hand, cadmium compounds
have been proven to be comutagenic in mammalian cell tests when combined with genotoxic
agents, and this property has been explained by the inhibition of DNA repair processes by this
metal (Hartwig et al., 2002; Liu et al., 2000). Non-genotoxic mechanisms up-regulating
intracellular signaling pathways leading to increased mitogenesis are suggested as major

mechanisms for the interpretation of the carcinogenic activity by chronic cadmium exposure.

Cellular Uptake and Distribution

Cadmium uptake occurs by an active transport rather than passive diffusion mechanism
in Chinese Hamster Ovary (CHO) cells. The marked reduction of cadmium uptake by thiol
binding agents indicates the involvement of ~SH groups in the transport of Cd*" ions (Klug et al.,
1988). Cd*" ions are taken up primarily through voltage-gated Ca®" channels in an established
secretory cell line, GH4C1 (Hinkle et al., 1987) and in rat hepatocytes, about a third of the
cadmium enters the cell through the receptor-operated Ca®" channels (Blazka et al., 1991).
Cadmium is accumulated intracellularly due to its binding to cytoplasmic and nuclear material.
Most of toxic effect of cadmium are attributed to the intracellular reactions of the Cd** ion;
However, Cd*" need not enter cells at all in order to exert intracellular effects if it interacted with

cell surface receptors which affect intracellular signals (Beyersmann et al., 1997).
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Cadmium and Reactive Oxygen Species (ROS):

Various studies have shown that cadmium toxicity seems to be crucially mediated by the
production of ROS. In cultured cells, cadmium induces the production of hydroxyl radicals
(O'Brien et al., 1998), superoxide anion, nitric oxide, and hydrogen peroxide (Galan et al., 2001;
Stohs et al., 2001). Cadmium-increased lipid peroxidation was observed in the liver, kidney,
brain, lung, heart, and testes of rat (Manca et al., 1991). Because cadmium is not a Fenton metal,
indirect mechanisms for the generation of free radicals have been proposed.

Short-term exposure to cadmium has been shown to decrease the activities of cellular
antioxidant enzymes in vitro and in vivo (Waisberg et al., 2003). Cadmium can decrease the
level of cellular glutathione, a scavenger of intracellular ROS by a direct reaction, or the
activities of antioxidant enzymes, including superoxide dismutase, glutathione peroxidase and
catalase (del Carmen et al., 2002; El Maraghy et al., 2001; Ochi et al., 1987; Tatrai et al., 2001).
The decrease in the activity and/or intracellular levels of antioxidants caused by cadmium,
together with the generation of radicals that are produced during normal metabolism, may
explain the increase in lipid peroxidation and DNA damage in cells (Waisberg et al., 2003).

On the other hand, more elevated doses and extended exposure of cadmium have been
reported to increase the levels of metallothionein and glutathione, and to enhance the activities of
antioxidant enzymes, superoxide dismutase, glutathione reductase and glutathione peroxidase in
various tissues (Casalino et al., 1997; El Maraghy et al., 2001; Gupta et al., 1991; Liu et al.,
2001; Shaikh et al., 1976), probably because of adaptive induction of genes. Metallothioneins
are involved in the control of apoptosis and metallothionein null cells are more susceptible to

apoptotic death after exposure to a variety of anticancer agents (Kondo et al., 1997; Shimoda et
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al., 2003), suggesting a possible role of cadmium metallothionein in induction as an anti-
apoptotic agents, which could lead to aberrant cell survival (Waisberg et al., 2003).

Another possible mechanism which helps to explain the increase in ROS caused by
cadmium is the displacement of iron and copper from various intracellular sites (cytoplasmic and
membrane proteins). Cadmium interferes with the utilization of iron and copper and abolishes
their function in biological system (Nath et al., 1984), because of similar physical properties.
Increased concentration of ionic iron and copper, which was displaced by cadmium, can then
cause oxidative stress through fenton reactions (Waisberg et al., 2003). Rats exposed to
cadmium had increased testicular Fe content 12 h after exposure (Koizumi et al., 1992).
Desferrioxamine (a ferric chelator) prevented cadmium-induced ROS formation and cytotoxicity
(Pourahmad et al., 2000). Because ROS can act as signaling molecules, the increase in ROS
probably is involved in the modulation of apoptosis and gene expression by cadmium. Both the
oxidative damage to DNA and the induction of proto-oncogenes by signaling oxidative

metabolites by cadmium may contribute to the initiation and promotion of tumor growth.

Cadmium and Calcium (Ca*")

The maintenance of cellular calcium homeostasis is a pre-requisite for the role of Ca*"
ions in mediating signals from cell surface to the nucleus. Since Ca®" serves as an almost
universal messenger in cell activation, the intracellular free Ca®" concentration has to be
regulated tightly (Alkon et al., 1988; Berridge, 1993; Clapham, 1995). Perturbation of Ca*'-
mediated signal transduction have been considered as underlying mechanisms for the action of
various chemical toxicants (Nicotera et al., 1992; Pounds, 1990). Transient increases in

intracellular Ca*" and subsequent activation of protein kinases modulate cell proliferation and/or
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differentiation (Cerutti et al., 1991). Whereas persistent elevation of the Ca®” concentration
might be associated with necrotic or, in certain systems, apoptotic processes (Fawthrop et al.,
1991; Orrenius et al., 1989).

Cd*" and Ca”" are two closely related elements with similarity in many aspects, partially
due to their similar ionic radii; the radius of a common form of free Cd*" in the body and that of
Ca®" are 0.099 and 0.097 nm, respectively (Weast et al., 1982). Some of Cd*" ions are taken up
by the voltage-operated Ca®" channel to enter mammalian cells (Blazka et al., 1991; Hinkle et al.,
1987). However, Cd*" is also a well-known Ca*" channel blocker (Chow, 1991; Thevenod et al.,
1992). Cd*" inhibits receptor-operated Ca>" channels in hepatocytes as well as voltage-operated
Ca®" channels in neuronal cells (Hughes et al., 1989; Thevenod et al., 1992). Once Cd*" has
reached cytosol, it interacts with all known Ca®" transport systems. Cadmium decreases Ca’"
efflux by competitive inhibition of the Ca*" extruding Ca*"-ATPase pump, leading to increased
cytosolic free Ca®" (Verbost et al., 1988; Verbost et al., 1989). Similarly, Cd*" inhibits the
intracellular sequestration of Ca”" into microsomal stores (Hechtenberg et al., 1991; Zhang et al.,
1990), and even uptake into nuclear compartments (Hechtenberg et al., 1994). With regard to
cell surface effects, Cd*" causes a large but short-lasting Ca®" mobilization through the formation
of inositol triphosphate in human skin fibroblasts (Smith et al., 1989).

Cadmium can also affect components of the Ca®" messenger system. Cd*" displaces and
binds with high affinity for and activates calmodulin, a Ca*" binding protein that regulates a
variety enzymes and cell progresses (Behra et al., 1991). Moreover, a number of recent studies
demonstrated that cadmium interacts with the function of Ca*"-dependent enzymes such as

endonuclease and regulatory proteins such as protein kinase C (PKC) and phospholipase C, thus
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interfering with the Ca®*-signaling pathways (Lohmann et al., 1993; Long, 1997; Misra et al.,

2002).

Cadmium and Metallothionein/Glutathion

Exposure of cells as well as whole animals to cadmium results in the induction of
expression of several stress response genes such as those encoding for metallothionein (MT)
synthesis, genes involved in the synthesis of glutathione (GSH), genes involved in oxidative
stress response, genes encoding for heat-shot proteins and related genes (Waisberg et al., 2003).
Genes encoding for MT are the most studied genes with respect to the potential of cadmium to
induce gene expression (Waisberg et al., 2003). Subtoxic concentrations of cadmium result in
rapid and significant induction of MT in vitro and in vivo (Waisberg et al., 2003). MT sequester
cadmium with high affinity resulting in decreased ability of Cd*" capable of interacting with
cellular targets to elicit toxicity (Waisberg et al., 2003). Lack of expression of MT protein has
been regarded as one of the major underlying causes of tissue susceptibility to cadmium toxicity
(Waisberg et al., 2003). Induced GSH and other thiol containing proteins play a key role in
cellular defense against cadmium toxicity. The GSH redox cycle, which includes GSH,
glutathione peroxidase and glutathione reductase, was important in the detoxification of ROS
that are generated by cadmium so as to protect cells from the potential toxicity (Meister et al.,

1983).

Cadmium and Cell Growth
About 1 pM Cadmium stimulates DNA synthesis and cell proliferation in various cell

lines, whereas more elevated concentrations are inhibitory. It has been reported that Ca®'-
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dependent processes by cadmium (< 1 uM) stimulate proliferation in peritoneal macrophages
(Misra et al., 2002). At higher concentration of cadmium, there are abundant evidences that
cadmium inhibits cell cycle progression (Biagioli et al., 2001; Chao et al., 2001). About 40% of
cadmium-treated cells were blocked in GO/G1 phase in NIH 3T3 (Biagioli et al., 2001). In case
of CL3 human lung adenocarcinoma cells, cadmium induced G2/M arrest and cadmium-
activated p38 MAPK was responsible for this mitotic arrest and subsequent apoptosis (Chao et
al., 2001). Cadmium did not alter the overall distribution of cells in any G1, S, and G2/M phase,
but markedly increased the hypodiploid (sub-G1) fraction in MCF human breast cancer cells
(Meplan et al., 1999). These reports indicate that the influence of cadmium on cell cycle arrest

varies depending on the cell type.

Cadmium and Apoptosis

Cadmium-induced cytotoxicity involves apoptosis as a major mode of elimination of
damaged cells (Habeebu et al., 1998). Up-regulation of intracellular signaling pathways leading
to increased mitogenesis or apoptosis is thought to be a major mechanism for cadmium toxicity
(Beyersmann et al., 1997). Cadmium does not seem to activate the endonucleases, which induce
internucleosomal cleavage of DNA in vitro (Hamada et al., 1997). However, cadmium itself was
associated with apoptosis through indirect oxidative stress by inhibition of antioxidant enzymes
(Hamada et al., 1997). Metallothionein induced by cadmium played an important role not only
as a cadmium carrier by which cadmium accumulates in the nucleus, but also as an inhibitor of
zinc finger protein, which include transcriptional factors related to apoptosis (Hamada et al.,
1997). Cadmium-induced c-myc, p53 and c-jun expression was suggested as a prelude to

apoptosis in normal human prostate epithelial cells RWPE-1 (Achanzar et al., 2000). Cadmium
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induced cytochrome c release from mitochondria in cell-free and cell systems and that
cytochrome c release from mitochondria into cytosol was the trigger of cadmium-induced
apoptosis in human leukemia HL-60 cells (Kondoh et al., 2001). Stimulation of p38 mitogen-
activated protein kinase (MAPK) was responsible for the cadmium-induced apoptosis in U-937
human promonocytic cells (Galan et al., 2000). C-Jun NHj-terminal kinase (JNK) and p38
MAPK cooperatively participated in apoptosis induced by cadmium and the decreased
extracellular signal-related kinase (ERK) signal induced by low cadmium doses contributed to
growth inhibition or apoptosis in a human non-small cell lung carcinoma cell line, CL3 (Chuang
et al., 2000a). These contradictory results indicate that cadmium may induce different apoptotic
pathways in different cell types.

Cadmium has been also shown anti-apoptotic effect. Cadmium inhibited caspase-3
activation and DNA fragmentation induced by apoptotic agent (Yuan et al., 2000). Cadmium
has been characterized as a caspase—3 inhibitor with ICsy values of approximately 9 pM in intact
chinese hamster ovary CHO cells and 30 uM in cell-free extract system (Yuan et al., 2000).
Cadmium-treated MRC-5 human fetal lung fibroblasts underwent caspase-independent apoptosis
through mitochondria-ROS pathway including mitochondrial membrane depolarization and
translocation of apoptosis-inducing factor (AIF) from mitochondria into nucleus (Shih et al.,
2004). In porcine kidney LLC-PK; cells, caspase activity was not associated with cadmium-
induced apoptosis because caspase inhibitors failed to rescue cells (Ishido et al., 1999).
Cadmium did not significantly increase caspase-3 activity in liver cells of mouse model (Harstad

etal., 2002).
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Mitogen-Activated Protein Kinases (MAPKS)

MAPKSs are a family of Ser/Thr protein kinases that transmit extracellular signals into the
nucleus (Robinson et al., 1997; Schaeffer et al., 1999). In mammalian systems, five
distinguishable MAPKs modules have been identified so far: extracellular signal-related kinase
(ERK1/2), c-Jun NH,-terminal kinase (JNK) and p38 MAPK, ERK3, and ERKS5 (Schaeffer et al.,
1999). MAPK cascades have been shown to participate in a diverse array of cellular functions
such as cell growth, cell differentiation, and cell death (Robinson et al., 1997; Schaeffer et al.,

1999).

Extracellular Signal-Related Kinase (ERK)

ERK is activated by a variety of growth factors, insulin, and oxidative stress, and leads to
fundamentally different cellular responses, including proliferation, survival, and memory
consolidation (Aikawa et al., 1997; Bergmann et al., 1998; Boulton et al., 1991; Impey et al.,
1999; Talarmin et al., 1999; Wang et al., 1998). ERK pathway can transmit both anti-apoptotic
and pro-apoptotic signals, probably depending on the nature of other co-existing signals. In rat
neonatal cardiomyocytes, hydroxyl radicals specifically activated ERK through activation of the
Src family of tyrosine kinases, Ras and Raf-1, and activated ERK played a role in protecting
cells from apoptosis (Aikawa et al., 1997). Suppression of ERK activation enhanced apoptosis in
hydrogen peroxide-treated HeLa cells (Wang et al., 1998) and in S-nitrosoglutathione-treated
RAW 264.7 macrophages (Callsen et al., 1999). Conversely, ERK pathway was responsible for
the induction of apoptosis in cadmium-treated CCRF-CEM (Iryo et al., 2000), and in hyperoxia-
induced murine lung epithelium cells (Zhang et al., 2003), suggesting a pro-apoptotic role for

ERK activity.
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In mammalian cell lines, ERK activation and localization in nucleus is required for
mitogen-induced gene expression and cell cycle re-entry (Brunet et al., 1999). ERK is an
absolute requirement for triggering proliferate responses and inhibition of MAPK/ERK-
activating kinases (MEKs) and ERKs induces G0/G1 cell cycle arrest (Wilkinson et al., 2000).
Activation/inactivation and localization of ERK is highly associated with normal mitotic
progression (Shapiro et al., 1998). Inhibition of ERK was correlated with induction of p27
leading to GO/G1 arrest in NSCLC cell lines (Brognard et al., 2002) and inhibited cell

proliferation by preventing cyclin D1 expression (Squires et al., 2002).

c-Jun NHj-Terminal Kinase (JNK) and p38 MAPK

JNK (stress-activated protein kinase 1, SAPK1) and p38 MAPK (stress-activated protein
kinase 2, SAPK2) are mainly activated by cytotoxic insults including heavy metals and are often
associated with growth arrest and cell death (Kyriakis et al., 1996). Recent evidence suggests
that JNK pathway may play an important role in triggering apoptosis and signaling with
mitochondria. Activated JNK was involved in loss of mitochondrial membrane potential and as
downstream of caspase-3 in Jurket leukemia T cells (Srivastava et al., 1999). Deactivation of
p38 MAPK has been shown to lead both anti-apoptotic and pro-apoptotic responses. Exogenous
nerve growth factor induced dephosphorylation of p38, which prevents Bcl-2 phosphorylation
and apoptotic response in lymphoblastoid CESS B cell line (Rosini et al., 2004). However, a
natural anticancer depsipeptide, FR901228, induced apoptosis of ras-transformed 10T1/2 cells

through suppression of p38 pathways (Fecteau et al., 2002).

Calcium, Oxidative Stress and MAPKs
Disruption of Ca®" homeostasis seems to take a part in initiating activation of MAPKs.

Rise in [Ca®"]; by thapsigargin promoted nitric oxide (NO) generation and induction of JNK
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activity and apoptosis including activation of caspase-2 and —9 in Jurkat T cells (Srivastava et al.,
1999). Calcium was mobilized from intracellular stores by tributylin that played an important
role for the phosphorylation of JNK and p38 MAPK in CCRF-CEM human T-cell line (Yu et al.,
2000). Elevated [Ca®']; was involved in p38 MAPK-induced neuronal cell death by neumolysin
(Stringaris et al., 2002). Extensively suppressed mitochondrial Ca*" uptake by ruthenium red-
sensitive in HeLa cells were mediated by p38 MAPK (Montero et al., 2002). P38 MAPK were
activated by cadmium in primary macrophages and depletion of [Ca®’]; with BAPTA-AM
inhibited such activation (Misra et al., 2002). Oxidative stress is also known to activate JNK,
p38 MAPK and apoptosis signal-regulated protein kinase 1 (ASK1) identified as one of the

MAPK kinase kinases that activates JNK and p38 MAPK (Ichijo et al., 1997).

Cadmium and MAPKSs

Cadmium induces mitotic arrest in CL3 cells, which is associated with sustained
activation of JNK (Chuang et al., 2000b) as well as p38 MAPK (Chao et al., 2001). Cadmium-
activated p38 MAPK is responsible for apoptosis, mitotic arrest, activation of heat shock factor 1
and induction of heat shock protein 70 (Chao et al., 2001; Galan et al., 2000; Hung et al., 1998).
The exposure to cadmium induces the phosphorylation of JNK and results in the accumulation of
phosphorylated c-Jun protein in LLC-PK; porcine renal epithelial cells (Matsuoka et al., 1998).
Furthermore, cadmium has been reported to activate JNK in Rat-1 fibroblasts (Iordanov et al.,
1999), and ERK as well as JNK in rat mesangial cells (Ding et al., 2000). On the other hand, in
LMH chicken hepatoma cells (Elbirt et al., 1998) and 9L rat brain tumor cells (Hung et al.,
1998), ERK and p38 MAPK but not JNK were activated in response to cadmium exposure,
suggesting that the members of the MAPK family are differentially activated by cadmium

exposure, depending on the cell type. [Ca*"]; elevation were required for JNK activation by
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cadmium in LLC-PK; cells (Matsuoka et al., 1998) suggesting that role/activation of MAPKs

may be interrelated with [Ca®™].

Cadmium Complexes

It has been suggested that if cadmium interacts with cell surface receptors affecting
intracellular signals, free Cd*" ion will not be required to enter cells in order to exert toxic effects
(Beyersmann et al., 1997). The induction of MT and GSH by cadmium binds and detoxifies
cadmium ions and ROS, on the other hand, moves cadmium ion from the MT complex and
increase the toxicity of cadmium (Nordberg, 1978). Toxic effect of Cd-MT complexes on
mitochondria was stronger than that of inorganic cadmium salts in vivo experiments (Nordberg,
1978). Cd-MT not only are less protective against radiation-induced DNA damage than Zn-MT
but also under certain conditions have the ability to increase DNA damage (Cai et al., 2003).
DNA damage caused by cadmium in a cell-free assay was not due to direct metal-DNA
interaction but rather by the induction of oxidative stress (Valverde et al., 2001). Pronounced
toxic effect of Cd-MT or cadmium complexes than free Cd*" has been shown in some other
studies. The organic cadmium complexes affected respiration and perturbed ion permeability
significantly stronger than free Cd*", probably due to Cd*" incorporated into the complexes can
easily penetrate to adjacent —SH groups of mitochondrial respiratory enzymes and other
molecules of the inner mitochondrial membrane that regulate the mitochondrial ion permeability
(Korotkov et al., 1999). These studies are evidence that cadmium complexes may exert

substantial cytotoxic effect on mitochondrial activity compared with free Cd*".

28



References

Achanzar, W. E., Achanzar, K. B., Lewis, J. G., Webber, M. M., and Waalkes, M. P. (2000).
Cadmium induces c-myc, p53, and c-jun expression in normal human prostate epithelial cells
as a prelude to apoptosis. Toxicol. Appl. Pharmacol. 164, 291-300.

Agency for Toxic substances and Disease Registry (ATSDR) (1999). Toxicological Profile for
Cadmium. US Department of Health and Human Services, Public Health Service, Atlanta, GA,
USA.

Aikawa, R., Komuro, I., Yamazaki, T., Zou, Y., Kudoh, S., Tanaka, M., Shiojima, I., Hiroi, Y.,
and Yazaki, Y. (1997). Oxidative stress activates extracellular signal-regulated kinases
through Src and Ras in cultured cardiac myocytes of neonatal rats. J. Clin. Invest 100, 1813-
1821.

Alkon, D. L., and Rasmussen, H. (1988). A spatial-temporal model of cell activation. Science
239, 998-1005.

Andersen, O., Nielsen, J. B., and Svendsen, P. (1988). Oral cadmium chloride intoxication in
mice: effects of dose on tissue damage, intestinal absorption and relative organ distribution.
Toxicology 48, 225-236.

Behra, R., and Gall, R. (1991). Calcium/calmodulin-dependent phosphorylation and the effect of
cadmium in cultured fish cells. Comp Biochem. Physiol C. 100, 191-195.

Bergmann, A., Agapite, J., McCall, K., and Steller, H. (1998). The Drosophila gene hid is a
direct molecular target of Ras-dependent survival signaling. Cell 95, 331-341.

Berridge, M. J. (1993). Inositol trisphosphate and calcium signalling. Nature 361, 315-325.

Beyersmann, D., and Hechtenberg, S. (1997). Cadmium, gene regulation, and cellular signalling

in mammalian cells. Toxicol. Appl. Pharmacol. 144, 247-261.

29



Biagioli, M., Watjen, W., Beyersmann, D., Zoncu, R., Cappellini, C., Ragghianti, M., Cremisi, F.,
and Bucci, S. (2001). Cadmium-induced apoptosis in murine fibroblasts is suppressed by Bcl-
2. Arch. Toxicol. 75, 313-320.

Blazka, M. E., and Shaikh, Z. A. (1991). Differences in cadmium and mercury uptakes by
hepatocytes: role of calcium channels. Toxicol. Appl. Pharmacol. 110, 355-363.

Boulton, T. G., Nye, S. H., Robbins, D. J., Ip, N. Y., Radziejewska, E., Morgenbesser, S. D.,
DePinho, R. A., Panayotatos, N., Cobb, M. H., and Yancopoulos, G. D. (1991). ERKs: a
family of protein-serine/threonine kinases that are activated and tyrosine phosphorylated in
response to insulin and NGF. Cell 65, 663-675.

Brognard, J., and Dennis, P. A. (2002). Variable apoptotic response of NSCLC cells to inhibition
of the MEK/ERK pathway by small molecules or dominant negative mutants. Cell Death.
Differ. 9, 893-904.

Brunet, A., Roux, D., Lenormand, P., Dowd, S., Keyse, S., and Pouyssegur, J. (1999). Nuclear
translocation of p42/p44 mitogen-activated protein kinase is required for growth factor-
induced gene expression and cell cycle entry. EMBO J. 18, 664-674.

Cai, L., and Cherian, M. G. (2003). Zinc-metallothionein protects from DNA damage induced by
radiation better than glutathione and copper- or cadmium-metallothioneins. Toxicol. Lett. 136,
193-198.

Callsen, D., and Brune, B. (1999). Role of mitogen-activated protein kinases in S-
nitrosoglutathione-induced macrophage apoptosis. Biochemistry 38, 2279-2286.

Casalino, E., Sblano, C., and Landriscina, C. (1997). Enzyme activity alteration by cadmium
administration to rats: the possibility of iron involvement in lipid peroxidation. Arch. Biochem.

Biophys. 346, 171-179.

30



Cerutti, P. A., and Trump, B. F. (1991). Inflammation and oxidative stress in carcinogenesis.
Cancer Cells 3, 1-7.

Chao, J. 1., and Yang, J. L. (2001). Opposite roles of ERK and p38 mitogen-activated protein
kinases in cadmium-induced genotoxicity and mitotic arrest. Chem. Res. Toxicol. 14, 1193-
1202.

Chow, R. H. (1991). Cadmium block of squid calcium currents. Macroscopic data and a kinetic
model. J. Gen. Physiol 98, 751-770.

Chuang, S. M., Wang, 1. C., and Yang, J. L. (2000a). Roles of JNK, p38 and ERK mitogen-
activated protein kinases in the growth inhibition and apoptosis induced by cadmium.
Carcinogenesis 21, 1423-1432.

Chuang, S. M., Wang, 1. C., and Yang, J. L. (2000b). Roles of JNK, p38 and ERK mitogen-
activated protein kinases in the growth inhibition and apoptosis induced by cadmium.
Carcinogenesis 21, 1423-1432.

Clapham, D. E. (1995). Calcium signaling. Cell 80, 259-268.

del Carmen, E. M., Souza, V., Bucio, L., Hernandez, E., Damian-Matsumura, P., Zaga, V., and
Gutierrez-Ruiz, M. C. (2002). Cadmium induces a; collagen (I) and metallothionein II gene
and alters the antioxidant system in rat hepatic stellate cells. Toxicology 170, 63-73.

Ding, W., and Templeton, D. M. (2000). Activation of parallel mitogen-activated protein kinase
cascades and induction of c-fos by cadmium. Toxicol. Appl. Pharmacol. 162, 93-99.

