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Abstract
Background—Arsenic is a ubiquitous element that is a potential carcinogen and teratogen and can
cause adverse developmental outcomes. Arsenic exerts its toxic effects through the generation of
reactive oxygen species (ROS) that include hydrogen peroxide (H2O2), superoxide-derived hydroxyl
ion, and peroxyl radicals. However, the molecular mechanisms by which arsenic induces cytotoxicity
in murine embryonic maxillary mesenchymal (MEMM) cells are undefined.

Methods—MEMM cells in culture were treated with different concentrations of pentavalent sodium
arsenate [As (V)] for 24 or 48 hours and various end points measured.

Results—We show that treatment of MEMM cells with the pentavalent form of inorganic arsenic
resulted in caspase-mediated apoptosis, accompanied by generation of ROS and disruption of
mitochondrial membrane potential. Treatment with caspase inhibitors markedly blocked apoptosis.
In addition, the free radical scavenger N-acetylcysteine dramatically attenuated arsenic-mediated
ROS production and apoptosis, and exposure to arsenate increased Bax and decreased Bcl protein
levels in MEMM cells.

Conclusions—Taken together, these findings suggest that in MEMM cells, arsenate-mediated
oxidative injury acts as an early and upstream initiator of the cell death cascade, triggering
cytotoxicity, mitochondrial dysfunction, altered Bcl/Bax protein ratios, and activation of caspase-9.
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INTRODUCTION
Arsenic is a ubiquitous element that exists in a variety of oxidation states in nature, with the
+3 and +5 states being the most predominant (HSDB, 2001; ATSDR, 2007; Kachinskas et al.
1994). In the United States, arsenic is primarily used for manufacturing pesticides, but is also
a by-product of the smelting industry and of the burning of arsenic-contaminated coal. Humans
are exposed to arsenic chiefly through inhalation or ingestion of arsenic-contaminated water
(Gebel, 1999). Chronic exposure to inorganic arsenical compounds can cause liver toxicity in
addition to increased risk of cancers of the lung, bladder, skin and liver (Smith et al., 1992).
For these reasons, the US Environmental Protection Agency (EPA) has placed arsenic at the
top of its list of hazardous substances (US EPA, 2001). In addition to its potential as a
carcinogen, arsenic has also been implicated as a teratogen, causing adverse reproductive
outcomes in animal models (Ferm and Carpenter, 1968; Golub et al., 1998; Holson et al.,
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2000; Spiegelstein et al, 2005; Wang et al., 2006). Prolonged low-level exposure to arsenic has
been associated with spontaneous abortion, stillbirth, developmental impairment and
congenital malformations (Pastides et al., 1988). The hazard to the developing fetus of arsenic
exposure is exacerbated by the fact that arsenic can cross the placenta and accumulate in the
fetus during gestation (Lindgren et al., 1984).

In mammals, four main forms of arsenic can be found: arsenite (As III), arsenate (As V),
monomethlyarsenic acid (MMA) and dimethlyarsenic acid (DMA) (Vahter et al., 2002). The
relative teratogenic potency of these forms is not clear. Arsenic is known to generate various
reactive oxygen species (ROS), including hydrogen peroxide (H2O2), superoxide-derived
hydroxyl ion (*OH), and peroxyl (ROO*) radicals (Hei et al., 1998; Oya-Ohta et al., 1996).
Other studies have reported arsenical compounds causing a dose dependent increase in ROS
in cultured human-hamster hybrid cells (Liu et al., 2001) and Chinese hamster ovary (CHO)
cells (Wang et al., 1996). Preliminary studies in our laboratory demonstrated significant
increases in exencephaly and orofacial dysmorphology in murine embryos following in
utero arsenate exposure. The craniofacial region in the developing embryo is one of the most
dynamically growing areas, which renders it highly susceptible to various malformations,
particularly those induced by exposure to teratogens. Normal development is dependent upon
exquisitely tuned events – both morphological and molecular. It thus stands to reason that any
alteration in one of these coordinated processes can lead to abnormal development of the
craniofacial region. In the United States, common orofacial malformations, such as cleft lip
and cleft palate, occur with a frequency of 1 in 700 live births annually (March of Dimes,
2008). A common feature in cases of orofacial clefting, in humans and animal models, is a
significant growth insufficiency of the lip, palate, and/or surrounding tissues (Bhattacherjee et
al., 2003). The developing mammalian midfacial region, derived primarily from the maxillary
processes of the first branchial arch, has proven to be an excellent experimental system for
understanding the regulation and interaction of molecular signals during embryogenesis
(Dhulipala et al., 2004; Pisano et al., 2003; Warner et al., 2005). Thus, the present study was
designed to test the hypothesis that pentavalent arsenate, like trivalent arsenite, causes cell
death in primary cultures of murine embryonic maxillary mesenchymal (MEMM) cells via a
mechanism involving the generation of reactive oxygen species and subsequent mitochondrial
perturbation. We show here that arsenate mediated cytotoxicity involves generation of reactive
oxygen species (ROS), changes in the protein ratio of mitochondrial proteins Bcl (anti-
apoptotic) and Bax (pro-apoptotic), mitochondrial membrane perturbation and activation of
caspases 3 and 9. To our knowledge, this is the first study that describes a mechanism of
arsenate-mediated apoptosis in an in vitro system relevant to murine orofacial development.

MATERIALS and METHODS
Materials

Sodium arsenate (99.4% pure), and N-acetylcysteine (NAC) were obtained from Sigma
Chemical Company (St. Louis, MO), 5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
benzimidazolylcarbocyaniniodide (JC-1) and MitoTracker Orange were obtained from
Molecular Probes (Seattle, WA). CytoTox 96® non-radioactive cytotoxycity assay kit was
purchased from Promega (Madison, WI) while membrane permeable caspase inhibitors were
purchased from R&D Systems (Minneapolis, MN). Polyclonal antibodies against Bcl, Bax and
β-actin were obtained from Santa Cruz (Santa Cruz, CA).

Methods
Animal dosing and primary cell cultures—ICR mice (Harlan, Indianapolis, IN, USA)
were housed in a controlled environment at a temperature of 22°C with an alternating light/
dark cycle. Mature male and female mice were mated overnight and the presence of a vaginal
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plug the following morning was taken as evidence of mating (gestational day 0). Pregnant dams
were injected IP with 20 mg/kg sodium arsenate or saline on days 7 and 8 of gestation and
embryos removed for observation on gd 10 and 17. To establish primary cell cultures, embryos
were removed from pregnant dams on gd 13 and embryonic maxillofacial tissue was dissected
in sterile, cold phosphate-buffered saline. Cells were dispersed by gentle trypsinization with
0.025% Trypsin/0.27 mM EDTA for 10 minutes at 37°C, and plated at a density of 6 × 103

cells/cm2. These cells are referred to as MEMM (murine embryonic maxillary mesenchyme)
cells.

Determination of Cytotoxicity—Arsenate cytotoxicity was determined at different time
intervals by colorimetric measurement of cellular lysis-induced release of lactate
dehydrogenase (LDH) into culture medium using the CytoTox 96® kit (Promega, Madison,
WI). This assay is based on the generation of NADH by reduction of lactate and NADH-
dependent conversion of 2-[4- Iodophenyl]-3-[4-nitrophenyl]-5-phenyltetrazolium chloride
(INT) by diaphorase. The amount of red formazan product formed at 490 nm is proportional
to the number of lysed cells. Maximal LDH activity was assessed by cell lysis with 0.1% Triton
X-100. Basal levels of LDH release were determined in medium from untreated cells. Relative
values for LDH activity were calculated as follows: (LDH release from treated cells minus
basal release) divided by (maximal LDH release minus basal release).