El Maraghy, S. A., Gad, M. Z., Fahim, A. T., and Hamdy, M. A. (2001). Effect of cadmium and
aluminum intake on the antioxidant status and lipid peroxidation in rat tissues. J. Biochem.

Mol. Toxicol. 15, 207-214.

31



Elbirt, K. K., Whitmarsh, A. J., Davis, R. J., and Bonkovsky, H. L. (1998). Mechanism of
sodium arsenite-mediated induction of heme oxygenase-1 in hepatoma cells. Role of mitogen-
activated protein kinases. J. Biol. Chem. 273, 8922-8931.

Fariss, M. W. (1991). Cadmium toxicity: unique cytoprotective properties of o tocopheryl
succinate in hepatocytes. Toxicology 69, 63-77.

Fawthrop, D. J., Boobis, A. R., and Davies, D. S. (1991). Mechanisms of cell death. Arch.
Toxicol. 65, 437-444.

Fecteau, K. A., Mei, J., and Wang, H. C. (2002). Differential modulation of signaling pathways
and apoptosis of ras-transformed 10T1/2 cells by the depsipeptide FR901228. J. Pharmacol.
Exp. Ther. 300, 890-899.

Flanagan, P. R., McLellan, J. S., Haist, J., Cherian, G., Chamberlain, M. J., and Valberg, L. S.
(1978). Increased dietary cadmium absorption in mice and human subjects with iron
deficiency. Gastroenterology 74, 841-846.

Galan, A., Garcia-Bermejo, L., Troyano, A., Vilaboa, N. E., Fernandez, C., de Blas, E., and Aller,
P. (2001). The role of intracellular oxidation in death induction (apoptosis and necrosis) in
human promonocytic cells treated with stress inducers (cadmium, heat, X-rays). Eur. J. Cell
Biol. 80, 312-320.

Galan, A., Garcia-Bermejo, M. L., Troyano, A., Vilaboa, N. E., de Blas, E., Kazanietz, M. G.,
and Aller, P. (2000). Stimulation of p38 mitogen-activated protein kinase is an early
regulatory event for the cadmium-induced apoptosis in human promonocytic cells. J. Biol.

Chem. 275, 11418-11424.

32



Goering, P. L., Wallkes, M. P., and Klaassen, C. D. (1995). Toxicology of cadmium. In
Toxicology of Metals: Biochemical Aspects, Handbook of Experimental Pharmacology (R. A.
Goyer, and M. G. Cherian, Eds.), pp. 189-214. Springer, New York.

Gupta, S., Athar, M., Behari, J. R., and Srivastava, R. C. (1991). Cadmium-mediated induction
of cellular defense mechanism: a novel example for the development of adaptive response
against a toxicant. Ind. Health 29, 1-9.

Habeebu, S. S., Liu, J., and Klaassen, C. D. (1998). Cadmium-induced apoptosis in mouse liver.
Toxicol. Appl. Pharmacol. 149, 203-209.

Hamada, T., Tanimoto, A., and Sasaguri, Y. (1997). Apoptosis induced by cadmium. Apoptosis.
2,359-367.

Harstad, E. B., and Klaassen, C. D. (2002). Tumor necrosis factor-a-null mice are not resistant to
cadmium chloride-induced hepatotoxicity. Toxicol. Appl. Pharmacol. 179, 155-162.

Hartwig, A., and Schwerdtle, T. (2002). Interactions by carcinogenic metal compounds with
DNA repair processes: toxicological implications. Toxicol. Lett. 127, 47-54.

Hechtenberg, S., and Beyersmann, D. (1991). Inhibition of sarcoplasmic reticulum Ca”*"-ATPase
activity by cadmium, lead and mercury. Enzyme 45, 109-115.

Hechtenberg, S., and Beyersmann, D. (1994). Interference of cadmium with ATP-stimulated
nuclear calcium uptake. Environ. Health Perspect. 102 Suppl 3, 265-267.

Hinkle, P. M., Kinsella, P. A., and Osterhoudt, K. C. (1987). Cadmium uptake and toxicity via
voltage-sensitive calcium channels. J. Biol. Chem. 262, 16333-16337.

Hughes, B. P., and Barritt, G. J. (1989). Inhibition of the liver cell receptor-activated Ca*" inflow
system by metal ion inhibitors of voltage-operated Ca>" channels but not by other inhibitors of

Ca’" inflow. Biochim. Biophys. Acta 1013, 197-205.

33



Hung, J. J., Cheng, T. J., Lai, Y. K., and Chang, M. D. (1998). Differential activation of p38
mitogen-activated protein kinase and extracellular signal-regulated protein kinases confers
cadmium-induced HSP70 expression in 9L rat brain tumor cells. J. Biol. Chem. 273, 31924-
31931.

IARC (1993). Cadmium, mercury, and exposures in the glass manufacturing industry. Working
groupviews and expert opinions. Monogr. Eval. Carcinog. Risks Hum. 58, 41-117.

Ichijo, H., Nishida, E., Irie, K., ten Dijke, P., Saitoh, M., Moriguchi, T., Takagi, M., Matsumoto,
K., Miyazono, K., and Gotoh, Y. (1997). Induction of apoptosis by ASKI1, a mammalian
MAPKKK that activates SAPK/JNK and p38 signaling pathways. Science 275, 90-94.

Impey, S., Obrietan, K., and Storm, D. R. (1999). Making new connections: role of ERK/MAP
kinase signaling in neuronal plasticity. Neuron 23, 11-14.

Iordanov, M. S., and Magun, B. E. (1999). Different mechanisms of c-Jun NH,-terminal kinase- 1
(JNK1) activation by ultraviolet-B radiation and by oxidative stressors. J. Biol. Chem. 274,
25801-25806.

Iryo, Y., Matsuoka, M., Wispriyono, B., Sugiura, T., and Igisu, H. (2000). Involvement of the
extracellular signal-regulated protein kinase (ERK) pathway in the induction of apoptosis by
cadmium chloride in CCRF-CEM cells. Biochem. Pharmacol. 60, 1875-1882.

Ishido, M., Tohyama, C., and Suzuki, T. (1999). Cadmium-bound metallothionein induces
apoptosis in rat kidneys, but not in cultured kidney LLC-PK, cells. Life Sci. 64, 797-804.

Jarup, L. (2003). Hazards of heavy metal contamination. Br. Med. Bull. 68, 167-182.

Jarup, L., Berglund, M., Elinder, C. G., Nordberg, G., and Vahter, M. (1998). Health effects of
cadmium exposure--a review of the literature and a risk estimate. Scand. J. Work Environ.

Health 24 Suppl 1, 1-51.

34



Jarup, L., Rogenfelt, A., Elinder, C. G., Nogawa, K., and Kjellstrom, T. (1983). Biological half-
time of cadmium in the blood of workers after cessation of exposure. Scand. J. Work Environ.
Health 9, 327-331.

Jin, T., Lu, J., and Nordberg, M. (1998). Toxicokinetics and biochemistry of cadmium with
special emphasis on the role of metallothionein. Neurotoxicology 19, 529-535.

Klug, S., Planas-Bohne, F., and Taylor, D. M. (1988). Factors influencing the uptake of cadmium
into cells in vitro. Hum. Toxicol. 7, 545-549.

Koizumi, T., Li, Z. G., and Tatsumoto, H. (1992). DNA damaging activity of cadmium in Leydig
cells, a target cell population for cadmium carcinogenesis in the rat testis. Toxicol. Lett. 63,
211-220.

Kondo, Y., Rusnak, J. M., Hoyt, D. G., Settineri, C. E., Pitt, B. R., and Lazo, J. S. (1997).
Enhanced apoptosis in metallothionein null cells. Mol. Pharmacol. 52, 195-201.

Kondoh, M., Ogasawara, S., Araragi, S., Higashimoto, M., and Sato, M. (2001). Cytochrome C
release from mitochondria induced by cadmium. Journal of Health Science 47, 78-82.

Korotkov, S. M., Glazunov, V. V., Rozengart, E. V., Suvorov, A. A., and Nikitina, E. R. (1999).
Effects of Cd*" and two cadmium organic complexes on isolated rat liver mitochondria. J.
Biochem. Mol. Toxicol. 13, 149-157.

Kumar, R., Agarwal, A. K., and Seth, P. K. (1996). Oxidative stress-mediated neurotoxicity of
cadmium. Toxicol. Lett. 89, 65-69.

Kyriakis, J. M., and Avruch, J. (1996). Sounding the alarm: protein kinase cascades activated by
stress and inflammation. J. Biol. Chem. 271, 24313-24316.

Liu, F., and Jan, K. Y. (2000). DNA damage in arsenite- and cadmium-treated bovine aortic

endothelial cells. Free Radic. Biol. Med. 28, 55-63.

35



Liu, J., Corton, C., Dix, D. J., Liu, Y., Waalkes, M. P., and Klaassen, C. D. (2001). Genetic
background but not metallothionein phenotype dictates sensitivity to cadmium-induced
testicular injury in mice. Toxicol. Appl. Pharmacol. 176, 1-9.

Lohmann, R. D., and Beyersmann, D. (1993). Cadmium and zinc mediated changes of the
Ca(2+)-dependent endonuclease in apoptosis. Biochem. Biophys. Res. Commun. 190, 1097-
1103.

Long, G. J. (1997). The effect of cadmium on cytosolic free calcium, protein kinase C, and
collagen synthesis in rat osteosarcoma (ROS 17/2.8) cells. Toxicol. Appl. Pharmacol. 143,
189-195.

Manca, D., Ricard, A. C., Tra, H. V., and Chevalier, G. (1994). Relation between lipid
peroxidation and inflammation in the pulmonary toxicity of cadmium. Arch. Toxicol. 68, 364-
369.

Manca, D., Ricard, A. C., Trottier, B., and Chevalier, G. (1991). Studies on lipid peroxidation in
rat tissues following administration of low and moderate doses of cadmium chloride.
Toxicology 67, 303-323.

Matsuoka, M., and Igisu, H. (1998). Activation of c-Jun NH;-terminal kinase (JNK/SAPK) in
LLC-PK; cells by cadmium. Biochem. Biophys. Res. Commun. 251, 527-532.

Meister, A., and Anderson, M. E. (1983). Glutathione. Annu. Rev. Biochem. 52, 711-760.

Meplan, C., Mann, K., and Hainaut, P. (1999). Cadmium induces conformational modifications
of wild-type p53 and suppresses p53 response to DNA damage in cultured cells. J. Biol. Chem.

274,31663-31670.

36



Misra, U. K., Gawdi, G., Akabani, G., and Pizzo, S. V. (2002). Cadmium-induced DNA
synthesis and cell proliferation in macrophages: the role of intracellular calcium and signal
transduction mechanisms. Cell Signal. 14, 327-340.

Montero, M., Lobaton, C. D., Moreno, A., and Alvarez, J. (2002). A novel regulatory mechanism
of the mitochondrial Ca®" uniporter revealed by the p38 mitogen-activated protein kinase
inhibitor SB202190. FASEB J. 16, 1955-1957.

Nath, R., Prasad, R., Palinal, V. K., and Chopra, R. K. (1984). Molecular basis of cadmium
toxicity. Prog. Food Nutr. Sci. 8, 109-163.

Nicotera, P., Bellomo, G., and Orrenius, S. (1992). Calcium-mediated mechanisms in chemically
induced cell death. Annu. Rev. Pharmacol. Toxicol. 32, 449-470.

Nordberg, M. (1978). Studies on metallothionein and cadmium. Environ. Res. 15, 381-404.

O'Brien, P., and Salacinski, H. J. (1998). Evidence that the reactions of cadmium in the presence
of metallothionein can produce hydroxyl radicals. Arch. Toxicol. 72, 690-700.

Ochi, T., Takahashi, K., and Ohsawa, M. (1987). Indirect evidence for the induction of a
prooxidant state by cadmium chloride in cultured mammalian cells and a possible mechanism
for the induction. Mutat. Res. 180, 257-266.

Orrenius, S., McConkey, D. J., Bellomo, G., and Nicotera, P. (1989). Role of Ca*" in toxic cell
killing. Trends Pharmacol. Sci. 10, 281-285.

Pounds, J. G. (1990). The role of cell calcium in current approaches to toxicology. Environ.
Health Perspect. 84, 7-15.

Pourahmad, J., and O'Brien, P. J. (2000). A comparison of hepatocyte cytotoxic mechanisms for

Cu”" and Cd*. Toxicology 143, 263-273.

37



Robinson, M. J., and Cobb, M. H. (1997). Mitogen-activated protein kinase pathways. Curr.
Opin. Cell Biol. 9, 180-186.

Rosini, P., De Chiara, G., Bonini, P., Lucibello, M., Marcocci, M. E., Garaci, E., Cozzolino, F.,
and Torcia, M. (2004). Nerve growth factor-dependent survival of CESS B cell line is
mediated by increased expression and decreased degradation of MAPK phosphatase 1. J. Biol.
Chem. 279, 14016-14023.

Schaeffer, H. J., and Weber, M. J. (1999). Mitogen-activated protein kinases: specific messages
from ubiquitous messengers. Mol. Cell Biol. 19, 2435-2444.

Shaikh, Z. A., and Smith, J. C. (1976). The biosynthesis of metallothionein rat liver and kidney
after administration of cadmium. Chem. Biol. Interact. 15, 327-336.

Shaikh, Z. A., Vu, T. T., and Zaman, K. (1999). Oxidative stress as a mechanism of chronic
cadmium-induced hepatotoxicity and renal toxicity and protection by antioxidants. Toxicol.
Appl. Pharmacol. 154, 256-263.

Shapiro, P. S., Vaisberg, E., Hunt, A. J., Tolwinski, N. S., Whalen, A. M., MclIntosh, J. R., and
Ahn, N. G. (1998). Activation of the MKK/ERK pathway during somatic cell mitosis: direct
interactions of active ERK with kinetochores and regulation of the mitotic 3F3/2
phosphoantigen. J. Cell Biol. 142, 1533-1545.

Shih, C. M., Ko, W. C., Wu, J. S., Wei, Y. H., Wang, L. F., Chang, E. E., Lo, T. Y., Cheng, H.
H., and Chen, C. T. (2004). Mediating of caspase-independent apoptosis by cadmium through
the mitochondria-ROS pathway in MRC-5 fibroblasts. J. Cell Biochem. 91, 384-397.

Shimoda, R., Achanzar, W. E., Qu, W., Nagamine, T., Takagi, H., Mori, M., and Waalkes, M. P.
(2003). Metallothionein is a potential negative regulator of apoptosis. Toxicol. Sci. 73, 294-

300.

38



Smith, J. B., Dwyer, S. D., and Smith, L. (1989). Decreasing extracellular Na' concentration
triggers inositol polyphosphate production and Ca*" mobilization. J. Biol. Chem. 264, 831-837.

Squires, M. S., Nixon, P. M., and Cook, S. J. (2002). Cell-cycle arrest by PD184352 requires
inhibition of extracellular signal-regulated kinases (ERK) 1/2 but not ERK5/BMK1. Biochem.
J. 366, 673-680.

Srivastava, R. K., Sollott, S. J., Khan, L., Hansford, R., Lakatta, E. G., and Longo, D. L. (1999).
Bcel-2 and Bcl-Xi block thapsigargin-induced nitric oxide generation, c-Jun NH,-terminal
kinase activity, and apoptosis. Mol. Cell Biol. 19, 5659-5674.

Stohs, S. J., Bagchi, D., Hassoun, E., and Bagchi, M. (2001). Oxidative mechanisms in the
toxicity of chromium and cadmium ions. J. Environ. Pathol. Toxicol. Oncol. 20, 77-88.

Stringaris, A. K., Geisenhainer, J., Bergmann, F., Balshusemann, C., Lee, U., Zysk, G., Mitchell,
T. J., Keller, B. U., Kuhnt, U., Gerber, J., Spreer, A., Bahr, M., Michel, U., and Nau, R.
(2002). Neurotoxicity of pneumolysin, a major pneumococcal virulence factor, involves
calcium influx and depends on activation of p38 mitogen-activated protein kinase. Neurobiol.
Dis. 11, 355-368.

Talarmin, H., Rescan, C., Cariou, S., Glaise, D., Zanninelli, G., Bilodeau, M., Loyer, P.,
Guguen-Guillouzo, C., and Baffet, G. (1999). The mitogen-activated protein kinase
kinase/extracellular signal-regulated kinase cascade activation is a key signalling pathway
involved in the regulation of G; phase progression in proliferating hepatocytes. Mol. Cell Biol.
19, 6003-6011.

Tatrai, E., Kovacikova, Z., Hudak, A., Adamis, Z., and Ungvary, G. (2001). Comparative in vitro
toxicity of cadmium and lead on redox cycling in type Il pneumocytes. J. Appl. Toxicol. 21,

479-483.

39



Thevenod, F., and Jones, S. W. (1992). Cadmium block of calcium current in frog sympathetic
neurons. Biophys. J. 63, 162-168.

Valverde, M., Trejo, C., and Rojas, E. (2001). Is the capacity of lead acetate and cadmium
chloride to induce genotoxic damage due to direct DNA-metal interaction? Mutagenesis 16,
265-270.

Verbost, P. M., Flik, G., Lock, R. A., and Wendelaar Bonga, S. E. (1988). Cadmium inhibits
plasma membrane calcium transport. J. Membr. Biol. 102, 97-104.

Verbost, P. M., Flik, G., Pang, P. K., Lock, R. A., and Wendelaar Bonga, S. E. (1989). Cadmium
inhibition of the erythrocyte Ca*" pump. A molecular interpretation. J. Biol. Chem. 264, 5613-
5615.

Waisberg, M., Joseph, P., Hale, B., and Beyersmann, D. (2003). Molecular and cellular
mechanisms of cadmium carcinogenesis. Toxicology 192, 95-117.

Wang, X., Martindale, J. L., Liu, Y., and Holbrook, N. J. (1998). The cellular response to
oxidative stress: influences of mitogen-activated protein kinase signalling pathways on cell
survival. Biochem. J. 333 ( Pt 2), 291-300.

Weast, R. C., and Astle, M. J. (1982). Handbook of Chemistry and Physics. CRC press, Inc..

WHO (1992). Cadmium. Environmental health Criteria 134. World Health Organization.

Wilkinson, M. G., and Millar, J. B. (2000). Control of the eukaryotic cell cycle by MAP kinase
signaling pathways. FASEB J. 14, 2147-2157.

Yu, Z. P., Matsuoka, M., Wispriyono, B., Iryo, Y., and Igisu, H. (2000). Activation of mitogen-
activated protein kinases by tributyltin in CCRF-CEM cells: role of intracellular Ca*". Toxicol.

Appl. Pharmacol. 168, 200-207.

40



Yuan, C., Kadiiska, M., Achanzar, W. E., Mason, R. P., and Waalkes, M. P. (2000). Possible role
of caspase-3 inhibition in cadmium-induced blockage of apoptosis. Toxicol. Appl. Pharmacol.
164, 321-329.

Zhang, G. H., Yamaguchi, M., Kimura, S., Higham, S., and Kraus-Friedmann, N. (1990). Effects
of heavy metal on rat liver microsomal Ca**-ATPase and Ca®" sequestering. Relation to SH
groups. J. Biol. Chem. 265, 2184-2189.

Zhang, X., Shan, P., Sasidhar, M., Chupp, G. L., Flavell, R. A., Choi, A. M., and Lee, P. J.
(2003). Reactive oxygen species and extracellular signal-regulated kinase 1/2 mitogen-
activated protein kinase mediate hyperoxia-induced cell death in lung epithelium. Am. J.

Respir. Cell Mol. Biol. 28, 305-315.

41



CHAPTER 3
EXTRACELLULAR SIGNAL-REGULATED KINASE (ERK)-SIGNALING-
DEPENDENT G2/M ARREST AND CELL DEATH

IN MURINE MACROPHAGES BY CADMIUM'

'Kim, J., S.H. Kim, V.J. Johnson, and R.P. Sharma. Submitted to Toxicological Sciences



Abstract

The effect of cadmium on cell cycle progression and cell death, and the involvement of
reactive oxygen species (ROS) and extracellular signal-regulated kinase (ERK) signaling
pathway in murine macrophages was investigated. Cadmium is immunotoxic and is a
persistent environmental pollutant. Cell cycle regulation is an important factor that mediates
cell death; however, cadmium-modulated cell cycle arrest leading to cell death in macrophages
has not been investigated. Thymidine uptake into cells with 20 uM camium treatment was
increased at 8 hr and then dramatically decreased at 24 hr. Same concentration of cadmium
induced both apoptotic and necrotic death at 24 hr. Cadmium at 20 uM triggered re-entry of
GO/G1 to next phase and increased the number of cells in G2/M phase at 24 hr. Exposure to
cadmium dose-dependently induced phosphorylation of ERK at 16 and 24 hr. Phosphorylation
of ERK correlated with p21™AF“""! induction. Inhibition of ERK activation by PD98059
resulted in GO/GI1 arrest, and partially released the cadmium-mediated G2/M arrest. Inhibition
of ERK phosphorylation by PD98059 strongly attenuated cadmium-induced necrotic cell death,
but did not prevent caspase-3 activation and DNA fragmentation. Necrosis rather than
apoptosis was caused by cadmium-induced ERK signaling in J774A.1 cells. A scavenger of
ROS, N-acetylcystein, decreased cadmium-induced ERK activation and necrotic cell death

1WAF1/CIP1

suggesting that ROS are involved in cadmium-mediated ERK activation, p2 induction

and cell death. Our findings suggest that cadmium induces ROS—ERK—p21WAF V/CIPL

signaling
pathway leading to G2/M arrest and cell death. Furthermore, PD98059 causes G0/G1 arrest
that may play a role in protecting cells against oxygen-induced damage and cell death.

Enhanced re-entry of cells from GO/G1 to next phases by activated ERK is a plausible

mechanism for cellular death in response to cadmium damage in murine macrophages.
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Abbreviations used:

AP-1, activation protein 1; AV, annexin V, [Ca2+]i, the level of intracellular calcium; Cdk,
cyclin-dependent kinases; ERK, extracellular signal-regulated kinase; LDH, lactate
dehydrogenase; MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK-activating kinase;
MTT, 3(4,5-dimethyl thiazolyl-2)2,5-diphenyl tetrazolium bromide; NAC, N-acetylcystein; NO,
nitric oxide; PDTC, 1-pyrrolidinecarbodithioic acid; PI, propidium iodide; PKC, protein kinase
C; ROS, reactive oxygen species; TUNEL, Terminal deoxynucleotidyl transferase (TdT)-

mediated dUTP nick end-labeling)

Introduction

Cadmium is a nonessential and toxic heavy metal commonly found in cigarette smoke
and industrial effluent (Jarup, 2003). It has been reported that smokers have 4-5 times higher
level of cadmium in blood than non-smokers (Jarup et al., 1998). Inhalation of cadmium will
directly effect on macrophages in respiratory system without first-pass elimination and be a
factor of immunodepression of smokers. Cultured mammalian cells exposed to cadmium show
genotoxicity and carcinogenicity such as mutation, DNA strand breaks, and chromosomal
aberrations (Beyersmann et al., 1997). Cadmium causes apoptotic cell death in CCRF-CEM
human T-cell line (Iryo et al., 2000), NIH 3T3 murine fibroblasts (Biagioli et al., 2001), and rat
testicular tissues (Xu et al., 1996). It has been reported that cadmium interferes with major
cellular signal transduction elements including cell surface receptors, cytosolic and nuclear
calcium levels, phosphorylation of proteins such as protein kinase C (PKC), mitogen-activated

protein kinases (MAPKSs), and calmodulin—dependent protein kinase, transcription factors and
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other regulatory proteins (Behra et al., 1991; Beyersmann and Hechtenberg, 1997; Hanas et al.,
1996; Misra et al., 2002). Up-regulation of intracellular signaling pathways leading to increase
of mitogenesis or apoptosis is thought to be a major mechanism for cadmium toxicity
(Beyersmann and Hechtenberg, 1997). It stimulates the expression of the proto-oncogenes such
as c-jun, c-myc and c-fos, (Jin et al., 1990; Wang et al., 1998b), and the tumor suppressor gene
p53 (Zheng et al., 1996).