Determination of cell viability by Trypan blue dye exclusion—MEMM cells were
grown to ~ 80 % confluence and treated with 1, 10 or 100 μM pentavalent sodium arsenate
[As(V)] for 24 or 48 hrs. One set of cells was pretreated for two hours with 10 mM N-acetyl
cysteine (NAC) before being treated with arsenate for the same time duration. Post-treatment,
cells were analyzed by light microscopy for morphological alterations indicative of apoptosis.
The trypan blue dye exclusion assay was performed to quantify the extent of cell viability. In
this assay, light microscopy is used to distinguish viable from non-viable cells. Compromised
cell membranes of non-viable cells allow trypan blue to enter the cell. Viable cells, with intact
membranes, prevent the dye from entering and thus remain unstained.

Detection of apoptosis—Arsenate-induced apoptosis in MEMM cells was assessed by
using the Apostat™ membrane permeable dye system (R&D Systems, Minneapolis, MN).
Apostat is a cell permeable dye that binds specifically to activated caspases. MEMM cells were
grown to ~80% confluence and treated with 1, 10 or 100 μM arsenate for 24 h. One sample
was also pretreated for two hours with 10 mM N-acetyl cysteine (NAC) prior to exposure to
100 μM arsenate for the same time duration. Five μl of Apostat dye was included for the final
30 min of the incubation period. Cells were then washed with PBS followed by treatment with
the nuclear stain DAPI (200 ng/ml for 5 min). Apostat staining was visualized via fluorescence
microscopy using a FITC filter for green Apostat fluorescence, and a UV filter for blue DAPI
staining.

Involvement of ROS in Arsenate mediated apoptosis—The involvement of reactive
oxygen species (ROS) in arsenate-induced apoptosis was assessed utilizing MitoTracker
Orange (CM-H2TMROS) dye (Molecular Probes, WA) as an indicator of arsenate-generated
ROS. MitoTracker Orange is a lipophilic molecule which in its reduced form is non-
fluorescent. Upon its oxidation by ROS, it emits orange-red fluorescence. MEMM cells, grown
to 80% confluence, were treated with increasing concentrations of arsenate (1, 10, 100 μM)
for 4 h. As a control, one sample was also pretreated for two hours with 10 mM N-acetyl
cysteine (NAC) prior to exposure to 100 μM arsenate for the same time duration. NAC will
quench any ROS formed as a result of exposure to arsenate. Thirty minutes before the end of
incubation period, all samples received one (1) μl of MitoTracker Orange dye. Subsequently,
cells were washed with PBS and visualized via fluorescence microscopy using a Texas red
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filter. Orange fluorescence was taken as evidence of the presence of ROS-oxidized CM-
H2TMROS.

Involvement of caspases in arsenate-induced apoptosis—To examine the
involvement of caspases in arsenate-induced apoptosis, synthetic fluoro-methylketone labeled,
cell permeable caspase inhibitors were employed. Briefly, MEMM cells were grown to ~80%
confluence and pre-treated for 1 hr with 20 μM (final concentration) Z-IETD-FMK (caspase-8
inhibitor), Z-DEVD- FMK (caspase-3 inhibitor), Z-LEHD-FMK (caspase-9 inhibitor) or Z-
VAD-FMK (pan caspase inhibitor). Arsenate was added to the culture medium to a final
concentration of 100 μM and cells incubated for an additional 24 h. At the end of incubation
period, cells were examined for morphological indicators of apoptosis, including membrane
blebbing, photographed, using a Nikon TE 2000 inverted microscope, and then collected and
assayed for viability using trypan blue dye exclusion. None of the inhibitors utilized had any
effect on MEMM cell viability at the concentration used. Further, the caspase inhibitor solvent,
DMSO, a known scavenger of ROS, did not interfere with arsenate-induced apoptosis at the
concentrations used in the assay (data not shown).