Extracellular signal-regulated kinase (ERK) is in the center of multiple signal
transduction pathways to accomplish a variety of functions. ERK is activated by a variety of
growth factors, insulin, and oxidative stress, and leads to fundamentally different cellular
responses, including proliferation, survival, and memory consolidation (Aikawa et al., 1997;
Bergmann et al., 1998; Boulton et al., 1991; Impey et al., 1999; Talarmin et al., 1999; Wang et
al., 1998a). In most cellular models ERK activation inversely correlates with apoptosis. In rat
neonatal cardiomyocytes, hydroxyl radicals specifically activated ERK through activation of the
Src family of tyrosine kinases, Ras and Raf-1, and activated ERK played a role in protecting
cells from apoptosis (Aikawa et al., 1997). Suppression of ERK activation by ERK kinase 1
inhibitor PD98059 enhanced apoptosis in hydrogen peroxide-treated HeLa cells (Wang et al.,
1998a) and in S-nitrosoglutathione-treated RAW 264.7 macrophages (Callsen et al., 1999).
Conversely, ERK pathway was responsible for the induction of apoptosis in cadmium-treated
CCRF-CEM (Iryo et al., 2000), and in hyperoxia-induced murine lung epithelium cells (Zhang et
al., 2003), suggesting a pro-apoptotic role for ERK activity. Previous studies suggest that the
ERK pathway can transmit both anti-apoptotic and pro-apoptotic signals, probably depending on

the nature of other co-existing signals.
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About 40% of cadmium treated cells were blocked in GO/G1 phase in NIH 3T3 (Biagioli
et al., 2001). In case of CL3 human lung adenocarcinoma cells, cadmium induced G2/M arrest
and cadmium-activated p38 MAPK was responsible for this mitotic arrest and subsequent
apoptosis (Chao et al., 2001). Cadmium did not alter the overall distribution of cells in any G1,
S, and G2/M phase, but markedly increased the hypodiploid (sub-G1) fraction in MCF human
breast cancer cells (Meplan et al., 1999). These reports indicate that the influence of cadmium
on cell cycle arrest varies depending on the cell type. Exact mechanism responsible for altered
cell cycle progression by cadmium is still somewhat uncertain. Cell cycle progression is
regulated by a series of cyclin-dependent kinases (Cdks) that consist of catalytic subunits and
activating subunits cyclins (Sherr, 1993). The Cdk inhibitor, p21WAF1/CIPl is up-regulated and
plays a major role in arresting cells in either at G1 or G2/M phase in response to DNA damage
(Bunz et al., 1998; Deng et al., 1995). The p27 is a p21WAF1/CIPl related protein and has been
described as a negative regulator of G1 progression (Toyoshima et al., 1994). Expression of
p2 1 WAFVEIPL 4o breviously shown to be regulated through MAPK signaling pathway (Liu et al.,
1996). ERK activation is known to be essential for cell cycle progression from GI1 to S phase
(Talarmin et al., 1999). Activation/inactivation and localization of ERK is highly associated
with normal mitotic progression (Shapiro et al., 1998). Cadmium influence on cell cycle
progression may be related with ERK signaling.

J774A.1 cells are a commonly used murine macrophage cell line possessing similarities
to mature macrophages making them an alternative to primary cells (Yan et al., 2004). J774A.1
cells originated from BALB/c mouse reticulum cell sarcoma, and due to the tumor-like property,
these cells may be more resistant to cadmium toxicity. Cadmium exposure to J774A.1

exhibited increased oxidative stress induced by reactive oxygen species (ROS) and nitric oxide
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(NO) production, following single strand breaks and apoptosis (Bagchi et al., 1998; Hassoun et
al., 1996). Even though macrophages are considered terminally differentiated, studies using
macrophages on cadmium-induced inhibition of cell cycle progression and subsequent cell death
would be helpful to understand cadmium effect on the immune system. The objective of this
study is to explore ERK activation in response to cadmium, and to outline the mechanisms and
consequences of such activation in macrophages. We hypothesized that cadmium activates
ROS-ERK signaling in J774A.1 murine macrophage cells. This process alters Cdk inhibitors
mediating cell cycle progression and cell death by cadmium. To the best of our knowledge, this
is the first report to indicate the functional importance of ERK on p21™*"“™! induction, cell

cycle arrest and cell death in response to cadmium damage.

Materials and Methods
Reagents

Cadmium (CdCl,, Sigma Chemical Co., St. Louis, MO) was dissolved in water, sterilized
with 0.22 pm filter, and added into cultures at the indicated time and concentrations. Cell
culture reagents were procured from GIBCO Life Technology (Grand Island, NY). Antibodies
specific for the total and phosphorylated forms of ERK (p44/42 MAPK) were obtained from Cell

Signaling (Beverly, MA). Antibodies for specific p21VAT/CIP!

and p27 were procured from
Santa Cruz Biotechnology (Santa Cruz, CA). The MAPK/ERK-activating kinase 1 (MEK1)
inhibitor, PD98059, and 1-pyrrolidinecarbodithioic acid (PDTC), a potent antioxidant, were
purchased from Calbiochem-Novabiochem Corporation (San Diego, CA). Hoechst 33258,
propidium iodide (PI), N-acetylcystein (NAC) and all other chemicals used in this study were

obtained from Sigma and were of cell culture grade.
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Cell culture

Macrophage cell line, J774A.1 (American Type Culture Collection TIB-67), established
from BALB/c mouse, was maintained in Dulbecco’s Modified Eagle’s Medium, supplemented
with 2 mM glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin and 10% non-heat-
inactivated fetal bovine serum (Atlanta Biologics, Atlanta, GA) in 5% CO, atmosphere at 37 °C.
The J774A.1 cells were grown in 75 cm” culture flasks and subcultured when the cells reached
70 — 80% confluence (every 3 days). Cells were used during 3rd or 4th passage. Cultures
were allowed to grow overnight (15 hr) prior to the treatment. PD98059 (20 uM), NAC (1
mM), and PDTC (100 uM) were added 30 min prior to cadmium treatment. The concentrations

of PD98059, NAC and PDTC employed were not cytotoxic in preliminary trials.

Cytotoxicity assay

Trypan blue assay was performed to determine cytotoxicity. Cells were seeded at 2x10°
cells/well in 6-well plates (Falcon, Becton Dickinson, Franklin Lakes, NJ) and treated with the
indicated concentrations of cadmium. An aliquot of the cell suspension was diluted 1:10 (v/v)
with 0.4% Trypan blue, and the stained and the total cells were counted with a hemocytometer
(Hausser Scientific, Horsham, PA).

The breakdown of cell membrane was assessed via determining release of lactate
dehydrogenase (LDH) into the media. Cells were seeded at 8x10* cells/well in 96-well
microplates (Falcon) and treated with the indicated concentrations of cadmium at 24 hr. Total
media was added to a new 96-well plate to determine LDH release and same volume of 1%
Triton X-100 was added to the original plate to lyse cells for determination of intracellular LDH.
Samples were treated with 100 ul of 4.6 mM pyruvic acid in 0.1 M potassium phosphate buffer

(PH 7.5) and then 100 pl of 0.4 mg/ml B-NADH in 0.1 M potassium phosphate buffer (PH 7.5)
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was added to the wells. The kinetic change in absorbance at 240 nm was read for the duration
of 1 min using a PowerWave ™ absorbance microplate reader (Bio-Tek Instruments, Winooski,
VT). Results are expressed as percent over basal level of LDH/well.

MTT (3[4,5-dimethyl thiazolyl-2]2,5-diphenyl tetrazolium bromide, Sigma) assay was
used to compare with proliferation as previously described (Johnson et al., 2003). Cells were
seeded at 8x10* cells/well in 96-well microplates and treated with the indicated concentrations of

cadmium.

DNA synthesis as an index of proliferation

The [methyl->H] thymidine incorporation assay was used as an index of proliferation as
described previously (Johnson et al., 2003). Cells were seeded at 8x10* cells/well in 96-well
microplates and treated with indicated concentrations of cadmium. At 16 hr prior to harvesting
cells, each well was pulsed with 20 pl of [methyl->’H] thymidine (25 pCi/ml, 6.7 Ci/mmol,
DuPont NEN Products, Boston, MA) using a cell harvester (PHD, Cambridge Technology,
Cambridge, MA). Proliferative response (uptake of [’H] thymidine) in the harvested cells was
counted in a liquid scintillation counter (Pharmacia, Turku, Finland) and expressed as percent of

control proliferation.

Cell cycle analysis

Cells were treated with cadmium for 24 hr at 2x10° cells/well in 6-well plates. The cells
were then scrapped and re-suspended in nuclear isolation medium (NIM, 50 ug/ml PI, 1 mg/ml
RNase A, 0.1% Triton X-100). Nuclear fluorescence is proportional to DNA content.
Analysis of DNA ploidy and discrimination of cells in GO/G1 versus S versus G2/M phases of

the cell cycle was done by measuring cellular DNA content using fluorescent automated cell
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sorting with a FACSCalibur™ (Becton Dickinson, San Jose, CA) flow cytometer. DNA

histograms were analyzed using CellQuest™ (Becton Dickinson) analysis software.

Determination of early apoptosis and necrosis by flow cytometry

To further determine the extent of early apoptosis and necrosis, cell death was analyzed
by staining the cells with annexin V-FITC (Molecular Probes, Eugene, OR) and PI. For
staining, 2x10° cells/well in 6-well plates were treated with various concentrations of cadmium
for 24 h following which 100,000 cells were washed with cold PBS, centrifuged, and suspended
in a final volume of 100 ul binding solution (10 mM HEPES/NaOH, pH 7.4, 140 mM NacCl, 2.5
mM CaCl,) containing 5 pl of annexin V and 5 pul of PI (final concentration 2.5 pg/ml) as
provided by the manufacturer. The cells were incubated at room temperature for 15 min then
400 pl binding solution was added and the cells were analyzed using a FACSCalibur™ flow
cytometer. Excitation was at 488 nm and the emitted green fluorescence of annexin V (FL1)
and red fluorescence of PI (FL2) were collected using a 525 and 575 nm band pass filter,
respectively. A total of at least 50,000 cells were analyzed per sample. The amount of live,
early apoptosis and necrosis was determined by CellQuest™ flow analysis software, respectively,

as the percent of AV-/PI-, AV+/PI- or PI+ cells.

Western blot analysis

The ERK, phospho-ERK, p21VA*“™"! and p27 were determined using specific antibodies
as described previously (Johnson et al., 2003). Cells were grown at 2x10° cells/well in 6-well
microplates and treated with cadmium for indicated time and concentrations. Following
treatment, cells were washed with phosphate buffered saline (PBS) and total cell lysates were

prepared by scrapping in 100 pl of lysis buffer [20 mM Tris—HCI (pH 8.0), 1 mM sodium
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orthovanadate, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 mM EDTA, 1% Triton X-
100, 50 mM B-glycerolphosphate, and 10 pg/ml each aprotinin, leupeptin, and pepstatin].  Fifty

micrograms of proteins for ERK and 10 pg of proteins for p21"AFV/CIP!

and p27 determined by
Bradford assay was electrophoretically separated using a 12% SDS-PAGE gel and transferred to
nitrocellulose paper followed by antibody staining. Equal loading and transfer of total protein
was verified with the reversible Ponceau red dye (Sigma) and also by detecting total ERK.

Immunodetection was performed using enhanced chemiluminescence (ECL) detection kit

(Amersham Pharmacia, Piscataway, NJ).

Determination of caspase-3 activation

Caspase-3 activity was determined using CaspACE™ fluorometric activity assay
(Promega, Madison, WI) with modifications as follows. Briefly, cells were treated in 96-well
microplates following which Triton X-100 was added and repeatedly pipetted to lyse the cells.
The homogenates were centrifuged at 4,000xg for 10 min to remove cell debris. The
supernatant was assayed for caspase-3 activities using CaspACE™ system according to the
manufacture’s instructions. The fluorescence signal was digitized and analyzed using SoftMax

Pro™,

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
assay

TUNEL assay was performed using the in situ Cell Death Detection Kit (Roche Applied
Science, Indianapolis, IN). Cells were plated at 8x10* cells/well in 96-well microplates and
allowed to attach overnight. Cells were then treated with cadmium for 24 hr, fixed with

paraformaldehyde, and analyzed for stained nuclei according to the manufacturer’s instructions.
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The fluorescence signal was read by SpectraMax Gemini, digitized and analyzed using SoftMax

™ In addition, fluorescence microscopy was performed to examine fragmented DNA

Pro
morphology using IX71 inverted microscope. Digital images were captured using MagnaFire

SP® Olympus digital camera.

Pl and Hoechst 33258 staining

Necrotic cell death was detected by staining with PI, a membrane impermeable dye
excluded from viable cells. PI binds to DNA by intercalating between the bases with little or no
sequence preference and with a stochiometry of one dye per 4-5 base pairs of DNA. Dead cells
are Pl-bright and live cells are PI-dim. Apoptotic morphological changes in the nuclear
chromatin of cells were detected by staining with the DNA binding fluorochrome Hoechst 33258
(bis-benzimide). Hoechst 33258 exhibits fluorescence enhancement upon binding to A-T rich
regions of double stranded DNA. Following 24 hr treatment with cadmium, 120 pl of
supernatant was removed and 20 pl of PI (I pg/ml) or Hoechst 33258 (2 pg/ml) was added.
Fluorescence microscopy was performed to examine necrotic and apoptotic morphology at
535/617 nm or 350/450 nm (excitation/emission) for PI or Hoechst 33258, respectively, using
IX71 inverted microscope (Olympus, Melville, NY). Digital images were captured using

MagnaFire SP® Olympus digital camera.

Replication and statistical analysis

Experiments were repeated 3-4 times with consistent results. Data from representative
experiments have been presented. All statistical analyses were performed using the SAS
statistical software (SAS Institute, Cary, NC). Treatment effects were analyzed using one way
analysis of variance (ANOVA) followed by Duncan’s Multiple Range test. A p value of < 0.05

was considered significant unless indicated otherwise.
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Results
Viability and proliferation of cadmium-treated cells

Trypan blue exclusion is used to measure the membrane integrity of viable cells.
Cadmium decreased Trypan blue-excluded viable cells in a concentration dependent manner at
24 hr (Fig. 1A). At 20 uM or greater, cadmium-damaged cells showed a significant LDH
release (Fig. 1B). LDH release represents cadmium-induced necrotic (also late stage of
apoptotic) cell death.

The decreased proliferation of cells by cadmium was compared with the loss of viability
by cadmium via MTT assay at 24 hr (Fig. 1C). The [3H]thymidine uptake was concentration-
dependently decreased by cadmium. At > 20 uM cadmium, cells showed a gap between
viability and proliferation indicating the likely cell cycle arrest prior to cell death. At 20 uM
cadmium, the viability was 70% of control; however, the cell proliferation was reduced to below
20% of the normal. Relative proliferation compared to viability was also examined in time-
course study (Fig. 1D). Cadmium at 20 uM caused slight reduction of viability at every time
point up to 24 hr. On the other hand, same concentration of cadmium increased thymidine

uptake into cells at 8 hr and then dramatically inhibited its incorporation as time goes until 24 hr.

Cadmium-induced G2/M arrest

In cell cycle analysis, ~15% of the cells were arrested in the G2/M phase with 20 pM
cadmium treatment at 24 hr (Fig. 2, Table 1), compared to 4% of the untreated cells. On the
other hand, 59% of the cells remained in the GO/G1 phase compared to 78% of the untreated
cells indicating that GO/G1 to next phases was significantly triggered by cadmium treatment.
The GO/G1 and S phases of the normal cells progressed and remained at G2/M phase in response

to cadmium damage At 50 pM cadmium, percent of the cells arrested in G2/M phase
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decreased down to control level with significant increase of sub-G1 phase. Accumulation of
cells with hypodiploid (sub-G1) fraction is characteristic of cell death. Untreated cells had less
than 2% of sub-G1 phase; however, cadmium at 20 and 50 uM for 24 hr increased sub-G1 phase

to 16 and 31%, respectively.

Cadmium-induced necrotic and apoptotic cell death

To further examine the potential of cadmium to induce necrotic and apoptotic conditions
of macrophages, annexin V-FITC vs. PI assay was conducted. Phosphatidylserine is located
predominantly on the internal leaflet of the plasma membrane of intact cells, but in apoptotic
cells phosphatidylserine translocates from the inner to the outer surface of the cell membrane,
which allows to be detected by annexin V (Vermes et al., 1995). Pl is used to distinguish cells
that are in the late stage of apoptosis or necrosis, which lose plasma membrane integrity and are
permeable to PI. Cadmium induced both necrotic and apoptotic cell death. Percent of
annexinV negative and PI negative live cells was significantly decreased at 20 and 50 pM
cadmium at 24 hr (Fig. 3A). PI only treated control cells already showed ~20% of background
PI staining (Fig. 3B, blank bar). Cadmium at 20 uM showed significant increase of necrosis
and also apoptosis. Higher concentration of 50 uM cadmium showed necrosis rather than
apoptosis mostly.  Concentration-dependent cadmium-induced necrotic cell death was
confirmed with fluorescence microscopy with PI staining (Fig. 9A). Apoptotic morphological
change by 20 pM cadmium was also identified by Hoechst 33258 and TUNEL staining (Fig. 9B-

Q).

Cadmium-induced activation of ERK
ERK activation was investigated in cells treated with 20 uM cadmium for different time.

Phosphorylation of ERK was observed at 16 and 24 hr (Fig. 4A). To examine the effect of

54



various cadmium concentrations, the level of ERK and phospho-ERK was measured after 16 hr
cadmium exposure; ERK activation was elevated significantly at concentrations of 20 and 50 uM

cadmium (Fig. 4B).

Role of activated ERK on cadmium-altered p21VAF/c!P1

and cell cycle progression

Addition of the MEK1 inhibitor, PD98059 (20 uM), abrogated cadmium-induced ERK
activation at 16 hr, confirming the role of MEK1 in mediating cadmium-induced ERK activation
(Fig. 5A). To determine whether the magnitude of ERK activation by cadmium-induced
damage played a functional role in G2/M cell cycle arrest, cells were treated with cadmium (20
uM) with or without PD98059 for 24 hr (Table 1). PD98059 itself at 20 uM reduced
proliferation (Fig. 5E) leading to increased GO/G1 phase of cell cycle (Table 1), which is
consistent with the report that ERK activity facilitates G1 progression (Talarmin et al., 1999).
Pretreatment of PD98059 in cadmium-treated cells also caused significant release from the G2/M
arrest seen by cadmium-damage, suggesting that G2/M arrest by cadmium is regulated by ERK
activation. To corroborate the results of G2/M arrest and GO/G1 transition obtained by FACS
analysis, we analyzed Cdk inhibitor, p21"*"™"“"' and p27 after cadmium and PD98059
treatments by western blot (Fig. 5B-D). Our results show that p21™*""“*' was induced and
p27 was down-regulated by cadmium treatment. We suggest that cadmium-activated ERK

induces G2/M arrest via p21WAF1/ClP1

regulation. The function of ERK activity on GO/G1, S
and G2/M progression is indicated as altered proliferation by PD98059 and cadmium treatment
(Fig. SE). P27 induction showed very similar pattern with percent of cells in G0/G1 phase (Fig.

B, D and Table 1). Cadmium at 20 pM down-regulated p27 and caused GO/G1 transition.
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Role of activated ERK on cadmium-induced cell death

To examine whether activation of ERK played a functional role in cadmium—induced cell
death, cells were treated with cadmium (20 puM) with or without PD98059 (20 uM) for 24 hr.
ERK inhibition showed less cell death by cadmium (Fig. 6A) and the percent of PI-stained
necrotic cells by cadmium was significantly decreased when ERK activation was inhibited (Fig.
6B). On the other hand, PD98059 was not able to reduce annexin V-positive apoptotic cell
death (Fig. 6C).

The activation of caspase-3 is an integral step in the majority of apoptotic events.
Cadmium at 20 pM showed more than 2-fold caspase-3 activation; however, ERK inhibition was
unable to reduce cadmium-induced caspase-3 activation (Fig. 7A). DNA fragmentation by
TUNEL confirmed that ERK inhibition was not able to change cadmium-induced apoptosis (Fig.
7B and 9C). Even at earlier time point of 16 hr PD98059 did not change the cadmium-induced
caspase-3 activation and TUNEL staining (data not shown). No effect of PD98059 on

cadmium-induced apoptosis was also confirmed by Hoechst 33258 staining (Fig. 9B).

1WAFLCIPL and cell death

Effect of antioxidant on cadmium-induced ERK activation, p2

To determine whether ERK activation mediated by cadmium depends on ROS, cells were
treated with NAC, a precursor of glutathione with antioxidant activity (Fig. 8A-B). NAC (1
mM) inhibited cadmium-induced phosphorylation of ERK, suggesting an involvement of ROS in

WAF1/CIP1 - . —
1 induction was decreased as ERK activation

cadmium-induced ERK activation. p2
was inhibited by NAC, but p27 was not related (Fig. 8C-E). Inhibition of ROS by NAC (1
mM) and PDTC (100 pM) dramatically decreased cadmium-induced necrotic cell death (Fig.

9A).
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Confirmation of necrosis and apoptosis by fluorescence microscopy

Dying cells stained with PI are illustrated in Fig. 9A. Cadmium-induced necrotic cell
death was shown in concentration-dependent manner. The intensity of PI fluorescence by
cadmium-induced necrotic cell death was significantly decreased when activation of ERK was
inhibited. Antioxidants NAC and PDTC completely inhibited cadmium-induce necrosis.

Apoptotic cells stained with Hoechst 33258 are pictured in Fig. 9B. The nuclei of cells
exposed to cadmium showed the condensed and fragmented chromatin characteristics of
apoptosis. Cadmium at 20 uM showed 3 and 4-fold increased apoptosis over control. To
protect necrotic cells from being stained by Hoechst 33258, the fluorescence was measured after
15 min dye binding to DNA. Inhibition of ERK by PD98059 could not inhibit cadmium-
induced Hoechst 33258 staining. TUNEL assay confirmed no effect of PD98059 on cadmium-

induced DNA fragmentation (Fig. 9C).

Discussion

Results of current study indicate that cells treated with sublethal concentrations of
cadmium were alive, but they have stopped proliferating. Cells were arrested by cadmium at
some point of their cell cycle progression, possibly attempting to repair cadmium-induced
damage. Because cadmium showed inhibition of proliferation, we performed cell cycle
analysis to see whether cadmium inhibits cell cycle progression. Cadmium inhibits
proliferation in murine macrophages via G2/M arrest and a gap between viability and
proliferation was explained by inhibited cell cycle progression. Cell growth kinetics in a time-
dependent fashion showed increased thymidine incorporation at 8 hr and then thymidine uptake

was dramatically decreased at 24 hr (Fig. 1D). This result suggests that cadmium is
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accelerating DNA content doubling by going through G0/G1 to S at earlier time point and then
later arresting cells at G2/M phase. Arrested cells at G2/M phase by cadmium may not process
to next GO0/G1 and show totally inhibited proliferation at 24 hr. We observed elevated
phosphorylation of ERK by cadmium at 16 and 24 hr. Inhibition of ERK by PD98059 resulted
in GO/G1 arrest and partial release of the cadmium-mediated G2/M arrest. PD98059 also
inhibited p21VAFVCIL expression  suggesting  ERK-p21™VAFVPL_G2/M  arrest signaling.
PD98059 was able to decrease cadmium-increased percent of PI positively stained necrotic cells;
however, did not change apoptotic characteristics. Regulation of cell death by ERK was more
related with necrosis than apoptosis in J774A.1 cells. Because ROS is known to play a central
role in the activation of MAPKs (Aikawa et al., 1997; Wang et al., 1998a), we examined
whether cadmium-mediated cell death can be inhibited by antioxidants. It was apparent that
ROS facilitate cadmium-induced ERK- p21WAF1/CIPl signaling pathway and cell death.

It has been reported that cadmium modulates the level of intracellular calcium ([Ca*™ )
and Ca”"- dependent processes by cadmium (< 1 pM) stimulate proliferation in peritoneal
macrophages (Misra et al., 2002). At higher concentration of cadmium, there are abundant
evidences that cadmium inhibits cell cycle progression (Biagioli et al., 2001; Chao and Yang,
2001). Cadmium induced irreversible mitotic arrest and G2/M was the most effective phase to
cytotoxicity, apoptosis, micronucleus, and p38 MAPK and ERK activities in CL3 cells (Chao
and Yang, 2001). Cells synchronized at G2/M phase showed high increase of ERK activation
with 40 and 80 pM cadmium for 2 hr in CL3 (Chao and Yang, 2001). Phosphorylation of ERK
was essential for the cell progression from G2 to mitosis in NIH 3T3 (Wright et al., 1999).
Inhibition of ERK attenuated p21™*""“'"! induction, resulting in partial release of the G2/M cell

cycle arrest induced by etoposide (Tang et al., 2002). Intracellular peroxide elicited by
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cadmium in CL3 played a critical role in the ERK signal transduction pathways (Chao and Yang,
2001). Hydrogen peroxide induced activation protein (AP-1) and its effect on p21WVAF/CIP!
mediated G2/M arrest in p53-deficient human lung cancer cells (Chung et al., 2002). In this
system, inhibition of activated ERK diminished hydrogen peroxide-induced phosphorylation of
c-Jun and DNA binding activity of AP-1, decreased expression of p21VA*“!"! and released the
cells from G2/M arrest (Chung et al., 2002). These reports are consistent with our finding that
activation of ERK by oxidative stress mediates cadmium-induced G2/M arrest and p21"AF/CIP!
is involved in ERK signaling on cadmium-altered cell cycle progression.

In mammalian cell lines, ERK activation and localization in nucleus is required for
mitogen-induced gene expression and cell cycle re-entry (Brunet et al., 1999). ERK is an
absolute requirement for triggering proliferative responses and inhibition of MEKs and ERKs
induces GO/G1 cell cycle arrest (Talarmin et al., 1999; Wilkinson et al., 2000). Inhibition of
ERK was correlated with induction of p27 leading to GO/G1 arrest in NSCLC cell lines
(Brognard et al., 2002) and inhibited cell proliferation by preventing cyclin D1 expression
(Squires et al., 2002). In our study, cadmium-treated cells triggered re-entry of GO/G1 to next
phases and activated ERK, confirming the ERK pathway is rate limiting for cell cycle at about
GO/G1 to next phases. Percent of cells at GO/G1 phase showed very similar pattern with p27
induction in our experiment (Fig. 5B, D and Table 1) suggesting that p27 was correlated with G1
progression in J774A.1 murine macrophages. It has been reported that growth arrest in G1
protects against oxygen-induced DNA damage and cell death (Rancourt et al., 2002). Cell
culture conditions, which restrict cells from exiting G1, can limit the adverse effects on cell

viability and DNA integrity associated with hyperoxia exposure (Rancourt et al., 2002).

Release of G2/M arrest by inhibition of ERK may suppress cadmium-induced cell death but also
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GO/G1 arrest by inhibition of ERK may limit the adverse effect on cell viability and DNA
integrity associated with cadmium exposure.

Cadmium is known to diminish activity of antioxidant enzymes such as superoxide
dismutase, catalase and glutathione peroxidase and to decrease antioxidant contents including
glutathione (GSH) (del Carmen et al., 2002). GSH regulates intracellular level of ROS by
direct scavenging reaction or via GSH peroxidase/GSH system. Hampered protection by
diminished antioxidant enzymes and antioxidants to the cells against oxidative damage by
cadmium has been suggested to be the cause for increased lipid peroxidation in the cells.
Cadmium has been previously shown to increase [Ca®]; in various cell lines (Beyersmann and
Hechtenberg, 1997; Misra et al., 2002). Disturbance of calcium homeostasis can be another
initiation to cause cadmium-induced oxidative stress. High [Ca*']; may disrupt mitochondrial
Ca®" equilibrium and stimulate electron flux along the electron transport chain resulting in ROS
formation (Chacon et al., 1991). The involvement of ROS as intracellular messengers to induce
DNA single strand breaks and fragmentation in the toxicity of cadmium has been proposed in
J774A.1 murine macrophage cells (Bagchi et al., 1998; Hassoun and Stohs, 1996). Hydrogen
peroxide accumulation following apoptosis in response to cadmium-induced damage was found
in U-937 (Galan et al., 2000). Hyperoxia-induced cell death in murine lung epithelial cells is
associated with cytochrome c release, subsequent caspase-9 and -3 activation, and poly (ADP-
ribosyl) polymerase cleavage (Zhang et al., 2003). Cadmium-induced cytochrome c release
from mitochondria was the trigger of apoptosis in human leukemia HL-60 cells (Kondoh et al.,
2001). These findings suggest that cadmium-induced apoptotic cell death may be a response of
induced cytochrome c release and subsequent activation of caspases. It has been reported that

among the MAPKs examined, the ERK pathway was important in cadmium-induced apoptosis in
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CCRF-CEM (Iryo et al., 2000). In our experiments, PD98059 could not inhibit annexin V
binding, caspase-3 activation and DNA fragmentation by cadmium indicating ERK activity was
not relevant for apoptotic cell death by cadmium.

In summary, we hereby present the relationship among ROS, ERK activation, cell cycle
arrest and cell death in cadmium-treated macrophages. Exposing J774A.1 cells to cadmium
markedly induced p21™*FYC™! and G2/M arrest, triggered GO/G1 to next phases, and
subsequently induced cell death. Activated ERK by cadmium was a major mediator for
inhibition of proliferation, and G2/M arrest. The data presented here demonstrates that ERK
activation by cadmium responses to cellular damage. Our results suggest that expression of

ROS by cadmium play an important role in ERK- p21VAFV/CIP!

signaling. Activated ERK was
not related with apoptotic cell death but necrotic cell death. The fact that growth arrest in G1
protects against oxygen-induced cellular damage and cell death (Rancourt et al., 2002) and that
inhibition of ERK caused G0/G1 arrest in our system, confirms that phosphorylated ERK plays a

role for transition from GO/GI to next phases, which will give a synergetic effect to ERK-

mediated G2/M arrest leading to cell death.
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Table 3.1.

The Effect of inhibition of ERK activity on cadmium-altered cell cycle progression.

GO/G1 (%)* S (%) G2/M (%) Sub-G1 (%)

control 78.48+0.18° 1558 +0.15° 3.94+0.11° 2.00 +0.39°
Cds 76.44+ 037"  14.18+0.16° 576 +0.25" 3.62 +0.32°
Cd 20 58.98+0.94"  8.94+0.05° 14.98 +0.76" 17.10 + 0.24°
Cd 50 5495+2.81°  826+0.20° 4.48 +0.06° 3231 +0.43°
PD 83.71+0.15°  871+0.18 4.01+0.14° 3.57 +0.22°
PD + Cd 20 6229 +0.68°  8.47+0.32° 10.81 +£0.17¢ 18.43 +0.43"

J774A.1 cells were exposed to CdCl, (uM) for 24 hr with or without pre-treated of PD98059
(20 uM) for 30 min

* Percent of cells in each phase was determined by PI staining with flow cytometry. Mean *

SE (n=3).

* Different letters on top of numbers indicate a significant difference (p < 0.05).
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Fig. 3.1. Effect of CdClI; on cell viability and proliferation. J774A.1 cells were exposed to
CdCl, at different concentrations for 24 hr (A-C). (A) Viability was measured by Trypan blue
exclusion. Each point depicts percent of control viability. (B) Necrotic (also late apoptotic)
cell death was measured by LDH release. (C) Proliferation by [*H]thymidine incorporation was
compared to viability measured by MTT assay in response to CdCl, damage. (D) J774A.1 cells
were exposed to 20 uM CdCl, at different time. Proliferation by [*H]thymidine incorporation
was compared to viability measured by MTT assay in response to CdCl, damage.
*Significantly different from the respective control at p < 0.05. "Distinct difference (p < 0.05)

between viability and proliferation is indicated.
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Fig. 3.2. Effect of CdClI; on cell cycle progression. J774A.1 cells were exposed to 0 (A), 5
(B), 20 (C), 50 (D) uM CdCl, for 24 hr. The percent of cells in each phase determined by PI

staining by flow cytometry was represented on Table 1.
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negative (-) and PI negative (-), (B) the percent of necrotic cells with PI positive (+), and (C) the
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(n=3). * indicates significant difference from the control group at p < 0.05.
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Fig. 3.4. Effect of CdCl, on phosphorylation of ERK. J774A.1 cells were exposed to
CdCl, at indicated concentrations and time. The level of total and p-ERK was measured by
western blot. (A) ERK activation with CdCl, 20 uM over time. (B) ERK activation after 16 hr
with different CdCl, concentrations. * indicates significant difference from control group at p <

0.05. Results from a representative experiment are expressed as mean + SE (n=3).
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Fig. 3.5. Effect of PD98059 on CdCl,-induced ERK activation, p21"A™/“""! induction, p27
down-regulation and inhibition of proliferation. J774A.1 cells were pretreated with
PD98059 (20 uM) for 30 min and then exposed to CdCl, (20 uM) for 16 hr. (A) Total and p-
ERK, and (B) pZIWAFl/ Pl and p27 were measured by western blot after 16 hr CdCl, exposure.
Results shown are representative western blot and densitometric analysis of p21WAF1/ Pl and p27
(C-D). (E) Proliferation was measured by [*H] thymidine incorporation after 16 hr CdCl,

exposure. Different letters on top of bars indicate a significant difference (p < 0.05).
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Fig. 3.6. Effect of PD98059 on CdCl,-induced necrotic and apoptotic cell death. J774A.1
cells were pre-treated with PD98059 (20 uM) for 30 min and then exposed to CdCl, (20 uM) for
24 hr. Cells were stained with annexin V (AV) and PI and analyzed by flow cytometry. (A)
The percent of live cells with AV negative (-) and PI negative (-), (B) the percent of necrotic cells
with PI positive (+), and (C) the percent of apoptotic cells with AV positive (+) and PI negative (-
) were shown as mean + SE (n=3). Different letters on top of bars indicate a significant

difference (p < 0.05).
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Fig. 3.7. Effect of PD98059 on CdCl,-induced -caspase-3 activation and DNA
fragmentation. (A) J774A.1 cells were pre-treated with PD98059 (20 uM) for 30 min and then
exposed to CdCl, (20 uM) for 24 hr. Fluorometric caspase-3 enzyme activity was measured.
(B) Cells were pre-treated with PD98059 (20 uM and 40 pM) for 30 min and then exposed to
CdCl, (20 uM) for 24 hr. Fluorescence of labeling DNA strand breaks by TUNEL-reaction
after CdCl, exposure was read by microplate spectrofluorometer. Different letters on top of
bars indicate a significant difference (p < 0.05). Results from a representative experiment (out

of 3) are illustrated as mean + SE (n=3).
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Fig. 3.8. Effect of antioxidants on CdCl,-induced ERK activation, p21"“A"/“'"* induction,
and p27 down-regulation. J774A.1 cells were pre-treated with NAC (1 mM) for 30 min and
then exposed to CdClI, (20 uM) for 16 hr. (A, C) NAC effect on CdCl,-induced ERK activation,
21 WAFVCIPL ip duction and p27 down-regulation was analyzed with western blot. Results shown
are representative western blot and (B, D-E) densitometric analysis of p-ERK, p21"*F/“""! and

p27. Different letters on top of bars indicate a significant difference (p < 0.05). Each value

(mean + SE, n=3) represents the fold of control.
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Fig. 3.9. Confirmation of necrosis and apoptosis by fluorescence microscopy. J774A.1
cells were pretreated with PD98059 (20 uM), NAC (1 mM) or PDTC (100 uM) for 30 min and
then exposed to CdCl, (20 uM) for 24 hr. (A) Fluorescence on PI stained necrotic cells was
pictured by fluorescence microscopy. (B) Cell nuclei were visualized under fluorescence
microscope with Hoechst 33258 staining. (C) Fluorescence on TUNEL positive nuclei was
visualized under fluorescence microscope. The experiment was repeated three times with

similar results and representative micrographs are shown.
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CHAPTER 4
CALCIUM-MEDIATED ACTIVATION OF C-JUN NH,-TERMINAL KINASE
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Abstract

Cadmium is a well-known carcinogenic and immunotoxic metal commonly found in
cigarette smoke and industrial effluent. Altered intracellular calcium ([Ca*"])) level has been
implicated in the pathophysiology of immune dysfunction. Present study was designed to
determine the possible involvement of calcium (Ca®") and mitogen-activated protein kinases
(MAPKSs) signaling pathways on cadmium-induced cell death in J774A.1 murine macrophage
cells. Cadmium caused a low amplitude [Ca®"]; elevation at 20 pM and rapid and high amplitude
[Ca™]; elevation at 500 uM. Exposure to cadmium dose-dependently induced phosphorylation
of c-Jun NH,-terminal kinase (JNK) and deactivated p38 MAPK. Use of selective JNK inhibitor,
SP600125, suggested that activation of JNK is pro-apoptotic and pro-necrotic. Buffering of the
calcium response with 1,2-bis-(2-aminophenoxy)-ethane-N,N,N',N'-tetraacetic acid tetrakis
(acetoxy-methyl) ester (BAPTA-AM) and ethylene glycol-bis-(3-aminoethyl ether)-N,N,N’,N'-
tetraacetic acid (EGTA) completely blocked cadmium-induced apoptotic response. The
pretreatment of cells with BAPTA-AM and EGTA suppressed the cadmium-induced cell injury
including growth arrest, mitochondrial activity impairment and necrosis as well as recovered the
cadmium-altered JNK and p38 MAPK activity. Chelating [Ca*'}; also reversed cadmium-
induced hydrogen peroxide generation suggesting that production of reactive oxygen species
(ROS) is related to [Ca®"];. The present study showed that cadmium induces ROS-[Ca*"];-JNK-
caspase-3 signaling pathway leading to apoptosis. Furthermore, cadmium-induced [Ca®'];
regulates phosphorylation/dephosphorylation of JNK and p38, and modulates signal transduction

pathways to proliferation, mitochondrial activity and necrosis.
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Abbreviations used:

BAPTA-AM, 1,2-bis(2-aminophenoxy)-ethane-N,N,N',N'-tetra-acetic acid tetrakis (acetoxy-
methyl) ester; [Ca’'];, intracellular calcium; CM-H,DCFDA, 5-chloromethyl-2",7’-
dichlorodihydrofluorescein diacetate; DPM, disintegrations per min; EGTA, ethylene glycol-
bis(beta-aminoethyl ether)-N,N,N',N'-tetraacetic acid; ERK, extracellular signal-related kinase;
JNK, c-Jun NH,-terminal kinase; MAPKs, mitogen-activated protein kinases; MTT, 3(4,5-
dimethyl thiazolyl-2)2,5-diphenyl tetrazolium bromide; NF-«kB, nuclear factor-kB; PI, propidium
iodide; PKC, protein kinase C; ROS, reactive oxygen species; TUNEL, terminal

deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling

Introduction

Cadmium is a naturally occurring nonessential and toxic heavy metal commonly found in
stabilizers in polyvinyl chloride products, color pigment, several alloys and, most commonly, in
re-chargeable nickel-cadmium batteries (Jarup, 2003). Cigarette smoking may cause significant
increases in blood cadmium level and it has been reported that smokers have 4-5 times higher
level of cadmium in blood than non-smokers (Jarup et al., 1998). Inhalation of cadmium through
tobacco smoking will directly effect the respiratory system without first-pass elimination and
elevated blood level of cadmium may be a factor of immunodepression in smokers. Cadmium
causes apoptotic cell death in NIH 3T3 murine fibroblasts (Biagioli et al., 2001), CCRF-CEM
human T-cell line (Iryo et al., 2000), and rat testicular tissues (Xu et al., 1996). The International

Agency for Research on Cancer (IARC) has classified cadmium as carcinogenic to humans
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(Group 1), based on sufficient evidence for carcinogenicity in both human and animal studies
(IARC, 1993).

Calcium ions are central to multiple signal transduction pathways to accomplish a variety
of biological functions. The spatial and temporal regulation of intracellular calcium ([Ca®"];)
serves as a modulator of pathways involved in learning and memory, fertilization, proliferation
and development (Berridge et al., 2000). However, high [Ca’']; can cause disruption of
mitochondrial Ca** equilibrium which results in reactive oxygen species (ROS) formation due to
the stimulation of electron flux along the electron transport chain (Chacon et al., 1991). Under
oxidative stress, mitochondrial Ca®" accumulation can switch from physiologically beneficial
process to cell death signal (Ermak et al., 2001). Ca*"-dependent processes by cadmium (< 1
uM) activated p21™-dependent MAPK pathways, and nuclear factor-kB (NF-kB)-dependent
gene expression, to stimulate proliferation in peritoneal macrophages (Misra et al., 2002).
Besides the direct interaction of cadmium with intracellular molecules, altered [Ca®];
homeostasis has been considered as a target of toxic action by cadmium.

Cd*" and Ca”" are two closely related elements with similarity in many aspects, partially
due to their similar ionic radii; the radius of a common form of free Cd*" in the body and that of
Ca®" are 0.099 and 0.097 nm, respectively (Weast et al., 1982). Cadmium is a potent Ca>"
channel blocker and inhibits Ca®* cellular uptake (Thevenod et al., 1992). Cadmium has a high
affinity for and activates calmodulin, a Ca®* binding protein that regulates a variety enzymes and
cell progresses (Behra et al., 1991). Moreover, a number of recent studies demonstrated that
cadmium interacts with the function of Ca*-dependent enzymes such as endonuclease and
regulatory proteins such as protein kinase C (PKC) and phospholipase C, thus interfering with

the Ca**-signaling pathways (Lohmann et al., 1993; Long, 1997; Misra et al., 2002).
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Mitogen activated protein kinases (MAPK) belong to a family of Ser/Thr protein kinases
that transmit extracellular signals into the nucleus. There are three subfamilies of MAPKs
including c-Jun NH,-terminal kinase (JNK, also known as stress-activated protein kinase), p38
MAPK, and extracellular signal-related kinase (ERK) (Schaeffer et al., 1999). These MAPKs
are believed to be important biomolecules in cell differentiation, cell movement, cell division
and cell death induced by extracellular stimuli (Schaeffer et al., 1999). We recently reported
ERK signaling-dependent G2/M arrest and cell death in murine macrophages by cadmium (Kim
et al., 2003). However, it is not clear if cadmium-altered MAPKSs activity is interrelated with
Ca®". Intracellular calcium elevation by cadmium was required for INK activation in LLC-PK,
cells (Matsuoka et al., 1998). Calcium-dependent PKC activation by serotonin contributed to
ERK phosphorylation in the nudibranch mollusk Hermissenda (Crow et al., 2001). Elevated
[Ca*"]; was involved in p38 MAPK-induced neuronal cell death by pneumolysin (Stringaris et al.,
2002). These findings suggest that the role/activation of ERK, JNK and p38 may be connected
with [Ca®"]s.

Based on substantial evidence, mostly from in vivo animal models, cadmium is able to
damage both the humoral immune response and cell mediated immunity (Descotes, 1992).
J774A.1 cells are commonly used murine macrophage cell line which possesses similarities to
mature macrophages, making them an alternative to primary cells (Yan et al., 2004). J774A.1
cells originated from BALB/c mouse reticulum cell sarcoma, and due to their tumor-like
property, these cells may be resistant to cadmium toxicity. Studies using macrophages on
cadmium-induced inhibition of growth progression and subsequent cell death are helpful to
understand cadmium effect on the immune system. There have been studies to show that

elevated [Ca®']; by cadmium mediates several different signaling pathways depending on cell
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types. However, the kinetics of [Ca*"]; elevation and exact involvement of [Ca®]; on cadmium
toxicity including cell death, growth arrest, mitochondrial activity and ROS generation, has not
been clearly determined in macrophages. We have proved the role of intracellular and
extracellular Ca®* in cadmium-altered JNK and p38 MAPK and the importance of JNK

activation on cadmium-induced activation of caspase-3 and apoptosis in murine macrophages.

Materials and Methods

Reagents

Cadmium (CdCl,, Sigma Chemical Co., St. Louis, MO) was dissolved in water, sterilized with
0.22 pm filters, and added to cultures at the indicated time and concentrations. Cell culture
reagents were procured from GIBCO Life Technology (Grand Island, NY). Antibodies specific
for the total and phosphorylated forms of JNK (p54/46) and p38 MAPK were obtained from Cell
Signaling (Beverly, MA). Specific JNK inhibitor SP600125 was purchased from Calbiochem
(La Jolla, CA). Fluorescent probes Fluo-3/AM and propidium iodide (PI) were procured from
Molecular probes (Eugene, OR). 1,2-bis(2-aminophenoxy)-ethane-N,N,N',N'-tetra acetic acid
tetrakis (acetoxy-methyl) ester (BAPTA-AM), ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetra acetic acid (EGTA), Hoechst 33258 and all other chemicals used in this study

were obtained from Sigma and were of cell culture grade.

Cell culture

Macrophage cell line, J774A.1 (American Type Culture Collection TIB-67), established
from BALB/c mouse, was maintained in Dulbecco’s Modified Eagle’s Medium, supplemented
with 2 mM glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin and 10% non-heat-

inactivated fetal bovine serum (Atlanta Biologics, Atlanta, GA) in 5% CO, atmosphere at 37 °C.

83



The J774A.1 cells were grown in 75 cm” culture flasks and subcultured when the cells reached
70—-80% confluence (every 3 days). Cells were used during 3rd or 4th passages. Cultures were
allowed to grow overnight (15 h) prior to the treatment. The concentrations used for various
reagents, added 30 min prior to cadmium treatment, were 20 uM for SP 600125, 10 uM for

BAPTA-AM and 1 mM for EGTA. The used concentrations of above agents were not cytotoxic.

Determination of intracellular Ca**

[Ca®']; levels were monitored by Fluo-3, which is a Ca*"-sensitive fluorescent indicator.
Cells were seeded at 8x10* cells/well in 96-well microplates (Falcon, Becton Dickinson, Franklin
Lakes, NJ) and treated with indicated time and concentration of cadmium. Cells were loaded
with Fluo-3/AM (10 uM) in dark at 37°C for 1 h and washed twice with Tyrode’s solution (137
mM NacCl, 2.7 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, 0.2 mM NaH,PO4, 12 mM NaHCO3, and
5.5 mM Glucose). Cells were incubated in Tyrode’s solution for another 30 min and the
morphological fluorescence intensity of cells was determined using Olympus IX71 inverted
microscope (Olympus America, Melville, NY). A 488 nm excitation wavelength was used to
illuminate Fluo-3, and fluorescence was detected at emission wavelength of 510 nm. Digital

images were acquired using the Magnafire SP (Olympus) digital camera.

Western blot analysis of phosphorylated JNK and p38 MAPK

The activation status (phosphorylation) of JNK and p38 MAPK was determined using
phospho-specific antibodies as described previously (Johnson et al., 2003). Cells were grown at
2x10° cells/well in 6-well microplates and treated with cadmium for indicated time and
concentrations. Following treatment, cells were washed with phosphate buffered saline (PBS)

and total cell lysates were prepared by scrapping in 100 pul of lysis buffer [20 mM Tris—HCI (pH
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8.0), 1 mM sodium orthovanadate, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 mM
ethylenediaminetetraacetate (EDTA), 1% Triton X-100, 50 mM B-glycerolphosphate, and 10
ug/ml each of aprotinin, leupeptin, and pepstatin]. Fifty micrograms of proteins determined by
Bradford assay was electrophoretically separated using a 12% SDS-PAGE gel and transferred to
nitrocellulose paper followed by antibody staining. Equal loading and transfer of total protein
was verified with the reversible Ponceau S stain (Sigma) dye and also by detecting total INK and
p38 MAPK. Immunodetection was performed using enhanced chemiluminescence (ECL)

detection kit (Amersham Pharmacia, Piscataway, NJ).

Determination of caspase-3 activation

Caspase-3 activity was determined using CaspACE™ fluorometric activity assay
(Promega, Madison, WI) with modifications as follows. Briefly, cells were treated in 96-well
microplates following which Triton X-100 was added and repeatedly pipetted to lyse the cells.
The homogenates were centrifuged at 4,000xg for 10 min to remove cell debris. The supernatant
was assayed for caspase-3 activities using CaspACE™ system according to the manufacture’s
instructions. The plates were read at 360/460 nm (excitation/emission) using a SpectraMax
Gemini (Molecular Devices, Sunnyvale, CA). The fluorescence signal was digitized and

analyzed using SoftMax Pro™™ (Molecular Devices, Irvine, CA).

Hoechst and P1 33258 staining

Apoptotic morphological changes in the nuclear chromatin of cells were detected by
staining with the DNA binding fluorochrome Hoechst 33258 (bis-benzimide). Hoechst 33258
exhibits fluorescence enhancement upon binding to A-T rich regions of double stranded DNA.

Necrotic cell death was detected by staining with PI, a membrane impermeable dye excluded
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from viable cells. PI binds to DNA by intercalating between the bases with little or no sequence
preference and with a stoichiometry of one dye per 4-5 base pairs of DNA. Dead cells are PI-
bright and live cells are PI-dim. Following 24 h treatment with cadmium, 120 ul of supernatant
was removed and 20 pl of Hoechst 33258 (2 pg/ml) or PI (1 pg/ml) was added. The plates were
read at 350/450 nm or 535/617 nm (excitation/emission) for Hoechst 33258 or PI fluorescence,
respectively, using a SpectraMax Gemini. The fluorescence signal was digitized and analyzed

using SoftMax Pro™.

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
assay

TUNEL assay was performed using the in situ Cell Death Detection Kit (Roche Applied
Science, Indianapolis, IN). Cells were plated at 8x10* cells/well in 96-well microplates and
allowed to attach overnight. Cells were then treated with cadmium for 24 h, fixed with
paraformaldehyde, and analyzed for stained nuclei according to the manufacturer’s instructions.
The fluorescence signal was read by SpectraMax Gemini, digitized and analyzed using SoftMax

Pro™.,

In addition, fluorescence microscopy was performed to examine fragmented DNA
morphology using IX71 inverted microscope. Digital images were captured using MagnaFire

SP® Olympus digital camera.

Mitochondrial activity

MTT (3[4,5-dimethyl thiazolyl-2]2,5-diphenyl tetrazolium bromide, Sigma) assay was
performed to investigate mitochondrial activity. Cells were seeded at 8x10* cells/well in 96-well
microplates and treated with the indicated concentration of cadmium for 24 h. The cells were

incubated with addition of 20 ul MTT (5 mg/ml). After 4 h, 120 pl of MTT media was taken out
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from each well and 100 pl of 0.02 N HCl-isopropanol (warm) added to dissolve formazan

crystals. The absorbance of each cell was measure by UV spectrometer at 570 nm.

DNA synthesis as an index of proliferation

The [methyl-’H]thymidine incorporation assay was used as an index of proliferation.
Cells were seeded at 8x10” cells/well in 96-well microplates. At 16 h prior to harvesting cells,
each well was pulsed with 20 pl of [methyl-’H]thymidine (25 pCi/ml, 6.7 Ci/mmol, DuPont
NEN Products, Boston, MA). Cells were harvested onto glass fiber filter paper (Cambridge
Technology, Watertown, MA) using a cell harvester (PHD, Cambridge Technology).
Proliferative response (uptake of [*H]thymidine) in the harvested cells was counted in a liquid
scintillation counter (Pharmacia, Turku, Finland) and expressed as net disintegrations per min
(DPM).

Production of H,O,

The production of H,O, was measured by detecting the fluorescent intensity of H,O,-
sensitive probes after adding 5-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-
H,DCFDA, Molecular Probes). The cells were incubated in the presence of various
concentration of cadmium and fluorescent intensity recorded using SpectraMax Gemini
fluorescence plate reader. The CM-H,DCFDA fluorescence was detected by excitation at 485
nm, and emission at 530 nm. The fluorescence readings were digitized using SoftMax Pro. The
results were similar in three independent replications and data from a representative experiment
(n=5 wells) have been illustrated.

Replication and statistical analysis
Experiments were repeated at least 3-4 times with consistent results. Means + SE from

representative experiments have been presented. All statistical analyses were performed using
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the SAS statistical software (SAS Institute, Cary, NC). Treatment effects were analyzed using
one way analysis of variance (ANOVA) followed by Duncan’s Multiple Range test. A p value

of < 0.05 was considered significant unless indicated otherwise in figure legends.

Results
Cadmium-induced [Ca?*];

To examine whether the [Ca®’]; change was involved in cytotoxicity by cadmium, we
tested the [Ca2+]i using the calcium indicator Fluo-3. After cells were loaded with Fluo-3/AM,
the fluorescent intensity of Fluo-3 was detected by fluorescence microscope. Time-course study
on elevated [Ca*'; level was performed for 24 h with various cadmium concentration (Fig. 1A).
Cadmium at 20 and 500 uM showed distinct increase of [Ca2+]i at 2 h compared with the stable
baseline level of [Ca®']; in control cells. The changes in fluorescent intensity of peak calcium
showed concentration-dependence. Cadmium at 20 uM slightly increased [Ca®]; at 2 h,
persisted for the whole period until 18 h, and later this elevated [Ca®"]; tended to go down after
that. Higher concentration of cadmium at 100 and 500 uM showed much stronger fluorescence
intensity at earlier time point and the fluorescence declined away faster than that in lower

concentration cells.

Cadmiume-altered activation of JNK and p38

We recently reported that cadmium induce activation of ERK in J774A.1 (Kim et al.,
2003). To know whether cadmium alters activity of other MAPKs including JNK and p38,
phosphorylated forms of JNK and p38 were examined by western blots. In J774A.1 cells treated
with 20 pM cadmium, the levels of phosphorylated forms of p 54 (JNK2) and p46 (JNK1)

increased clearly after 8 h (Fig. 2A). Phosphorylated form of JNK remained elevated even at 16
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h and then declined at 24 h. In contrast, the levels of total (phosphorylation state-independent)
JNK were not changed during the incubation period of 24 h. When cells were incubated with 1-
50 pM cadmium for 16 h, the levels of phosphorylated JNK increased in a dose-dependent
manner while those of total JNK were not changed (Fig. 2B). Besides activity of JNK changed
by cadmium, altered p38 activity was also observed. After incubation with 20 uM cadmium for
16 h, the apparent bands of phosphorylated p38 started to decline (Fig. 3A). After 16 h of
incubation, > 20 uM cadmium resulted in suppression of p 38 activity in a dose-dependent
manner (Fig. 3B). However, the level of total p38 was not changed significantly indicating that

the specific kinase activity of p38 was down-regulated in cadmium-treated cultures.

Role of activated JNK on cadmium-induced apoptosis and necrosis

To examine the relationship between cadmium-induced JNK activation and apoptosis, we
employed JNK inhibitor, anthrapyrazolone (SP600125, Bennett et al., 2001). J774A.1 cells were
incubated with cadmium 20 pM in the absence or presence of 20 uM of SP 600125 and assayed
by caspase-3 activity, Hoechst 33258 staining and TUNEL at 24 h. The levels of caspase-3
activity, Hoechst 33258 fluorescence and TUNEL staining were similar in SP600125-treated or
control cultures, but it significantly decreased in cultures treated with cadmium and SP600125
than in cultures treated with cadmium-only (Fig. 4). PI is used to distinguish cells that are in the
late stage of apoptosis or necrosis, which lose plasma membrane integrity and are permeable to
PI (Fig. 5). Inhibition of INK activity by 20 uM SP600125 decreased fluorescence of PI staining,
which was increased by 20 uM cadmium at 24 h. We interpret the data to indicate that JNK

activation is involved in cadmium-induced both apoptosis and necrosis.
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Inhibitory effect of BAPTA and EGTA on cadmium-induced [Ca®*]; elevation, growth arrest,
mitochodrial activity and necrosis

To verify the role of [Ca*']; as a key second messenger, cells were pre-loaded with 10
uM BAPTA-AM and 1 mM EGTA for 30 min. BAPTA-AM is an effective membrane
permeable intracellular Ca®" chelator, trapped in the cells after cytoplasmic hydrolysis. As
shown in Fig. 6A, chelating intracellular Ca*" with BAPTA prevented the elevation of [Ca®';,
demonstrating that the release of intracellular Ca®" is essential for cadmium-induced [Ca®'];
overloading. Extracellular Ca*" removal by EGTA also diminished cadmium-induced [Ca*"];
overloading but showed slight elevation of [Ca®]; suggesting that the extracellular Ca®" is an
important source for elevated [Ca*']; but other source from intracellular Ca>" storage is also
important. Results presented in Figure 6B-C demonstrate that BAPTA-AM and EGTA
pretreatment suppressed cadmium-induced growth arrest and mitochondrial impairment.
BAPTA-AM and EGTA itself were able to reduce mitochondrial activity indicating the

importance of normal Ca®" signaling on mitochondrial function. Inhibitory effect of [Ca®"];

chelation on cadmium-induced necrotic cell death examined by PI staining is shown in Fig. 6D.

Inhibitory effect of BAPTA and EGTA on cadmium-induced apoptosis

To determine the role of calcium in the regulation of cadmium-induced apoptosis,
J774A.1 cells were incubated with 20 uM cadmium in the absence or presence of BAPTA-AM
or EGTA. Treatment of cultures with cadmium resulted in activation of caspase-3 at 24 h.
Chelating intracellular and extracelluar calcium totally inhibited cadmiun-induced caspase-3
activation (Fig 7A). The elevation of Hoechst 33258 fluorescence by cadmium was also
abolished (Fig 7B). The TUNEL staining confirmed that over-loaded [Ca®"]; is an important

mediator for cadmium-induced apoptotic cell death (Fig. 7C).
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Inhibitory effect of BAPTA and EGTA on cadmium-altered MAPKSs activity

To delineate the further signaling pathways of elevated [Ca®']; by cadmium, we examined the
phosphorylation of MAPKs (JNK and p38) in J774A.1 cells. The immunoblot with
phosphorylated form of JNK specific antibody revealed that BAPTA and EGTA significantly,
but not completely, inhibited cadmium-induced JNK activation (Fig 8A). Down regulated p38
activity by cadmium was recovered up to control level in the presence of 10 uM BAPTA-AM or
EGTA (Fig. 8B). Higher concentration of BAPTA-AM (50 uM) was not able to prevent p38

activity down-regulated by cadmium.

Relationship between [Ca®*]; and ROS

H,DCFDA is a dye specifically binding to H,O,. Analysis of cells stained with
H,DCFDA revealed that 20 pM cadmium treatment caused significantly high cellular level of
H,0, (Fig. 9). Chelating intracellular- and extracellular-calcium by BAPTA-AM and EGTA
dramatically prevented cadmium-induced H,O, generation, suggesting that cadmium-induced

ROS generation may be critical for [Ca®']; elevation.

Discussion

Results presented here suggest that cadmium activated JNK, which plays a critical role in
the apoptotic suicide of cells. Cadmium strongly stimulated JNK activity after 8 h exposure of
J774A.1 murine macrophage cells and this stimulation persisted until 16 h. The sustained JNK
activation was Ca’"-dependent and served as a death signal in cadmium-induced apoptosis.
Chelation of [Ca2+]i by BAPTA-AM and EGTA prevented the cadmium-induced H,O;
generation, hampered mitochondrial activity, JNK, caspase-3 activation and apoptosis,

confirming the early mediating role of Ca®* during cadmium-induced apoptosis. We also present
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evidence that cadmium down-regulates activation of p38 MAPK. Cadmium-mediated
modulation of JNK and p38 MAPK activity was tightly correlated with elevated [Ca®']:.
Chelating [Ca”']; reduced H,0, production indicating that ROS act concert with [Ca®']; signaling.

The inhibitory effect of cadmium on intracellular mechanisms of Ca*" regulation has
been reported earlier. Cadmium inhibited Ca*" extruding Ca**-ATPase pump in both
endoplasmic reticulum and plasma membrane (Benters et al., 1996; 1997; Zhang et al., 1990).
In isolated bovine liver nuclei, cadmium resulted in inhibition of ATP-dependent nuclear Ca**
uptake (Hechtenberg et al., 1994). Besides its inhibitory effect on Ca*’-ATPase pump for
sequestration of [Ca2+]i, cadmium is also known to disturb Ca’" release from inositol 1,4,5-
trisphosphate (IP3)-sensitive intracellular stores. Cadmium at 20 pM evoked a transient rise in
cellular IP; and the perturbation of IP3/Ca*" messenger system was suggested as an early and
discrete effect of cadmium in E367 neuroblastoma cells (Benters et al., 1997). A specific cell
surface metal ion receptor was suggested as an interacting site with cadmium in Xenopus oocyte
to activate IP;-mediated Ca®" release (Hague et al., 2000). Cadmium may interact with cell
surface membrane proteins coupled to a pertussis toxin-sensitive G protein, which drives IP3
induction and Ca®" release in primary murine macrophages (Misra et al., 2002). Inhibition of
Ca" influx by chelating extracellular Ca®* showed significantly reduced [Ca®"]; in current study,
but it was not totally abolished. This suggests that extracellular Ca*" is required in [Ca®];
elevation by cadmium; however, there are other sources from intracellular Ca*" storage in
response to cadmium damage.

We recently showed that cadmium induced activation of ERK in J774A.1 (Kim et al.,
2003). In the present study, cadmium activated JNK and deactivated p38 MAPK in a

concentration-dependent manner. In contrast to our finding of down-regulation of 38 MAPK,
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there have been reports showing that the cadmium-activated p38 MAPK is responsible for
apoptosis, mitotic arrest, activation of heat shock factor 1 and induction of heat shock protein 70
(Chao et al., 2001; Galan et al., 2000; Hung et al., 1998). Deactivation of p38 MAPK has been
shown to lead both anti-apoptotic and pro-apoptotic responses. Exogenous nerve growth factor
induced dephosphorylation of p38, which prevents Bcl-2 phosphorylation and apoptotic response
in lymphoblastoid CESS B cell line (Rosini et al., 2004). However, a natural anticancer
depsipeptide, FR901228, induced apoptosis of ras-transformed 10T1/2 cells through suppression
of p38 pathways (Fecteau et al., 2002). Our study indicates that a potential value of cadmium
may involve aberrant regulation of Ras through suppression of p38 MAPK pathway leading to
apoptosis in macrophages.

Disruption of Ca®" homeostasis seems to take a part in initiating activation of MAPKs.
Calcium was mobilized from intracellular stores by tributylin that played an important role for
the phosphorylation of JNK and p38 MAPK in CCRF-CEM human T-cell line (Yu et al., 2000).
P38 MAPK were activated by cadmium in primary macrophages and depletion of [Ca®']; with
BAPTA-AM inhibited such activation (Misra et al., 2002). We found the opposite phenomenon
of down-regulation on p38 MAPK, however, it is consistent with other studies in terms of that
Ca®" is an important regulator for activity of p38 MAPK. Recent evidence suggests that INK
pathway may play an important role in triggering apoptosis and signaling with mitochondria.
Activated JNK by thapsigargin was involved in loss of mitochondrial membrane potential and as
downstream of caspase-3 in Jurket leukemia T cells (Srivastava et al., 1999). Rise in [Ca®"); by
thapsigargin promoted nitric oxide (NO) generation and induction of JNK activity and apoptosis
including activation of caspase-2 and —9 in Jurkat T cells (Srivastava et al., 1999). This is

consistent with our data showing that elevated-[Ca®"]; by cadmium mediated generation of H,O,
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and activation of JNK leading to caspase-3 activation and DNA fragmentation. Ca*" and JNK
must be an important regulator of immune cell death.

Cadmium exposure to J774A.1 exhibited increased oxidative stress induced by ROS and
NO production, following single strand breaks and apoptosis (Hassoun et al., 1996). In general,
inducing synthesis of protective sulthydryl compounds including metallothionein and glutathione
preceded lipid peroxidation and DNA damage in cadmium-treated cells and contributed to
protection of cells from injury by cadmium (Beyersmann et al., 1997). In the present study,
cadmium still was able to induce level of H,O, at 6 h so protective antioxidation system may be
interrupted by cadmium damage. We have shown that the increase in H,O, generation by
cadmium was also detected in response to elevation of [Ca®'];, suggesting a close relationship
between Ca>" and ROS in signal transduction pathways. Cadmium stimulates the proliferation of
cultured mammalian cells only when applied at and below micromolar concentrations, whereas
elevated concentrations and prolonged exposure induce inhibition (Beyersmann et al., 1997).
We have shown that 20 uM cadmium inhibits the proliferation of macrophage at 16 h and
buffering [Ca®"]; level with BAPTA-AM and EGTA was able to recover growth arrest (Fig. 6B).
An earlier in vivo study found that cadmium exposure significantly decreased the number of
thymocytes in S-phase, indicating the inhibitory effect of cadmium on DNA synthesis in these
cells (Morselt et al., 1988). We also reported inhibited proliferation of J774A.1 macrophages by
cadmium via G2/M arrest (Kim et al., 2003). However, the exact signaling pathways from
[Ca™]; elevation to growth arrest are largely unknown. Intracellular calcium elevation leading to
oxidative stress and alterations in mitochondrial and nuclear function, is thought to be major
event in cadmium-mediated growth arrest in our study. Impairment of nuclear Ca** regulation

caused by cadmium is suggested to provoke alterations in nuclear events related to gene
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expression and cell proliferation (Hechtenberg et al., 1994). Interaction of cadmium with Ca*"
binding protein calmodulin was also suggested as a key factor to inhibit cell proliferation
(Powlin et al., 1997).

In summary, we have demonstrated here that cadmium-elevated [Ca®']; level primarily
from extracellular space, activated JNK and down-regulated p38. Caspase-3 activation was
involved in apoptosis by cadmium. JNK was involved for cadmium-induced caspase-3
activation and apoptosis. Hydrogen peroxide generation was mediated by cadmium-induced
[Ca2+]i. Rising [Ca2+]i concentration and ROS may cause Ca®" influx into mitochondria and
disrupt normal metabolism of mitochondria leading to apoptosis and growth arrest. Chelating
[Ca™]; recovered growth arrest, mitochondria impairment and subsequently necrosis. Taken
together, the current study indicates that cadmium-induced [Ca®’]; elevation triggers growth
arrest, regulates phosphorylation/dephosphorylation of protein kinases and modulates signal

2

transduction pathways. JNK and caspase-3 activation by cadmium is interrelated with [Ca”']; to

modulate cadmium toxicity.
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Fig. 4.1. Effect of CdCl, on [Ca®']; level observed by fluorescence microscopy. (A) Cells
were treated with 0, 20, 100 and 500 uM CdCl, for 24 h. Altered [Ca2+]i levels were examined
by Fluo-3, Ca*"-sensitive fluorescent indicator. Morphological fluorescence intensity of cell was
visualized under a fluorescence microscope. For the closer look for altered [Ca®"]; levels, 2-3
cells are selected and magnified (B) Treated with 0 pM CdCl, at 2 h and (C) Treated with 500
uM CdCl, at 2 h. The experiment was repeated three times with similar results and

representative micrographs are shown.
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Fig. 4.2. Effect of CdCl; on phosphorylation of INK. J774A.1 cells were exposed to CdCl, at
indicated concentrations and time. Cell extracts were analyzed by western blot to detect the p-
JNK1 (p46) and p-JNK2 (p54) using a phosphospecific JNK antibody. P-JNK represents
activated JNK whereas total JNK indicates total protein loading. (A) JNK activation with CdCl,
20 uM over time. (B) JNK activation after 16 h with different CdCl, concentrations. Mean + SE
(n=3). * indicates significant difference compared to control group at p < 0.05 analyzed with

one-way ANOVA followed by Duncan’s multiple range test.
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Fig. 4.3. Effect of CdCl, on phosphorylation of p38 MAPK. J774A.1 cells were exposed to
CdCl; at indicated concentrations and time. The level of total and p-p38 MAPK was measured
by western blot. P-p38 represents activated p38 whereas total p38 indicates total protein loading.
(A) p38 activation with CdCIl, 20 uM over time. (B) p38 activation after 16 h with different
CdCl; concentrations. Mean + SE (n=3). * indicates significant difference compared to control

group at p < 0.05 analyzed with one-way ANOVA followed by Duncan’s multiple range test.
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Fig. 4.4. Effect of SP600125 on CdCl,-induced caspase-3 activation and DNA
fragmentation. J774A.1 cells were pre-treated with 20 pM SP600125 for 30 min and then
exposed to CdCl, (20 uM) for 24 h. (A) The intensity of fluorescence on caspase-3 enzyme
activity was measured. (B) The intensity of fluorescence on apoptotic nuclei stained by Hoechst
33258 was read by microplate spectrofluorometer. (C) The intensity of fluorescence on labeled
DNA strand breaks by TUNEL-reaction after CdCl, exposure was read by microplate
spectrofluorometer. (D) Fluorescence on TUNEL positive nuclei was visualized under
fluorescence microscope. Mean + SE (n=3). Different letters on top of bars indicate a
significant difference at p < 0.05 analyzed with ANOVA followed by Duncan’s multiple range

test.
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Fig. 4.6. Effect of BAPTA-AM and EGTA on CdCl,—induced [Ca®*; elevation, growth
arrest, mitochondrial activity impairment and necrosis. J774A.1 cells were pre-treated with
BAPTA-AM (10 uM) or EGTA (1 mM) for 30 min and then exposed to CdCl, (20 uM). (A)
Morphological fluorescence intensity of altered [Ca”"]; level was visualized under fluorescence
microscope using Fluo-3 after 6 h CdCl, exposure. Representative pictures from experiments
that were replicated a minimum of three times are shown. (B) Proliferation was measured by
[*H]thymidine incorporation after 18 h CdCl, exposure. (C) Mitochondrial activity was
measured by MTT assay after 24 h CdCl, exposure. (D) The intensity of PI fluorescence after 24
h CdCl, exposure was read by microplate spectrofluorometer. Mean + SE (n=3). Different
letters on top of bars indicate a significant difference at p < 0.05 analyzed with ANOVA

followed by Duncan’s multiple range test.
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Fig. 4.7. Effect of BAPTA and EGTA on CdCl,-induced caspase-3 activation and DNA
fragmentation. J774A.1 cells were pre-treated with BAPTA-AM (10 uM) or EGTA (1 mM) for
30 min and then exposed to CdCl, (20 uM). (A) The intensity of fluorescence on caspase-3
enzyme activity was measured after treatment of cells with cadmium. (B) The intensity of
fluorescence on apoptotic nuclei stained by Hoechst 33258 (HO) - by microplate
spectrofluorometer. (C) The intensity of fluorescence on TUNEL positive nuclei - visualized
under fluorescence microscope. Mean + SE (n=3). Different letters on top of bars indicate a
significant difference at p < 0.05 analyzed with ANOVA followed by Duncan’s multiple range

test.
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Fig. 4.8. Effect of BAPTA and EGTA on CdCl,-induced JNK activation and down-
regulation of p38. J774A.1 cells were pretreated with BAPTA-AM (10 and 50 uM) or EGTA
(1 mM) for 30 min and then exposed to CdCl, (20 uM) for 16 h. (A) Total and p-JNK (B) Total
and p-p38 were measured by western blot after 16 h CdClI, exposure. Different letters on top of
bars indicate a significant difference at p < 0.05 analyzed with ANOVA followed by Duncan’s

multiple range test.
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Fig. 4.9. Interrelationship of ROS and [Ca?']; elevation. Effect of BAPTA and EGTA on
CdCl,-induced H,0O,. J774A.1 cells were pretreated with BAPTA-AM (10 uM) or EGTA (1
mM) for 30 min and then exposed to CdCl, (20 uM) for 16 h. Fluorescence stained with
H,DCFDA was read by microplate spectrofluorometer. Mean + SE (n=3). Different letters on
top of bars indicate a significant difference at p < 0.05 analyzed with ANOVA followed by

Duncan’s multiple range test.
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CHAPTER 5
CADMIUM-INDUCED APOPTOSIS IN MURINE MACROPHAGES: ROLE OF

REACTIVE OXYGEN SPECIES AND CASPASE-3 ACTIVATION’

*Kim, J. and R.P. Sharma. To be submitted to Toxicological Sciences



Abstract

Cadmium is a toxic heavy metal accumulated in the environment, and commonly found
in cigarette smoke and industrial effluent. Present study was designed to determine the time
frame of hydrogen peroxide generation and apoptosis induced by cadmium and to investigate the
role of oxidative stress and caspase-3 activation on cadmium-mediated cell signaling in J774A.1
murine macrophage cells. Cadmium-generated hydrogen peroxide was observed from 6 h and
reverted to control level at 16 and 24 h. The hydrogen peroxide production was dose-related
between 20-500 pM cadmium. Activation of caspase-3 was observed at 8 h and DNA
fragmentation at 16 h by 20 uM cadmium, suggesting that caspase-3 activation is a prior step to
DNA fragmentation in cadmium-induced apoptosis. Inhibitors of caspase-3, -8, -9 and general
caspases suppressed cadmium-induced caspase-3 activation and apoptosis indicating the
importance of caspase-3 on cadmium toxicity. Buffering against the oxidative stress with N-
acetylcysteine (NAC) and silymarin (an antioxidant flavonoid) completely blocked cadmium-
induced apoptotic response. The pretreatment of cells with NAC and silymarin recovered the
cadmium-induced cell injury including growth arrest, mitochondrial impairment and necrosis as
well as reduced the cadmium-elevated intracellular calcium ([Ca®];) indicating oxidative stress
1S a source of increased [Caz+]i. NAC inhibited cadmium-induced activation of c-Jun NH,-
terminal protein kinase (JNK) and extracellular signal-related kinase (ERK) in a dose-dependent
manner. However, silymarin showed partial inhibition of JNK activation and only the low
concentration of silymarin totally inhibited ERK activation in response to cadmium. Inhibition
of caspase-3 protected oxidative stress by cadmium, suggesting that the activation of caspase-3

can also modulate generation of reactive oxygen species.
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Keyword: cadmium, ROS, MAPKSs, caspase-3, apoptosis, cytotoxicity

Abbreviations used:

[Ca?'];, intracellular calcium; CM-H,DCFDA, 5-chloromethyl-2’,7’-dichlorodihydrofluorescein
diacetate; DPM, disintegrations per min; ERK, extracellular signal-related kinase; JNK, c-Jun
NH,-terminal kinase; MAPKs, mitogen-activated protein kinases; MTT, 3(4,5-dimethyl
thiazolyl-2)2,5-diphenyl tetrazolium bromide; NAC, N-acetylcysteine; PI, propidium iodide;
ROS, reactive oxygen species; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated

dUTP nick end-labeling

Introduction

Cadmium is a naturally occurring nonessential and toxic heavy metal, which belongs to
transition metal group IIB of the periodic table. Cadmium is found in plastic stabilizers, color
pigments, several alloys and, now most commonly, in re-chargeable nickel-cadmium batteries
(Jarup, 2003). Cigarette smoking and consumption of cadmium-contaminated water, air, and
food are major sources of cadmium exposure in public health (Jarup, 2003). Cadmium and zinc
belong to the same group of transition metals and appear to influence each other in the
intracellular environment (Hamada et al., 1997). Besides zinc, cadmium interferes with the
utilization of essential metals e.g. calcium, selenium, chromium and iron, and abolishes their
function in biological system (Nath et al., 1984). Chronic obstructive kidney injuries were found
in occupationally exposed workers, and epidemic cadmium exposure in Japan has been reported
to result from a hazardous incident in which patients suffered from multiple bone fractures

including osteomalacia and osteoporosis (Jarup, 2003). The International Agency for Research
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on Cancer (IARC) has classified cadmium as carcinogenic to humans (Group 1), based on
sufficient evidence for carcinogenicity in both human and animal studies (IARC, 1993).
Cadmium is able to damage both the humoral immune response and cell-mediated
immune response based on substantial evidence, mostly from in vivo animal models (Descotes,
1992). J774A.1 cells are originated from BALB/c mouse reticulum cell sarcoma and commonly
used as an alternative to primary macrophage because of similarities to mature macrophages
(Yan et al.,, 2004). Studies using macrophages on cadmium-mediated cell signaling and
subsequent cell death are valuable to understand cadmium effect on the immune system.
Cadmium-induced cytotoxicity involves apoptosis as a major mode of elimination of
damaged cells (Habeebu et al., 1998). Up-regulation of intracellular signaling pathways leading
to increased mitogenesis or apoptosis is thought to be a major mechanism for cadmium toxicity
(Beyersmann et al., 1997). Cadmium does not seem to activate the endonucleases, which induce
internucleosomal cleavage of DNA in vitro (Hamada et al., 1997). However, cadmium itself was
associated with apoptosis through indirect oxidative stress by inhibition of antioxidant enzymes
(Hamada et al., 1997). Metallothionein induced by cadmium played an important role not only
as a cadmium carrier by which cadmium accumulates in the nucleus, but also as an inhibitor of
zinc finger protein, which include transcriptional factors related to apoptosis (Hamada et al.,
1997). Cadmium-induced c-myc, p53 and c-jun expression was suggested as a prelude to
apoptosis in normal human prostate epithelial cells RWPE-1 (Achanzar et al., 2000).
Stimulation of p38 mitogen-activated protein kinase (MAPK) was responsible for the cadmium-
induced apoptosis in U-937 human promonocytic cells (Galan et al., 2000). C-Jun NH,-terminal
kinase (JNK) and p38 MAPK cooperatively participated in apoptosis induced by cadmium and

the decreased extracellular signal-related kinase (ERK) signal induced by low cadmium doses
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contributed to growth inhibition or apoptosis in a human non-small cell lung carcinoma cell line,
CL3 (Chuang et al., 2000b). These contradictory results indicate that cadmium may induce
different apoptotic pathways in different cell types. Therefore, the intracellular signaling
pathway responsible for cadmium-induced apoptosis requires further characterization.

Cadmium has been also shown anti-apoptotic effect. Cadmium inhibited caspase-3
activation and DNA fragmentation induced by apoptotic agent (Yuan et al., 2000). Cadmium
has been characterized as a caspase—3 inhibitor with ICsy values of approximately 9 pM in intact
chinese hamster ovary CHO cells and 30 uM in cell-free extract system (Yuan et al., 2000).
Cadmium-treated MRC-5 human fetal lung fibroblasts underwent caspase-independent apoptosis
through mitochondria-reactive oxygen sepecies (ROS) pathway including mitochondrial
membrane depolarization and translocation of apoptosis-inducing factor (AIF) from
mitochondria into nucleus (Shih et al., 2004). In porcine kidney LLC-PK1 cells, caspase activity
was not associated with cadmium-induced apoptosis because caspase inhibitors failed to rescue
cells (Ishido et al., 1999). Cadmium did not significantly increase caspase-3 activity in liver
cells of mouse model (Harstad et al., 2002).

In the present study, changes of H,O, by cadmium were monitored as an upstream event prior to
caspase-3 and MAPKs activation in J774A.1 murine macrophage cells. The objective of this
study was to explore the time frame of H,O, generation and apoptosis in response to cadmium,

and to outline the mechanisms and consequences of such elevation in murine macrophages.
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Materials and Methods
Reagents

Cell culture reagents were obtained from GIBCO Life Technology (Grand Island, NY).
Cadmium (CdCl,, Sigma Chemical Co., St. Louis, MO) was dissolved in water, sterilized with
0.22 pm filter, and added to cultures at the indicated time and concentrations. A set of caspase
inhibitors, MAPK/ERK-activating kinase 1 (MEKI1) inhibitor PD98059 and specific JNK
inhibitor SP600125 were purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA).
Antibodies specific for the total and phosphorylated forms of JNK (p54/46) and ERK (p44/42
MAPK) were procured from Cell Signaling (Beverly, MA). Fluorescent probes Fluo-3/AM and
propidium iodide (PI) were purchased from Molecular probes (Eugene, OR). N-acetylcysteine
(NAC), silymarin (product number: 254924), Hoechst 33258 and all other chemicals used in this

study were obtained from Sigma and were of cell culture grade.

Cell culture

J774A.1 (American Type Culture Collection TIB-67), macrophage cell line was
preserved in Dulbecco’s Modified Eagle’s Medium, added with 2 mM glutamine, 100 units/ml
penicillin, and 100 pg/ml streptomycin and 10% non-heat-inactivated fetal bovine serum
(Atlanta Biologics, Atlanta, GA) in 5% CO, atmosphere at 37 °C. The J774A.1 cells were grown
in 75 cm® culture flasks and subcultured when the cells reached 70-80% confluence (every 3
days). Cells were used during 3rd or 4th passages. Cultures were allowed to grow overnight (15
h) as a monolayer prior to the treatment. The concentrations used for various reagents, added 30
min prior to cadmium treatment, were 20 uM for caspase inhibitors, I mM for NAC, 50 uM for
silymarin, 20 pM for SP600125 and PD98059. The used concentrations of above agents were

not cytotoxic to these cells.
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ROS production determination

The production of H,O, was measured by detecting the fluorescent intensity of oxidant-
sensitive probe after adding 5-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-
H,DCFDA, Molecular Probes). The cells were incubated in the presence of various
concentration of cadmium and fluorescent intensity recorded using SpectraMax Gemini
fluorescence plate reader (Molecular Devices, Sunnyvale, CA). The CM-H,DCFDA
fluorescence, which specifically detects H,O,, was measured by excitation at 485 nm, and
emission at 530 nm. The fluorescence readings were digitized using SoftMax Pro™ (Molecular

Devices, Irvine, CA).

Determination of caspase-3 activation

Caspase-3 activity was investigated using CaspACE™ fluorometric activity assay
(Promega, Madison, WI) with adjustments as follows. Briefly, cells were treated in 96-well
microplates (Falcon, Becton Dickinson, Franklin Lakes, NJ) following which Triton X-100 was
added and repeatedly pipetted to lyse the cells. The homogenates were centrifuged at 4,000xg
for 10 min to remove cell debris. The supernatant was assayed for caspase-3 activities using
CaspACE™ system according to the manufacture’s protocol. The plates were read at 360/460
nm (excitation/emission) using a SpectraMax Gemini. The fluorescence signal was digitized and

analyzed using SoftMax Pro"™.

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
assay
TUNEL assay was carried through using the in situ Cell Death Detection Kit (Roche

Applied Science, Indianapolis, IN). Cells were platedat 8x10* cells/well in 96-well microplates
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and allowed to attach overnight. Cells were then treated with cadmium for 24 h, fixed with
paraformaldehyde, and analyzed for stained nuclei according to the manufacturer’s instructions.
The fluorescence signal was read by SpectraMax Gemini, digitized and analyzed using SoftMax

Pro™,

In addition, fluorescence microscopy was performed to examine fragmented DNA
morphology using IX71 inverted microscope (Olympus America, Melville, NY). Digital images

were captured using MagnaFire SP® Olympus digital camera.

Hoechst and P1 33258 staining

Apoptotic morphological transform in the nuclear chromatin of cells were revealed by
staining with the DNA binding fluorochrome Hoechst 33258 (bis-benzimide). PI is a membrane
impermeable dye, which binds to DNA by intercalating between the bases with little or no
sequence preference and with a stochiometry of one dye per 4-5 base pairs of DNA. Dead cells
are PI-bright and live cells are PI-dim. Following 24 h treatment with cadmium, 120 pl of
supernatant from 200 pl total medium was removed and 20 pl of Hoechst 33258 (2 pg/ml) or PI
(1 pg/ml) was added. The plates were read at 350/450 nm or 535/617 nm (excitation/emission)
for Hoechst 33258 or PI fluorescence, respectively, using a SpectraMax Gemini. The

fluorescence signal was digitized and analyzed using SoftMax Pro' ™.

DNA synthesis as an index of proliferation

The [methyl-’H]thymidine incorporation assay was employed as an indicator of
proliferation. Cells were seeded at 8x10” cells/well in 96-well microplates. At 16 h prior to
harvesting cells, each well was pulsed with 20 pl of [methyl-’H]thymidine (25 pCi/ml, 6.7
Ci/mmol, DuPont NEN Products, Boston, MA). Cells were harvested onto glass fiber filter
paper (Cambridge Technology, Watertown, MA) using a cell harvester (PHD, Cambridge

Technology). Proliferative response (uptake of [*H]thymidine) in the harvested cells was
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counted in a liquid scintillation counter (Pharmacia, Turku, Finland) and expressed as net

disintegrations per min (DPM).

Mitochondrial activity

MTT (3[4,5-dimethyl thiazolyl-2]2,5-diphenyl tetrazolium bromide, Sigma) assay was
performed to observe mitochondrial activity. Cells were seeded at 8x10* cells/well in 96-well
microplates and treated with the indicated concentration of cadmium for 24 h. The cells were
incubated with addition of 20 ul MTT (5 mg/ml). After 4 h, 120 ul of MTT media was taken out
from each well and 100 ul of 0.02 N HCl-isopropanol (warm) added to dissolve formazan

crystals. The absorbance of each well was measure by UV spectrometer at 570 nm.

Determination of intracellular Ca®*

Intracellular Ca®" levels were checked by Fluo-3, which is a Ca*"-sensitive fluorescent
indicator. Cells were seeded at 8x10* cells/well in 96-well microplates and treated with indicated
time and concentration of cadmium. Cells were loaded with Fluo-3/AM (10 uM) in dark at 37°C
for 1 h and washed twice with Tyrode’s solution (137 mM NaCl, 2.7 mM KCI, ImM MgCl,, 1.8
mM CaCl,, 0.2 mM NaH,PO4, 12 mM NaHCOs3, and 5.5 mM Glucose). Cells were incubated in
Tyrode’s solution for another 30 min and the morphological fluorescence intensity of cells was
determined using Olympus IX71 inverted microscope. A 488 nm excitation wavelength was
used to illuminate Fluo-3, and fluorescence was detected at emission wavelength of 510 nm.

Digital images were acquired using the Magnafire SP (Olympus) digital camera.

Western blot analysis of phosphorylated JNK and ERK
The phosphorylated form (activation status) of JNK and ERK was measured using

phospho-specific antibodies as described previously (Johnson et al., 2003). Cells were grown at
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2x10° cells/well in 6-well microplates and treated with cadmium for indicated time and
concentrations. Following treatment, cells were washed with phosphate buffered saline (PBS)
and total cell lysates were prepared by scrapping in 100 pl of lysis buffer [20 mM Tris—HCI (pH
8.0), I mM sodium orthovanadate, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 mM
ethylenediaminetetraacetate (EDTA), 1% Triton X-100, 50 mM f-glycerolphosphate, and 10
pg/ml each of aprotinin, leupeptin, and pepstatin]. Fifty micrograms of proteins determined by
Bradford assay was electrophoretically separated using a 12% SDS-PAGE gel and transferred to
nitrocellulose paper followed by antibody staining. Equal loading and transfer of total protein
were verified with the reversible Ponceau S stain (Sigma) dye and also by detecting total JNK
and ERK. Immunodetection was performed using enhanced chemiluminescence (ECL)

detection kit (Amersham Pharmacia, Piscataway, NJ).

Replication and statistical analysis

Means + SD from representative experiments have been presented. Experiments were
repeated at least 3-4 times with consistent results. All statistical analyses were performed using
the SAS statistical software (SAS Institute, Cary, NC). Treatment effects were analyzed using
one way analysis of variance (ANOVA) followed by Duncan’s Multiple Range test. A p value

of < 0.05 was considered significant unless indicated otherwise.

Result
Cadmium-induced ROS generation

To examine the time frame of ROS generation by cadmium, we measured the level of
H,0, using the indicator CM-H,DCFDA. After cells were loaded with CM-H,DCFDA, the

fluorescent intensity of CM-H,DCFDA was detected by fluorescence plate reader. Time-course
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study on elevated H,O, level was performed for 24 h with various cadmium concentrations (Fig.
1A). Cadmium at 20 pM slightly increased H,O; at 6 h, peaked at 10 h and this elevated H,O»
tended to decrease to basal level after that time. Higher concentrations of cadmium at 100 and
500 uM showed much stronger fluorescence intensity than that at the lower concentration; the
intensity also peaked earlier. The level of H,O, generated by 5-500 uM cadmium was compared
with the baseline level of H,O, in control cells at 6 h (Fig. 1B). As a positive control 1 mM Fe**

was used. The changes in fluorescent intensity of H,O, showed concentration-dependence at 6 h.

Cadmium-induced caspase-3 activation and apoptosis

Cadmium-induced apoptosis was studied using caspase-3 activation and TUNEL assay
(Fig. 2). In the time-course study, it was observed that a significant increase of caspase-3
activation of apoptotic cells started at 8 h, peaked at 16 h and tended to decrease after that (Fig.
2A). DNA fragmentation determined by TUNEL assay also significantly increased at 16 h and
later decreased (fig. 2C). The concentration-response of cadmium-induced apoptosis was
evaluated at 16 h (Fig. 2B and D). Cadmium treatment at 20 and 50 uM showed 2 and 3-fold
increased caspase-3 activation and TUNEL response over control. The micrographs of TUNEL
staining confirmed that cadmium-induced apoptosis is concentration-dependent (Fig. 2E).
Caspase inhibitors on inhibition of cadmium-induced apoptosis

To determine which kinds of caspases are involved in apoptosis induced by cadmium, a
series of inhibitors, caspase-3 inhibitor (Z-DEVD-FMK), caspase-8 inhibitor (Z-IETD-FMK),
caspase-9 inhibitor (Z-LEHD-FMK), and general caspase inhibitor (Z-VAD-FMK) at 20 uM
were used. Caspase-3 was activated by 20 pM cadmium at 16 hr. Pretreatment with caspase-3, -
8, -9 inhibitors and general caspase inhibitor totally inhibited cadmium-induced caspase-3

activation (Fig. 3A). Fragmented DNA was measured by staining nucleus with Hoechst 33258
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(Fig. 3B). Similarly, caspase-3, -8, -9 inhibitor and general caspase inhibitor were significantly
able to suppress cadmium-induced DNA fragmentation indicating the important role of caspase-
3 activation and involvement of sequential activation of caspase-8 and caspase-9 on cadmium-

induced apoptosis.

Role of ROS on cadmium-induced caspase-3 activation and apoptosis

To determine whether cadmium-induced caspase-3 activation and apoptosis depends on
ROS generation, cells were treated with two different types of antioxidants (Fig. 4). NAC is a
precursor of glutathione with antioxidant activity and silymarin is a mixture of natural flavonoids,
which has been shown to scavenge free radicals and to inhibit lipid peroxidation (Middleton E Jr
et al., 2000). J774A.1 cells were incubated with cadmium 20 pM in the absence or presence of 1
mM NAC or 50 pM silymarin. Both NAC and silymarin showed high inhibition of H,O,
generation by cadmium (Fig. 4A). Apoptotic effects were assayed by caspase-3 activity and
TUNEL at 16 h. The levels of caspase-3 activity and TUNEL staining were similar in NAC or
silymarin-treated or control cultures, but it was significantly decreased in cultures treated with
cadmium and NAC or silymarin than in cultures treated with cadmium-only (Fig. 4B-D). This
suggested that ROS generation is involved in cadmium-induced caspase-3 activation and

apoptosis.

Role of ROS on cadmium-induced growth arrest, mitochodrial activity, necrosis and [Ca®*];
elevation

To verify the role of oxidative stress generated by cadmium, cells were pre-loaded with 1
mM NAC or 50 pM silymarin for 30 min. Results presented in Figure SA-B demonstrate that
NAC or silymarin pretreatment suppressed cadmium-induced growth arrest and mitochondrial

impairment. NAC or silymarin was able to recover mitochondrial activity indicating the
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importance of oxidative stress on mitochondrial function. Inhibitory effect of antioxidants on
cadmium-induced necrotic cell death examined by PI staining is shown in Fig. 5C. Our previous
study reported that cadmium-induced intracellular calcium ([Ca* ) regulates growth arrest and
cell death to modulate cadmium toxicity (Kim et al., 2004). We examined whether generated
ROS by cadmium was related to elevated [Ca®']; using the calcium indicator of Fluo-3. After
cells were loaded with Fluo-3/AM, the fluorescent intensity of Fluo-3 was detected by
fluorescence microscope. As shown in Fig. 5D, antioxidant NAC and silymarin prevented
[Ca®']; elevation, demonstrating that ROS generation is essential for cadmium-induced [Ca®’];

overloading.

Inhibitory effect of antioxidants on cadmium-induced MAPKSs activity

To delineate the further signaling pathways of elevated ROS by cadmium, we examined
the phosphorylation of MAPKs (JNK and ERK) in J774A.1 cells. In J774A.1 cells treated with
20 uM cadmium, the levels of phosphorylated forms of p54 (JNK2) and p46 (JNK1) increased
clearly at 16 h. Western blot analyses revealed that the activation of JNK was blocked by NAC
in a concentration-dependent manner (Fig 6A). The immunoblot with phosphorylated form of
JNK specific antibody revealed that silymarin significantly, but not completely, inhibited
cadmium-induced JNK activation (Fig 6B). The levels of total (phosphorylation state-
independent) JNK were not changed after cadmium or antioxidant treatments. Besides the
activity of JNK inhibited by antioxidants, activated ERK was also observed with 1 mM NAC or
50 uM silymarin treatment. After incubation with 20 uM cadmium for 16 h, the apparent two
bands of phosphorylated ERK (p44 and p42) appeared. Cadmium-induced ERK activation was
also inhibited by NAC in a dose-dependent manner. Silymarin was significantly able to decrease

cadmium-induced activation of ERK (Fig. 7).
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Role of activated caspase-3 and MAPKs by cadmium on ROS generation

To examine the relationship between cadmium-induced activation of caspase-
3/JNK/ERK and ROS generation, we employed caspase-3 inhibitor (Z-DEVD-FMK), specific
JNK inhibitor anthrapyrazolone (SP600125, (Bennett et al., 2001) and MEK1 inhibitor PD98059.
J774A.1 cells were incubated with cadmium 20 uM in the absence or presence of 20 uM of
inhibitors and assayed using the indicator CM-H,DCFDA. The levels of HO, were similar in
caspase-3 inhibitor (Z-DEVD-FMK)-treated or control cultures, but it significantly decreased in
cultures treated with cadmium and Z-DEVD-FMK than in cultures treated with cadmium-only
(Fig. 8A). Inhibition of cadmium-induced activation of JNK and ERK was not able to reduce
oxidative stress (Fig. 8B), suggesting that these MAPKs are involved later in apoptosis but do
not influence the H,O, generation. The activation of caspase-3 somehow appeared to regulate

H,0O; generation in these cells.

Discussion

Results presented here indicate that cadmium generated ROS in a dose-dependent manner
and elevated oxidative stress played a critical role in the apoptotic suicide of cells. Cadmium
strongly stimulated H,O, after 6 h exposure to J774A.1 murine macrophage cells and this
stimulation persisted until 10 h. In our previous studies, cadmium at 20 uM has shown the
induction of [Ca*']; from 6 h, activation of JNK and ERK at 16 h, and G2/M cell cycle arrest and
apoptosis at 24 h (Chapter 1 and 2). The level of H,O; produced by cadmium started to decrease
after 10 h and became similar to control at 16 and 24 h, suggesting that the production of H,O» is
an initial step of cadmium-mediated cellular signaling. The time-frame of activation of

apoptosis-inducing mediator caspase-3 and DNA fragmentation by cadmium was observed.
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Antioxidation by NAC or silymarin prevented the cadmium-induced H,O, generation, hampered
mitochondrial activity, caspase-3 activation and apoptosis, confirming that oxidative stress is an
early signal to cadmium-induced cellular damage. The antioxidant flavonoid silymarin inhibited

cadmium-elevated [Ca2+]i

and chelating [Ca®']; reduced H,O, generation in previous study,
indicating that ROS act in concert with [Ca®"]; signaling. The activation of INK and ERK was
ROS dependent and may serve as a death signal in cadmium-induced apoptosis. N-
acetylcysteine, a precursor of glutathione, dose-dependently inhibited JNK and ERK. High
concentration of NAC completely inhibited both MAPKs. On the other hand, silymarin, a
scavenger of free radicals, showed partial inhibition of JNK activation and only low
concentration of silymarin showed total inhibition of ERK, suggesting the activation of JNK may
be less influenced by free radicals.

Cadmium is known to induce the production of hydroxyl radicals (O'Brien et al., 1998),
superoxide anions, nitric oxide and hydrogen peroxide (Galan et al., 2001; Stohs et al., 2001). In
this study, cadmium at 20 pM showed reduction on the amount of H,O, production at the very
early time point of 2 h. The level of cellular glutahione and metallothionein increases after
treatment of toxic concentration of cadmium (Beyersmann et al., 1997; Son et al., 2001). A
compensatory defense mechanism by antioxidation system may be involved in the reduction of
H,0; by cadmium as an initial response. However, after 6 h cadmium enormously increased the
level of H,O; in a dose-dependent manner, suggesting that protective antioxidation mechanism is
compromised by cadmium damage at later time points.

Generation of H,O,, activation of caspase-3 and DNA fragmentation by cadmium were

serially observed in J774A.1 macrophages. Inhibitors of caspase-3, -8, -9 and general caspases

were completely able to inhibit cadmium-induced apoptosis suggesting that both caspase-8 and
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caspase-9 are involved as initiator caspases to converge in the activation of caspase-3 and to
execute apoptotic death in macrophages. The importance of activation of caspase-8 and —9 on
cadmium-induced apoptosis has been reported in few studies. Caspase-8 and —3 inhibitors were
able to inhibit cadmium-induced apoptosis in human histiocytic lymphoma cell line U937 (Li et
al., 2000). Caspase-8 inhibitor was more effective than caspase-3 inhibitor in this system and
inhibitor of caspase-9 failed to inhibit cadmium-induced apoptosis, suggesting that caspase-8 is
the most apical caspase in cadmium-induced apoptosis in this system (Li et al., 2000). Caspase-9
is known to be intermediated with mitochondria and cytochrome ¢ (Nunez et al., 1998).
Caspase-9 activation was partially involved in cadmium-induced apoptosis in HL-60 human
leukemia cells (Kondoh et al., 2002) and C6 rat glioma cells (Watjen et al., 2002). If caspase-8
and caspase-9 execute independently to lead activation of caspase-3, inhibition effect should be
partial on caspase-3 activation. Caspase-8, known as a receptor-mediated caspase (Nunez et al.,
1998), not only directly cleaves and activates caspase-3 (Muzio et al., 1998) but also indirectly
activates caspase-3 by inducing cytochrome c release (Bossy-Wetzel et al., 1999). Indirect
mechanism of caspase-8 leading to cytochrome c release may be a factor to induce caspase-9
activation in cadmium-insulted macrophage cell line.

Antioxidants, NAC and silymarin were very effective repressors to reduce the amount of
H,0, and cell death produced by cadmium in J774A.1 cells. These antioxidants were able to
prevent inhibition of proliferation and mitochondrial activity. Oxidative stress, altered redox
homeostasis, and injuries to organelles were suggested as the mechanism of cadmium-induced
toxicity (Son et al., 2001). Major targets of oxidative stress are nucleus and mitochondria,
resulting in damage to membrane lipids, protein enzymes and deletion or modification of DNA

(Richter et al., 1998; Sauer et al., 2001). ROS may involve direct interaction with specific
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receptors and signaling pathways such as protein kinases, protein phosphatases and transcription
factors from the plasma membrane to the cell nucleus during cell growth and differentiation
(Sauer et al., 2001). The exact signaling pathways from ROS elevation to growth arrest are
largely unknown. However, oxidative stress leading to [Ca®']; elevation and alterations in
mitochondrial and nuclear function, is thought to be a major event in cadmium-mediated growth
arrest.

Antioxidant flavonoid silymarin could inhibit cadmium-elevated [Ca*']; in our system in
murine macophages. Hydrogen peroxide-induced [Ca®"]; release from intracellular stores such as
mitochondria or nucleus was also observed in Chinese hamster V79 cells (Inanami et al., 1999).
On the other hand, high [Ca®]; can cause disruption of mitochondrial Ca*" equilibrium which
results in ROS formation due to the stimulation of electron flux along the electron transport
chain (Chacon et al., 1991) suggesting a close relationship between Ca*" and ROS in signal
transduction pathways. Besides the direct interaction of cadmium with intracellular molecules,
altered redox system or [Ca®"]; homeostasis is considered as a target of toxic action by cadmium.
Because calcium homeostasis was important to cadmium-mediated cell signaling including
activity of MAPKSs and cell death in previous study, interacting oxidative stress must be also a
crucial factor for phosphorylation of MAPKSs and apoptosis in J774A.1 macrophages.

MAPKSs are believed to be important biomolecules in cell differentiation, cell movement,
cell division and cell death induced by extracellular stimuli (Schaeffer et al., 1999). We recently
reported that Ca®” elevation by cadmium triggers JNK and caspase-3 activation (Kim et al.,
2004) and cadmium induced ERK signaling-dependent G2/M arrest and cell death in murine
macrophages by cadmium (Kim et al., 2003). JNK activity can be induced by either antioxidants

in Jurkat T lymphocytes (Gomez et al., 1996) or H,O, in HeLa (Wang et al., 1998) and CL3 cells
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(Chuang et al., 2000a), suggesting that JNK signaling is sensitive to a decreased or increased
oxidative environment. Recent evidence suggests that ROS-JNK pathway may play an
important role in triggering apoptosis and signaling related to mitochondria. JNK was activated
via ROS by alkaloid ascididemin in Jurkat T cells where JNK-specific inhibitor SP600125
inhibited caspase-2 and —9 processing as well as cytochrome ¢ release and DNA fragmentaion
(Dirsch et al., 2004). p-adrenergic receptors-stimulated apoptosis in adult rat ventricular
myocytes involved ROS-JNK dependent activation of the mitochondrial death pathway
(Remondino et al., 2003). ERK played critical role in cell survival following oxidative injury
(Guyton et al., 1996). Hydrogen peroxide induced apoptosis of chondrocytes and involved
calcium ion and ERK (Asada et al.,, 2001) suggesting that oxidative stress induced ERK
activation has both pro-survival and pro-apoptotic effect.

The production of ROS has been thought to adversely affect the physiology and survival
of cadmium-insulted cells. Now there is a growing body of evidence to suggest that cadmium-
generated ROS can influence the growth as well as death of murine macrophages in vitro
through the activation of multiple signaling pathways that influence the cytotoxicity observed in
affected cells including MAPKSs and caspases. The amount of H,O, produced by cadmium was
affected by the presence of caspase-3 inhibitor, but not by inhibitors of MAPKs, indicating that
the activation of caspase-3 is an important source for cadmium-elevated ROS generation and
MAPKSs are activated as downstream of oxidative stress. The modulation of macrophage
function by cadmium via generation of ROS is a likely mechanism of immunotoxicity by this

metal.

130



Acknowledgement
Partial support of this work by Center for Academic Excellence in Toxicology at the

University of Georgia and Fred C. Davison Endowment is gratefully acknowledged.

131



References

Achanzar, W. E., Achanzar, K. B., Lewis, J. G., Webber, M. M., and Waalkes, M. P. (2000).
Cadmium induces c-myc, p53, and c-jun expression in normal human prostate epithelial cells
as a prelude to apoptosis. Toxicol. Appl. Pharmacol. 164, 291-300.

Asada, S., Fukuda, K., Nishisaka, F., Matsukawa, M., and Hamanisi, C. (2001). Hydrogen
peroxide induces apoptosis of chondrocytes; involvement of calcium ion and extracellular
signal-regulated protein kinase. Inflamm. Res. 50, 19-23.

Bennett, B. L., Sasaki, D. T., Murray, B. W., O'Leary, E. C., Sakata, S. T., Xu, W., Leisten, J. C.,
Motiwala, A., Pierce, S., Satoh, Y., Bhagwat, S. S., Manning, A. M., and Anderson, D. W.
(2001). SP600125, an anthrapyrazolone inhibitor of Jun NH,-terminal kinase. Proc. Natl.
Acad. Sci. U. S. A 98, 13681-13686.

Beyersmann, D., and Hechtenberg, S. (1997). Cadmium, gene regulation, and cellular signalling
in mammalian cells. Toxicol. Appl. Pharmacol. 144, 247-261.

Bossy-Wetzel, E., and Green, D. R. (1999). Apoptosis: checkpoint at the mitochondrial frontier.
Mutat. Res. 434, 243-251.

Chacon, E., and Acosta, D. (1991). Mitochondrial regulation of superoxide by Ca®": an alternate
mechanism for the cardiotoxicity of doxorubicin. Toxicol. Appl. Pharmacol. 107, 117-128.
Chuang, S. M., Liou, G. Y., and Yang, J. L. (2000a). Activation of JNK, p38 and ERK mitogen-
activated protein kinases by chromium(VI) is mediated through oxidative stress but does not

affect cytotoxicity. Carcinogenesis 21, 1491-1500.

Chuang, S. M., Wang, I. C., and Yang, J. L. (2000b). Roles of JNK, p38 and ERK mitogen-

activated protein kinases in the growth inhibition and apoptosis induced by cadmium.

Carcinogenesis 21, 1423-1432.

132



Descotes, J. (1992). Immunotoxicology of cadmium. IARC Sci. Publ. 385-390.

Dirsch, V. M., Kirschke, S. O., Estermeier, M., Steffan, B., and Vollmar, A. M. (2004).
Apoptosis signaling triggered by the marine alkaloid ascididemin is routed via caspase-2 and
JNK to mitochondria. Oncogene 23, 1586-1593.

Galan, A., Garcia-Bermejo, L., Troyano, A., Vilaboa, N. E., Fernandez, C., de Blas, E., and Aller,
P. (2001). The role of intracellular oxidation in death induction (apoptosis and necrosis) in
human promonocytic cells treated with stress inducers (cadmium, heat, X-rays). Eur. J. Cell
Biol. 80, 312-320.

Galan, A., Garcia-Bermejo, M. L., Troyano, A., Vilaboa, N. E., de Blas, E., Kazanietz, M. G.,
and Aller, P. (2000). Stimulation of p38 mitogen-activated protein kinase is an early
regulatory event for the cadmium-induced apoptosis in human promonocytic cells. J. Biol.
Chem. 275, 11418-11424.

Gomez, d. A., Martinez-Martinez, S., Calvo, V., Armesilla, A. L., and Redondo, J. M. (1996).
JNK (c-Jun NH»-terminal kinase) is a target for antioxidants in T lymphocytes. J. Biol. Chem.
271, 26335-26340.

Guyton, K. Z., Liu, Y., Gorospe, M., Xu, Q., and Holbrook, N. J. (1996). Activation of mitogen-
activated protein kinase by H202. Role in cell survival following oxidant injury. J. Biol.
Chem. 271, 4138-4142.

Habeebu, S. S., Liu, J., and Klaassen, C. D. (1998). Cadmium-induced apoptosis in mouse liver.
Toxicol. Appl. Pharmacol. 149, 203-209.

Hamada, T., Tanimoto, A., and Sasaguri, Y. (1997). Apoptosis induced by cadmium. Apoptosis.

2,359-367.

133



Harstad, E. B., and Klaassen, C. D. (2002). Tumor necrosis factor-a-null mice are not resistant to
cadmium chloride-induced hepatotoxicity. Toxicol. Appl. Pharmacol. 179, 155-162.

IARC (1993). Cadmium, mercury, and exposures in the glass manufacturing industry. Working
groupviews and expert opinions. Monogr. Eval. Carcinog. Risks Hum. 58, 41-117.

Inanami, O., Ohta, T., Ito, S., and Kuwabara, M. (1999). Elevation of intracellular calcium ions
is essential for the H,O»-induced activation of SAPK/JNK but not for that of p38 and ERK in
Chinese hamster V79 cells. Antioxid. Redox. Signal. 1, 501-508.

Ishido, M., Suzuki, T., Adachi, T., and Kunimoto, M. (1999). Zinc stimulates DNA synthesis
during its antiapoptotic action independently with increments of an antiapoptotic protein, Bcl-
2, in porcine kidney LLC-PK cells. J. Pharmacol. Exp. Ther. 290, 923-928.

Jarup, L. (2003). Hazards of heavy metal contamination. Br. Med. Bull. 68, 167-182.

Johnson, V. J., He, Q., Kim, S. H., Kanti, A., and Sharma, R. P. (2003). Increased susceptibility
of renal epithelial cells to TNFa-induced apoptosis following treatment with fumonisin B;.
Chem. Biol. Interact. 145, 297-309.

Kim, J., Kim, S., Johnson, V. J., and Sharma, R. P. (2003). Effect of cadmium on p53 and
mitogen-activated protein kinases in a murine macrophage cell line: relation to apoptosis.

Toxicol. Sci., 72S, 269 (abstract).

Kim, J. and Sharma, R. P. (2004). Role of calcium and mitogen-activated protein kinases on
cadmium-mediated growth arrest and caspase-3 activation in murine macrophages. Toxicol.
Sci., 78 (S-1):236-237, 2004 (abstract)

Kondoh, M., Araragi, S., Sato, K., Higashimoto, M., Takiguchi, M., and Sato, M. (2002).
Cadmium induces apoptosis partly via caspase-9 activation in HL-60 cells. Toxicology 170,

111-117.

134



Li, M., Kondo, T., Zhao, Q. L., Li, F. J., Tanabe, K., Arai, Y., Zhou, Z. C., and Kasuya, M.
(2000). Apoptosis induced by cadmium in human lymphoma U937 cells through Ca**-calpain
and caspase-mitochondria- dependent pathways. J. Biol. Chem. 275, 39702-39709.

Middleton E Jr, Kandaswami, C., and Theoharides, T. C. (2000). The effects of plant flavonoids
on mammalian cells: implications for inflammation, heart disease, and cancer. Pharmacol.
Rev. 52, 673-751.

Muzio, M., Stockwell, B. R., Stennicke, H. R., Salvesen, G. S., and Dixit, V. M. (1998). An
induced proximity model for caspase-8 activation. J. Biol. Chem. 273, 2926-2930.

Nath, R., Prasad, R., Palinal, V. K., and Chopra, R. K. (1984). Molecular basis of cadmium
toxicity. Prog. Food Nutr. Sci. 8, 109-163.

Nunez, G., Benedict, M. A., Hu, Y., and Inohara, N. (1998). Caspases: the proteases of the
apoptotic pathway. Oncogene 17, 3237-3245.

O'Brien, P., and Salacinski, H. J. (1998). Evidence that the reactions of cadmium in the presence
of metallothionein can produce hydroxyl radicals. Arch. Toxicol. 72, 690-700.

Remondino, A., Kwon, S. H., Communal, C., Pimentel, D. R., Sawyer, D. B., Singh, K., and
Colucci, W. S. (2003). B-adrenergic receptor-stimulated apoptosis in cardiac myocytes is
mediated by reactive oxygen species/c-Jun NH»-terminal kinase-dependent activation of the
mitochondrial pathway. Circ. Res. 92, 136-138.

Richter, C., Par, J. W., and Ames, B. (1998). Normal oxidative damage to mitochondrial and
nuclear DNA is extensive. Proc. Natl. Acad. Sci. U. S. A 85, 6465-6467.

Sauer, H., Wartenberg, M., and Hescheler, J. (2001). Reactive oxygen species as intracellular

messengers during cell growth and differentiation. Cell Physiol Biochem. 11, 173-186.

135



Schaeffer, H. J., and Weber, M. J. (1999). Mitogen-activated protein kinases: specific messages
from ubiquitous messengers. Mol. Cell Biol. 19, 2435-2444.

Shih, C. M., Ko, W. C., Wu, J. S., Wei, Y. H., Wang, L. F., Chang, E. E., Lo, T. Y., Cheng, H.
H., and Chen, C. T. (2004). Mediating of caspase-independent apoptosis by cadmium through
the mitochondria-ROS pathway in MRC-5 fibroblasts. J. Cell Biochem. 91, 384-397.

Son, M. H., Kang, K. W., Lee, C. H.,, and Kim, S. G. (2001). Potentiation of cadmium-induced
cytotoxicity by sulfur amino acid deprivation through activation of extracellular signal-
regulated kinasel/2 (ERK1/2) in conjunction with p38 kinase or c-jun NH,-terminal kinase
(JNK). Complete inhibition of the potentiated toxicity by U0126 an ERK1/2 and p38 kinase
inhibitor. Biochem. Pharmacol. 62, 1379-1390.

Spector, A. A., and Yorek, M. A. (1985). Membrane lipid composition and cellular function. J.
Lipid Res. 26, 1015-1035.

Stohs, S. J., Bagchi, D., Hassoun, E., and Bagchi, M. (2001). Oxidative mechanisms in the
toxicity of chromium and cadmium ions. J. Environ. Pathol. Toxicol. Oncol. 20, 77-88.

Wang, X., Martindale, J. L., Liu, Y., and Holbrook, N. J. (1998). The cellular response to
oxidative stress: influences of mitogen-activated protein kinase signalling pathways on cell
survival. Biochem. J. 333 ( Pt 2), 291-300.

Watjen, W., Cox, M., Biagioli, M., and Beyersmann, D. (2002). Cadmium-induced apoptosis in
C6 glioma cells: mediation by caspase 9-activation. Biometals 15, 15-25.

Wei, Y. H., and Lee, H. C. (2002). Oxidative stress, mitochondrial DNA mutation, and
impairment of antioxidant enzymes in aging. Exp. Biol. Med. (Maywood. ) 227, 671-682.

Yan, L., and Cirillo, J. D. (2004). Infection of murine macrophage cell lines by Legionella

pneumophila. FEMS Microbiol. Lett. 230, 147-152.

136



Yuan, C., Kadiiska, M., Achanzar, W. E., Mason, R. P., and Waalkes, M. P. (2000). Possible role
of caspase-3 inhibition in cadmium-induced blockage of apoptosis. Toxicol. Appl. Pharmacol.

164, 321-329.

137



300 -

N
o
o

100 -

CM-H,DCFDA (% of control)

0 2 6 10 16 24

120 1

100 -

80 -

60 -

40 -

20 -

Relative CM-H,DCFDA
fluorescence

0 5 20 50 100 500 Fe2+
CdCl, (M)

Fig. 5.1. Effect of CdCl, on H,O, generation. The production of H,O, was measured by
detecting the fluorescent intensity of oxidant-sensitive probes CM-H,DCFDA. J774A.1 cells
were exposed to CdCl, at 0, 20, 100 and 500 puM CdCl, up to 24 hr (A) or at several
concentrations for 6 hr (B). Iron (FeSO4, 1 mM) was used as a positive control. Fluorescence by
CM-H,;DCFDA after CdCl, exposure was read by microplate spectrofluorometer. *, # and @
indicate significant difference from control group at p < 0.05. Different letters on top of bars

indicate significant difference at p < 0.05. Results are expressed as mean + or - SE (n=3).
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Fig. 5.4. Effect of antioxidatns on CdCl,-induced caspase-3 activation and DNA
fragmentation. J774A.1 cells were pre-treated with 1| mM NAC or 50 uM silymarin (SLM) for
30 min and then exposed to CdCl, (20 uM) for 24 h. (A) The production of H,O, was measured
by detecting the fluorescent intensity of oxidant-sensitive probes CM-H,DCFDA. (B)
Fluorometric caspase-3 enzyme activity was measured. (C) Relative fluorescence of labeling
DNA strand breaks by TUNEL-reaction after CdCl, exposure was read by microplate
spectrofluorometer. (D) Fluorescence on TUNEL positive nuclei was visualized under
fluorescence microscope. Mean + SE (n=3). Different letters on top of bars indicate a

significant difference (p < 0.05).
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Fig. 5.5. Effect of antioxidants on CdCl,—induced growth arrest, mitochondrial activity
impairment, necrosis and [Ca’*]; elevation. J774A.1 cells were pre-treated with 1 mM NAC
or 50 uM silymarin (SLM) for 30 min and then exposed to CdCl, (20 uM). (A) Proliferation was
measured by [3H]thymidine incorporation after 18 h CdCl, exposure. (B) Mitochondrial activity
was measured by MTT assay after 24 h CdCl, exposure. (C) Fluorescence by PI staining after
24 h CdCl, exposure was read by microplate spectrofluorometer. (D) Morphological
fluorescence intensity of altered [Ca®’]; level was visualized under fluorescence microscope
using Fluo-3 after 6 h CdCl, exposure. Representative pictures from experiments that were
replicated a minimum of three times are shown. Mean + SE (n=3). Different letters on top of

bars indicate significant difference at p < 0.05.

144



54o_0210wM_“V 540_0210ww MWWMWMW
(1043U09 40 p|oy) MNC-d < (1043U09 0 p|oy) MNC-d 2 5 o & ¥ 3 2

Fi
17
30
to
re

145



N
1

p-ERK (fold of control)
H

pd
ZQo

4 Total ERK

[EEN
»

e
d

(e0)
1

SN
1

p-ERK (fold of control)

0_
Cd - + - + - + - +

SLM - - 50 50 100 100 150 150

Fig. 5.7. Concentration-dependent effect of antioxidants on CdCl,-induced ERK activation.
J774A.1 cells were pretreated with (A) NAC (1-3 mM) or (B) silymarin (SLM, 50-150 uM) for
30 min and then exposed to CdCl, (20 pM) for 16 h. The level of total and p-ERK was
measured to detect the p-ERK1 (p42) and p-ERK2 (p44) by western blot. P-ERK represents
activated ERK whereas total ERK indicates total protein loading. Mean + SE (n=3). Different

letters on top of bars indicate significant difference at p < 0.05.
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CHAPTER 6
FREE VERSUS CHELATED CADMIUM

IN CADMIUM-INDUCED CYTOTOXICITY IN MURINE MACROPHAGES*

*Kim, J. and R.P. Sharma. To be submitted to Toxicological Sciences



Abstract

Cadmium (Cd) is a member of group IIb in the periodic table of elements, along with
zinc and mercury. It is a well-known carcinogenic and immunotoxic heavy metal, commonly
found in cigarette smoke and industrial effluents. Cadmium may exist in environment as a free
Cd*" or a complex of Cd*" and molecule with thiol binding group. However, if free Cd*" is
responsible for cadmium toxicity is not exactly known. Cadmium as Cd** ion caused necrotic
cell death at 24 h and N,N,N',N'-tetrakis(2-pyridylmethyl)ethylene diamine (TPEN), a cell
permeable intracellular Cd*" chelator, inhibited cadmium-induced necrosis. However, TPEN
was not able to influence apoptotic response, including caspase-3 activation and DNA
fragmentation by cadmium. Chelating Cd*" by TPEN also failed to recover Cd-inhibited
mitochondrial activity and proliferation suggesting that free Cd*" is not a factor to induce
apoptosis, mitochondrial impairment and growth arrest in cadmium toxicity. Chelating Cd*" was

still able to elevate [Ca®'];

and hydrogen peroxide generation at 6 h. Exposure to cadmium
induced phosphorylation of extracellular signal-related kinase (ERK) and c-Jun NH;-terminal
kinase (JNK), and deactivated p38 mitogen-activated protein kinase (MAPK). Use of TPEN
indicated that only activation of ERK depends on free Cd*", while INK and p38 MAPK were not
dependent. In a previous study, we observed that ERK activation by cadmium was responsible
for necrosis in J774A.1 cells. The inhibitory effect of TPEN on cadmium-activated ERK and
necrosis demonstrates that free Cd*" plays an important role in ERK-necrosis signaling. Altered

[Ca™]; level or redox system by Cd complexes is capable of initiating toxic action leading to

apoptosis, mitochondrial impairment and growth arrest.
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Abbreviations used:

[Ca™'];, intracellular calcium; CM-H,DCFDA, 5-chloromethyl-2°,7’-dichlorodihydro fluorescein
diacetate; DPM, disintegrations per min; ERK, extracellular signal-related kinase; GSH,
glutathione; JNK, c-Jun NH,-terminal kinase; MAPKs, mitogen-activated protein kinases; MT,
metallothionein; MTT, 3(4,5-dimethyl thiazolyl-2)2,5-diphenyl tetrazolium bromide; PI,
propidium iodide; ROS, reactive oxygen species; TPEN, N,/NN'N'- tetrakis(2-
pyridylmethyl)ethylene diamine; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated

dUTP nick end-labeling

Introduction

Cadmium is a naturally occurring nonessential and toxic heavy metal, which belongs to
transition metal group IIB of the periodic table. Cadmium and zinc belong to the same group
and influence effect of each other in the intracellular environment (Hamada et al., 1997).
Besides zinc, cadmium interferes with the utilization of essential metals e.g. calcium, selenium,
chromium and iron, and abolishes their function in biological system (Nath et al., 1984).
Cadmium is found in plastic stabilizers, color pigments, several alloys and, now most commonly,
in rechargeable nickel-cadmium batteries (Jarup, 2003). There have been numerous studies
regarding cadmium toxicity suggesting the interference with major cellular signal transduction
elements such as cell surface receptors, cytosolic and nuclear calcium levels and phosphorylation
of proteins including protein kinase C (PKC) and mitogen-activated protein kinases (MAPKSs) as
mechanisms for cadmium toxicity (Hechtenberg et al., 1994; Hechtenberg et al., 1996; Long,

1997; Misra et al., 2002; Smith et al., 1989).
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The major cellular uptake of cadmium is thought to be through Ca®" channels. Cadmium
uptake occurs by an active transport rather than passive diffusion mechanism in Chinese Hamster
Ovary (CHO) cells and hepatocytes (Planas-Bohne et al., 1988). Free Cd*" was taken up
primarily through voltage-gated Ca®" channels in cultured pituitary cells (Hinkle et al., 1987).
About a third of the cadmium was taken up into the cell through the receptor-operated Ca**
channels in primary cultures of rat hepatocytes (Blazka et al., 1991). The marked reduction of
cadmium uptake by thiol binding agents indicated the involvement of —SH groups in the
transport of Cd*" ions (Klug et al., 1988).

Cadmium in culture or tissues exists in several different forms. The level of cellular
glutathione (GSH) and metallothionein (MT) is increased after treatment of cells or animals with
toxic concentration of cadmium (Beyersmann et al., 1997; Son et al., 2001). Cd*-GSH, Cd*-
MT and free Cd*" are possible forms of cadmium in cell culture. However, which type of
cadmium is responsible for cadmium toxicity and the role of free Cd*" has not been determined.
It has been suggested that if cadmium interacts with cell surface receptors affecting intracellular
signals, free Cd*" ion will not be required to enter cells in order to exert toxic effects
(Beyersmann et al., 1997). Further a direct interaction of cadmium with intracellular molecules,
altered redox system or [Ca”"]; homeostasis is considered to initiate toxic action by cadmium.

Effects of cadmium on immune functions and cells of immune system has been discussed
(Descotes, 1992). It has been reported that smokers have 4-5 times higher level of cadmium in
blood than non-smokers (Jarup et al., 1998). Inhalation of cadmium will directly affect
macrophages in the respiratory system without first-pass elimination and be a factor of
immunodepression in smokers. J774A.1 cells possess similarities to mature macrophages,

making them an alternative to primary cells (Yan et al., 2004). Due to the tumor-like property,

151



these cells however may be more resistant to cadmium toxicity. Studies using macrophages on
cadmium-mediated cell signaling and subsequent cell death are valuable to understand cadmium
effect on the immune system. The objective of this study was to explore the role of free Cd**
and to outline the mechanism of toxicity by free Cd*" in cadmium-treated macrophages. Using
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylene diamine (TPEN), a cell permeable chelator of
cadmium, we investigated whether intracellular free Cd*" is required for cadmium-induced
necrosis, apoptosis, inhibition of mitochondrial activity, growth arrest and altered MAPK activity.
Because TPEN has higher affinity for Cd*" (log Kcq = 16.3) than other metals (Fe*"; log Kg. =
14.6, Ca2+; log K¢, = 4.4) (Anderegg G et al., 1997; Arslan et al., 1985), it has been used as a
specific intracellular Cd*" chelator in several studies (Iryo et al., 2000; Matsuoka et al., 1998).
The results from this study showed that intracellular Cd*" is capable of inducing activation of
ERK and necrosis, but not generating elevated [Ca®']; or reactive oxygen species (ROS) in

cadmium-induced apoptosis and growth arrest.

Materials and Methods
Reagents

Cadmium chloride (CdCl,, Sigma Chemical Co., St. Louis, MO) was dissolved in water,
sterilized with 0.22 pm filter, and added to cultures at the indicated time and concentrations.
Cell culture reagents were procured from GIBCO Life Technology (Grand Island, NY).
Antibodies specific for the total and phosphorylated forms of extracellular signal-related kinase
(ERK, p44/42 MAPK), c-Jun NH,-terminal kinase (JNK, p54/46 MAPK) and p38 MAPK were

obtained from Cell Signaling (Beverly, MA). Fluorescent probes Fluo-3/AM and propidium
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iodide (PI) were purchased from Molecular probes (Eugene, OR). TPEN, Hoechst 33258 and

other chemicals used in this study were obtained from Sigma and were of cell culture grade.

Cell culture

Macrophage cell line, J774A.1 (American Type Culture Collection TIB-67), originated
from BALB/c mouse reticulum cell sarcoma, was maintained in Dulbecco’s Modified Eagle’s
Medium, supplemented with 2 mM glutamine, 100 units/ml penicillin, and 100 pg/ml
streptomycin and 10% non-heat-inactivated fetal bovine serum (Atlanta Biologics, Atlanta, GA)
in 5% CO, atmosphere at 37 °C. The J774A.1 cells were grown in 75 cm® culture flasks and
subcultured when the cells reached 70 — 80% confluence (every 3 days). Cells were used for
experiments during 3rd or 4th passage. Cultures were allowed to grow overnight (15 hr) prior to
the treatment. TPEN (1 or 10 uM) was added 30 min prior to cadmium treatment. The lower

concentration of TPEN employed was not cytotoxic in preliminary trials.

P1 and Hoechst 33258 staining

Necrotic cell death was detected by staining with PI, a membrane impermeant dye
excluded from viable cells. PI binds to DNA by intercalating between the bases with little or no
sequence preference and with a stochiometry of one dye per 4-5 base pairs of DNA. Apoptotic
morphological changes in the nuclear chromatin of cells were detected by staining with the DNA
binding fluorochrome Hoechst 33258 (bis-benzimide). Hoechst 33258 exhibits fluorescence
enhancement upon binding to A-T rich regions of double stranded DNA. J774A.1 cells were
seeded at 8x10” cells/well in 96-well microplates and treated with 20 pM cadmium for 200 pl
culture at each well. Following 24 h treatment with cadmium, 120 pl of supernatant was
removed and 20 pl of PI (1 pg/ml) or Hoechst 33258 (2 pg/ml) was added. To protect necrotic

cells from being stained by Hoechst 33258, the fluorescence was measured after 15 min dye
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binding to DNA. The plates were read at 535/617 nm or 350/450 nm (excitation/emission) for PI
or Hoechst 33258 fluorescence, respectively, using a SpectraMax Gemini (Molecular Devices,
Sunnyvale, CA). The fluorescence signal was digitized and analyzed using SoftMax Pro™
(Molecular Devices). Fluorescence microscopy was performed to examine the apoptotic
morphology for Hoechst 33258, using IX71 inverted microscope (Olympus, Melville, NY).

Digital images were captured using MagnaFire SP® Olympus digital camera.

Determination of caspase-3 activation

Caspase-3 activity was determined using CaspACE™ fluorometric activity assay
(Promega, Madison, WI) with modifications as follows. Briefly, cells were treated in 96-well
microplates following which Triton X-100 was added and repeatedly pipetted to lyse the cells.
The homogenates were centrifuged at 4,000xg for 10 min to remove cell debris. The supernatant
was assayed for caspase-3 activity using CaspACE™ system according to the manufacture’s

instructions. The fluorescence signal was digitized and analyzed using SoftMax Pro"™.

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
assay

TUNEL assay was performed using the in situ Cell Death Detection Kit (Roche Applied
Science, Indianapolis, IN). Cells were plated at 8x10* cells/well in 96-well microplates and
allowed to attach overnight. Cells were then treated with cadmium for 16 hr, fixed with
paraformaldehyde, and analyzed for stained nuclei according to the manufacturer’s instructions.
The fluorescence signal was read by SpectraMax Gemini, digitized and analyzed using SoftMax

Pro™ (Molecular Devices, Irvine, CA). In addition, fluorescence microscopy was performed to
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examine fragmented DNA morphology using IX71 inverted microscope. Digital images were

captured using MagnaFire SP® Olympus digital camera.

Mitochondrial activity

MTT (3[4,5-dimethyl thiazolyl-2]2,5-diphenyl tetrazolium bromide, Sigma) was used to
investigate mitochondrial activity. Cells were seeded at 8x10” cells/well in 96-well microplates
and treated with 20 uM cadmium for 24 h. The cells were incubated with addition of 20 ul MTT
(5 mg/ml). After 4 h, 120 pl of MTT media was taken out from each well and 100 ul of 0.02 N
HCl-isopropanol (warm) added to dissolve formazan crystals. The absorbance of each cell was

measure by UV spectrometer at 570 nm.

DNA synthesis as an index of proliferation

The [methyl->H]thymidine incorporation was used as an index of proliferation. Cells were
seeded at 8x10” cells/well in 96-well microplates. At 16 h prior to harvesting cells, each well
was pulsed with 20 pl of [methyl-’H]thymidine (25 uCi/ml, 6.7 Ci/mmol, DuPont NEN Products,
Boston, MA). Cells were harvested onto glass fiber filter paper (Cambridge Technology,
Watertown, MA) using a cell harvester (PHD, Cambridge Technology). Proliferative response
(uptake of [3H]thymidine) in the harvested cells was counted in a liquid scintillation counter

(Pharmacia, Turku, Finland) and expressed as disintegrations per min (DPM).

Western blot analysis of phosphorylated ERK, JNK and p38 MAPK

The activation status (phosphorylation) of ERK, JNK and p38 MAPK was determined
using phospho-specific antibodies as described previously (Johnson et al., 2003). Cells were
grown at 2x10° cells/well in 6-well microplates. J774A.1 cells were preincubated with 1 uM

TPEN for 30 min and then treated with 20 uM cadmium for 16 h. To know the effect of
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extracellular complex formation of TPEN and cadmium on MAPKs phosphorylation, medium
containing 0 or 20 uM cadmium was incubated with 1 uM TPEN for 30 min in the absence of
cells, J774A.1 cells were then incubated with these media for 16 h. Following treatment, cells
were washed with phosphate buffered saline (PBS) and total cell lysates were prepared by
scrapping in 100 pl of lysis buffer [20 mM Tris—HCI (pH 8.0), 1 mM sodium orthovanadate,
10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 mM ethylenediaminetetraacetate (EDTA),
1% Triton X-100, 50 mM B-glycerolphosphate, and 10 pg/ml each of aprotinin, leupeptin, and
pepstatin]. Fifty micrograms of protein determined by Bradford assay was electrophoretically
separated using a 12% SDS-PAGE gel and transferred to nitrocellulose paper followed by
antibody staining. Equal loading and transfer of total protein was verified with the reversible
Ponceau S stain (Sigma) dye and also by detecting total ERK, JNK and p38 MAPK.
Immunodetection was performed using enhanced chemiluminescence (ECL) detection kit

(Amersham Pharmacia, Piscataway, NJ).

Determination of hydrogen peroxide

The production of hydrogen peroxide was studied using by H,O,-sensitive probe 5-
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA, Molecular Probes).
The cells were incubated in the presence of various concentration of cadmium and fluorescent
intensity recorded using SpectraMax Gemini fluorescence plate reader. The CM-H,DCFDA
fluorescence was detected by excitation at 485 nm, and emission at 530 nm. The fluorescence

readings were digitized using SoftMax Pro™™.

Determination of intracellular Ca®*
Intracellular Ca®" levels were checked by Fluo-3/AM, a Ca”*-sensitive fluorescent

indicator. Cells were seeded at 8x10* cells/well in 96-well microplates and treated with 20 uM
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cadmium for 6 h. Cells were loaded with Fluo-3/AM (10 uM) in dark at 37°C for 1 h and
washed twice with Tyrode’s solution (137 mM NaCl, 2.7 mM KCI, 1mM MgCl,, 1.8 mM CacCl,,
0.2 mM NaH,PO4, 12 mM NaHCOs, and 5.5 mM Glucose). Cells were incubated in Tyrode’s
solution for another 30 min and the morphological fluorescence intensity of cells was determined
using Olympus [X71 inverted microscope. A 488 nm excitation wavelength was used to
illuminate Fluo-3/AM, and fluorescence was detected at emission wavelength of 510 nm.

Digital images were acquired using the Magnafire SP digital camera.

Replication and statistical analysis

Experiments were repeated at least 3-4 times with consistent results. Means + SE from
representative experiments have been presented. All statistical analyses were performed using
the SAS statistical software (SAS Institute, Cary, NC). Treatment effects were analyzed using
one way analysis of variance (ANOVA) followed by Duncan’s Multiple Range test. A p value

of < 0.05 was considered significant unless indicated otherwise.

Results
Inhibitory effect of chelating Cd** on cadmium-induced necrosis

To examine the role of free Cd*" on cadmium-induced necrosis, we measured the level of
necrotic cell death using PI staining (Fig. 1). Cells treated with cadmium showed 3-times higher
level of necrotic cell death than control. TPEN, a cell permeable Cd** chelator at 1 uM, did not
show any cytotoxicity. Pretreatment of cells with 1 and 10 uM TPEN was able to reduce
cadmium-induced necrotic cell death. The inhibitory effect in cadmium-induced necrosis was
same between 1 and 10 pM TPEN. These observations indicate that intracellular free Cd*" was

partially required for cadmium-induced necrosis.
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Effect of chelating Cd** on cadmium-induced caspase-3 activation and apoptosis

To determine whether cadmium-induced caspase-3 activation and apoptosis depend on
intracellular free Cd*", J774A.1 cells were treated with 20 pM cadmium in the absence or
presence of 1 or 10 uM TPEN. Cadmium-induced apoptotic effects were observed by caspase-3
activity, TUNEL and Hoechst staining at 16 h. TPEN at 1 uM caused no effect on caspase-3
activity induced by cadmium. Even higher concentration of 10 uM TPEN was not able to reduce
cadmium-induced apoptotic response (Fig. 2A). A lack effect of free Cd*" on cadmium-induced
apoptosis was confirmed by Hoechst 33258 staining (Fig. 2B). Chelating Cd** by 1 or 10 pM
TPEN did not reduce cadmium-increased Hoechst staining. DNA fragmentation by TUNEL
confirmed that chelating intracellular Cd*" was not able to reduce cadmium-induced apoptosis
(Fig. 2C). Apoptotic cells stained with Hoechst 33258 are presented in Fig. 2D. The nuclei of
cells exposed to cadmium showed the condensed and fragmented chromatin characteristics of
apoptosis. These results suggest that intracellular free Cd*" is not required in cadmium-induced

caspase-3 activation and apoptosis.

Effect of chelating Cd** on the cadmium-inhibited mitochondrial activity and proliferation
Because chelating Cd*" was only related with necrosis not caspase-3 activation and
apoptosis, the effect of free Cd*" on cadmium-inhibited mitochondrial activity and proliferation
was analyzed. J774A.1 cells were incubated with 20 uM cadmium with or without 1 or 10 uM
TPEN. Cadmium reduced the mitochondrial activity by half at 24 h. However, chelating Cd*"
with 1 or 10 pM TPEN was not able to recover cadmium-inhibited mitochondrial activity (Fig.
3A). Similarly, pretreatment with 1 or 10 uM TPEN and cadmium did not provide any recovery
effect from cadmium-induced growth arrest (Fig. 3B). Results suggested that intracellular free

Cd*" was not required for the cadmium-inhibited mitochondrial function and cell proliferation.
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Role of free Cd** on the cadmium-altered MAPKs activity

To delineate the role of free intracellular Cd** on the cadmium-induced cytotoxicity, we
examined the phosphorylation of MAPKs (ERK, JNK and p38 MAPK) in J774A.1 cells.
Western blot analyses revealed that 20 uM cadmium was able to activate ERK and JNK but
deactivate p38 MAPK at 16 h (Fig. 4). TPEN (1 uM) pretreatment 30 min prior to cadmium
added to J774A.1 cells or medium containing 20 uM cadmium incubated with 1 pM TPEN for
30 min in the absence of cells, then incubated with J774A.1 cells to chelate Cd*" extracellularly
showed identical effects. The activation of ERK by cadmium was significantly, but not
completely, blocked by chelating intracellular and extracellular Cd*" in J774A.1 cells (Fig 4A).
The immunoblot with phosphorylated form of JNK specific antibody revealed that cotreatment
with TPEN failed to inhibit cadmium-induced JNK activation (Fig. 4B). Down-regulated p38
MAPK activity by cadmium also did not recover to control level by the treatment with TPEN
(Fig. 4C). Results suggested that free Cd*'is partially related with ERK activation rather than

JNK or p38 MAPK activity.

Effect of chelating Cd** on cadmium-induced H,0, generation and [Ca2+]; elevation

Analysis of cells stained with H,DCFDA revealed that 20 uM cadmium treatment
generated significantly high cellular levels of H,O, (Fig. 5A). Chelating intracellular Cd*" by
TPEN was not able to prevent cadmium-induced H,0, generation suggesting that TPEN-Cd*"
complex still was able to induce H,O, generation. To determine whether increase in [Ca%]i
mediated by cadmium depends on free Cd*", cells were treated with TPEN (Fig. 5B). As

unexpected, TPEN (1 uM) did not influence cadmium-induced [Ca®"]; elevation.
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Discussion

We recently reported that cadmium-induced Ca*" elevation triggers JNK and caspase-3
activation (Kim et al., 2004). Cadmium also induced ERK signaling-dependent G2/M arrest and
cell death in J774A.1 murine macrophages (Kim et al., 2003). In our previous studies, we
observed that chelating intracellular and extracellular Ca** was able to prevent cadmium-
inhibited proliferation and reduced mitochondrial activity in J774A.1 cells (Kim et al., 2004).
We also found that oxidative stress is important in inhibition of proliferation and mitochondrial
activity by cadmium (Chapter 5). Results presented here further support that cadmium increases
[Ca2+]i and H,O,; production at 6 h (Fig. 5), activates JNK and ERK but deactivates p38 MAPK
at 16 h. Chelated intracellular Cd*" was still able to generate H,O, and to elevate [Ca®']s.
Presence of free Cd*" was not a requirement for cadmium-induced JNK and caspase-3 activation
and DNA fragmentation in macrophages. Free Cd*" was responsible for cadmium-activated
ERK and necrosis rather than apoptotic signaling pathways in cadmium toxicity.

There have been studies that suggest that elevated [Ca*']; is important in activation of
MAPKs by cadmium toxicity and intracellular free Cd*" is not required for the regulation of
MAPKSs activity. Intracellular free Cd*" was not needed for the cadmium-induced activation of
ERK, JNK and p38 MAPK, however, [Ca2+]i chelation was able to inhibit these activation of
MAPKSs in CCRF-CEM human T cell line (Iryo et al., 2000). Similar effect on cadmium-
induced JNK activation was observed in porcine renal epithelial LLC-PK; cell line (Matsuoka et
al., 1998). TPEN at 10 and 50 uM was not able to inhibit elevated level of phosphorylated INK
by 20 uM cadmium, which was significantly suppressed by [Ca®]; chelation (Matsuoka et al.,
1998). In our study, 10 uM TPEN itself inhibited mitochondrial activity and cell proliferation,

and increased necrotic and apoptotic cell death. However, when 10 pM TPEN was treated
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together with 20 uM cadmium, almost similar effect was observed with 1 uM TPEN and 20 uM
cadmium. Because of cytotoxicity of TPEN itself, higher than 10 pM TPEN was not tried.
Chelating intracellular or extracellular Cd*" showed a similar effect on cadmium-altered MAPKs
activity. Free Cd*" mediated cadmium-induced ERK activation but not JNK and p38 MAPK
activity in our study. Because chelating intracellular Cd*" was still able to generate H,0, and to
elevate [Ca®'];, the interference with [Ca®']; homeostasis and generation of ROS is thought to be
important than the direct effect of free Cd*" in cadmium-altered JNK and p38 MAPK activity.
Most (90%) of the cadmium taken up by cells resides in cytosol and is known to be
complexed with MT (Korotkov et al., 1999). Exposure of cells as well as animals to cadmium
results in the induction of several stress response gene expression, such as those encoding for
MT and GSH synthesis (Waisberg et al., 2003). Metallothionein (a low molecular weight
protein containing about 30% cysteine) and GSH sequester cadmium with high affinity resulting
in decreased availability of free Cd*" capable of interacting with cellular targets to elicit toxicity;
Cd-MT and Cd-GSH is regarded as the major underlying causes of tissue susceptibility to
cadmium toxicity and carcinogenicity (Waisberg et al., 2003). However, pronounced toxic
effect of Cd-MT or cadmium complexes than free Cd*" has been shown in some studies. Toxic
effect of Cd-MT complexes on mitochondria was stronger than that of inorganic cadmium salts
in vivo experiments (Nordberg, 1978). The organic cadmium complexes affected respiration and
perturbed ion permeability significantly stronger than free Cd*', probably due to Cd**
incorporated into the complexes can easily penetrate to adjacent —SH groups of mitochondrial
respiratory enzymes and other molecules of the inner mitochondrial membrane that regulate the

mitochondrial ion permeability (Korotkov et al., 1999). These studies are evidence that
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cadmium complexes may exert substantial cytotoxic effect on mitochondrial activity compared
with free Cd*".

The mechanisms responsible for cadmium-induced deregulation of gene expression
include effects on secondary messengers such as [Ca*'];, ROS and signal transduction cascades
involving kinases (Waisberg et al., 2003). Besides the direct interaction of cadmium with
intracellular molecules, altered redox system or [Ca*']; homeostasis is considered as a target of
toxic action by cadmium. Cadmium has inhibitory effect on Ca’"-ATPase pump for
sequestration of [Ca2+]i, and it is also known to disturb Ca’' release from inositol 1,4,5-
trisphosphate (IP3)-sensitive intracellular stores (Benters et al., 1996; Benters et al., 1997,
Hechtenberg et al., 1994). ROS may involve direct interaction with specific receptors and
signaling pathways such as protein kinases, protein phosphatases and transcription factors from
the plasma membrane to the cell nucleus during cell growth and differentiation (Sauer et al.,
2001).

In summary, we have demonstrated here that free Cd*" was responsible for cadmium-
induced ERK activation and necrosis. Initial response of [Ca2+]i elevation and H,O; production
by cadmium was not inhibited through chelating Cd*", indicating that cadmium complexes rather
than free Cd*" may contribute to early signaling of Ca®" and oxidative stress. Inhibition of
proliferation and mitochondrial activity also still observed with treatment of TPEN and cadmium.
Free Cd*" was not a requirement in cadmium-induced apoptotic responses, including caspase-3
activation and DNA fragmentation. ERK activation by cadmium was responsible for necrosis
and [Ca*"];-mediated JNK activation for apoptosis in J774A.1 cells as reported earlier (Kim et al.,
2004). The selective inhibitory effect of TPEN on cadmium-activated ERK and necrosis

demonstrated that free Cd*" plays a role in ERK-induced signaling leading to necrosis rather than
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[Ca2+]i-JNK-csapase-3 pathway. Altered [Ca®]; level or redox system by other cadmium
complexes is considered as an initiation of toxic action leading to mitochondrial impairment,

growth arrest and apoptosis.
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Fig. 6.2. Effect of TPEN on CdCl,-induced caspase-3 activation and DNA fragmentation.
J774A.1 cells were pretreated with 1 or 10 pM TPEN for 30 min and then exposed to CdCl, (20
uM) for 16 h. (A) The intensity of fluorescence on caspase-3 enzyme activity was measured.
(B) The intensity of fluorescence on apoptotic nuclei stained by Hoechst 33258 read by
spectrofluorometer.  (C) Fluorescence on TUNEL positive nuclei was visualized under
fluorescence microscope. (D) Cell nuclei visualized under fluorescence microscope with
Hoechst 33258 staining. For A and B, mean + SE (n=3). Different letters on top of bars indicate

a significant difference at p < 0.05.
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Fig. 6.4. Effect of TPEN on CdCl,-induced activation of ERK and JNK and down-
regulation of p38. J774A.1 cells were pretreated with TPEN (1 uM) for 30 min and then
exposed to CdCl, (20 uM) for 16 h (TPEN-I), or 20 uM cadmium incubated with 1 uM TPEN
for 30 min in the absence of cells and then cells exposed to the complex (TPEN-E). (A) p-ERK,
(B) p-JNK, and (C) p-p38 were measured by western blot after 16 h CdCl, exposure, bands for
total MAPKSs are illustrated to indicate protein loading. Mean + SE (n=3). Different letters on

top of bars indicate a significant difference at p < 0.05.
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Fig. 6.5. Effect of TPEN on CdClx-induced generation of H,O, and [Ca®']; elevation.
J774A.1 cells were pretreated with TPEN (1 uM) for 30 min and then exposed to CdClI, (20
uM) for 6 h. (A) Fluorescence stained with H,DCFDA read by microplate spectrofluorometer.
(B) Morphological fluorescence intensity of altered [Ca*']; level visualized under fluorescence
microscope using Fluo-3/AM after 6 h CdCl, exposure. Representative pictures are shown.

Mean + SE (n=3). Different letters on top of bars indicate a significant difference at p < 0.05.
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CHAPTER 7

SUMMARY AND CONCLUSIONS



Cadmium is a nonessential and toxic heavy metal commonly found in cigarette smoke
and industrial effluent. Inhalation of cadmium will directly effect on macrophages in
respiratory system without first-pass elimination and be a factor of immunodepression of
smokers. The objectives of the present study were to (1) investigate the effect of cadmium on
cell cycle progression and cell death via ERK, (2) evaluate cadmium-mediated calcium signaling
in activation of JNK and caspase-3, (3) determine the time frame of ROS generation and
apoptosis induced by cadmium and (4) examine the role of free versus chelated cadmium in
cadmium-induced cytotoxicity in J774A.1 murin macrophages.

In the first study, we indicated that cadmium inhibited proliferation in murine
macrophages via G2/M arrest and a gap between viability and proliferation was explained by
inhibited cell cycle progression. Cell growth kinetics in a time-dependent fashion showed
increased thymidine incorporation at 8 hr and then thymidine uptake was dramatically decreased
at 24 hr. This result suggested that cadmium is accelerating DNA content doubling by going
through GO/GI1 to S at earlier time point and then later arresting cells at G2/M phase. We
observed elevated phosphorylation of ERK by cadmium at 16 and 24 hr. Activated ERK by
cadmium was a major mediator for inhibition of proliferation and G2/M arrest. Inhibition of
ERK inhibited p21VA*/“"! expression suggesting ERK-p21™AF"“"L_G2/M arrest signaling.
Regulation of cell death by ERK was more related with necrosis than caspase-3 activation or
apoptosis in J774A.1 cells.  Our results also suggested that expression of ROS by cadmium play
an important role in ERK- p21"*F/“""! sjgnaling.

The second study presented that cadmium activates JNK, which plays a critical role in the
apoptotic suicide of cells. Cadmium strongly stimulated JNK activity after 8 h exposure of
J774A.1 murine macrophage cells and this stimulation persisted until 16 h. The sustained JNK

activation was Ca’"-dependent and served as a death signal in cadmium-induced apoptosis.
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Chelation of [Ca®]; by BAPTA-AM and EGTA prevented the cadmium-induced H,O,
generation, hampered mitochondrial activity, JNK, caspase-3 activation and apoptosis,
confirming the early mediating role of Ca*" during cadmium-induced apoptosis. We also
presented evidence that cadmium down-regulates activation of p38 MAPK. Cadmium-mediated
modulation of JNK and p38 MAPK activity was tightly correlated with elevated [Ca®']..
Chelating [Ca®]; reduced H,O, production indicating that ROS act concert with [Ca®']; signaling.

In the third study, we observed that cadmium-generated ROS can influence the growth as
well as death of murine macrophages in vitro, through the activation of multiple signaling
pathways including MAPKs and caspases. Cadmium generated ROS in a dose-dependent
manner and elevated oxidative stress played a critical role in the apoptotic suicide of cells.
Cadmium strongly stimulated H,O, after 6 h exposure to J774A.1 murine macrophage cells and
this stimulation persisted until 10 h. The level of H,O, produced by cadmium started to
decrease after 10 h and became similar to control at 16 and 24 h, suggesting that the production
of H,O; is an initial step of cadmium-mediated cellular signaling. Antioxidation by NAC, a
precursor of glutathione or silymarin, a flavonoid type of free radical scavenger, prevented the
cadmium-induced H,O, generation, hampered mitochondrial activity, caspase-3 activation and
apoptosis, confirming that oxidative stress is an early signal to cadmium-induced cellular
damage. The activation of JNK and ERK was ROS dependent and may serve as a death signal
in cadmium-induced apoptosis. N-acetylcysteine dose-dependently inhibited JNK and ERK.
The amount of H,O, produced by cadmium was affected by the presence of caspase-3 inhibitor,
but not by inhibitors of MAPKSs, indicating that the activation of caspase-3 is an important source
for cadmium-elevated ROS generation and MAPKs are activated as downstream of oxidative
stress.

In the final study, we found that free Cd*" was responsible for cadmium-induced ERK
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activation and necrosis. Chelated intracellular Cd*" was still able to generate H,O, and to
elevate [Ca”"];, indicating that cadmium complexes rather than free Cd*" may contribute to early
signaling of Ca*" and oxidative stress. Inhibition of proliferation and mitochondrial activity
also still observed with treatment of TPEN and cadmium. Free Cd*" was not a requirement in
cadmium-induced apoptotic responses, including caspase-3 activation and DNA fragmentation.
ERK activation by cadmium was responsible for necrosis and [Ca®]-mediated INK activation
for apoptosis in J774A.1 cells as reported in the second study. The selective inhibitory effect of
TPEN on cadmium-activated ERK and necrosis demonstrated that free Cd** plays a role in ERK-
induced signaling leading to necrosis rather than [Ca2+]i-JNK-csapase-3 pathway.

All together, the data presented in this dissertation indicate that cadmium induces
elevation of [Ca®"]; and generation of ROS as an initial signals to give cytotoxic effect on
J774A.1 cells. Both level of [Ca*']; and oxidative status were balancing each other and showed
most important effect on cadmium toxicity including cell death (both apoptosis and necrosis),
growth arrest, mitochondrial impairment and MAPKSs activation. Cadmium activated ERK and
JNK in response to elevated [Ca®']; and oxidative stress, however deactivated p38 MAPK.
Activated JNK was responsible for cadmium-induced caspase-3 activation and apoptosis, on the
other hand, activated ERK by cadmium was related with G2/M arrest and necrosis rather than
apoptotic response. Chelated intracellular Cd*" was still able to generate H,O, and to elevate
[Ca™];, indicating that cadmium complexes may contribute to early signaling of Ca*" and
oxidative stress. Free Cd*" was responsible for cadmium-induced ERK activation and necrosis
but not JNK-caspase-3-apoptosis signaling. Altered [Ca*"]; level or redox system by other
cadmium complexes is considered as an initiation of toxic action leading to mitochondrial

impairment, growth arrest and apoptosis.
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Fig. 7.1. Possible signal transduction mechanism of cadmium toxicity leading to apoptosis

and growth arrest in J774A.1 murine macrophages.
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