Assessment of arsenate-induced changes in mitochondrial membrane potential
—Mitochondrial permeability was determined by labeling cells with 5,5′,6,6′-tetrachloro-1,1′,
3,3′-tetraethyl-benzimidazolylcarbocyaniniodide (JC-1) (Molecular Probes, USA) as
described (Reers et al., 1995). Cells growing in culture were trypsinized with 0.25% Trypsin/
0.27 mM EDTA for 5 minutes at 37°C, collected by centrifugation (500 × g, 4°C for 5 min)
and resuspended in phenol red-free DMEM. Cell suspensions containing 1 × 105 cells were
then treated with arsenate at various concentrations (1, 10, 100 μM) for 4 h at 37°C and 5%
CO2. One sample each was treated with 100 μM As (V) for 8 hrs while another was pretreated
with 10 mM NAC for two hours before being treated with 100 μM As (V) for 4h. Fifteen
minutes prior to the end of incubation, 100 nM JC-1 was added to the cell suspensions.
Subsequently, cells were pelleted, washed with PBS and suspended in Cell Buffer (Cell
Fluorescence LabChip® Kit) to give a final concentration of 30,000 cells/10 μl. Decreased
fluorescence, due to lower membrane potential, and representative of increased mitochondrial
permeability, was quantified using the Cell Fluorescence Module of the Agilent 2100
Bioanalayzer (Agilent Biosystem, Palo Alto, CA). Cells not treated with arsenate served as
controls.

Immunoblot analysis of mitochondrial Bax and Bcl proteins—MEMM cells were
plated as described above, allowed to grow to ~80% confluence, and subsequently treated with
0, 10 and 100 μM concentrations of pentavalent sodium arsenate for 48 h. One set of cells was
pretreated for two hours with 10 mM N-acetyl cysteine (NAC) prior to exposure to 100 μM
arsenate for the same time duration Cells were then collected in 200 μl of modified RIPA buffer
[ (Biosource, Camarillo, CA; containing 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 0.5% Nonidet P-40, 0.25% sodium deoxycholate, 50 mM β-glycerophosphate (pH 7.3),
10 mM NaPP, 30 mM NaF, 1 mM benzamidine, 2 mM EGTA, 1 mM sodium orthovanadate,
1 mM dithiothreitol, 5 μg/ml aprotinin, 5 μg/ml leupeptin, 1 μg/ml pepstatin, and 1 mM
phenylmethylsulfonyl fluoride]. Floating and detached cells were also collected and
resuspended in the same lysis buffer. Cells were centrifuged at 2000 × g for 5 min at 4°C and
supernatants recovered and used for subsequent immunoblotting. Protein levels were
determined using the Bradford assay (Bradford, 1976). Forty μg of cleared lysates were
separated on 12 % polyacrylamide gels (Invitrogen) and transferred to polyvinylidene fluoride
(PVDF) membranes. Membranes were blocked with 5% (w/v) non-fat dry milk in TBST buffer
[50 mM Tris (pH 7.6), 150 mM NaCl, and 0.1% Tween-20] for 1 h at room temperature.
Polyclonal anti-Bax antibody (Santa Cruz, CA) was diluted in the same blocking buffer and
incubated with the membranes for 60 min at room temperature, washed, and then incubated
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with anti-mouse horseradish peroxidase conjugated secondary antibody. The ECL-Plus™

chemiluminescent detection system (Amersham Pharmacia Biotech, Arlington, IL, USA) was
used to visualize immune complexes as per the manufacturer’s instructions. Blots were stripped
and reprobed with polyclonal anti-Bcl antibody (Santa Cruz, CA) in similar fashion. To confirm
equal loading of protein, the blots were stripped and reprobed with an antibody against β-actin
(Santa Cruz, CA). Densitometric analysis was carried out using NIH Image, version 1.09.

Statistical analysis
All data are presented as mean ± S.E.M of three separate experimental determinations.
Statistical analyses were conducted using the Statistical Package for Social Sciences© (SPSS;
Chicago, IL) version 13.0. Treatment group and time differences were assessed by a
multivariate repeated measures ANOVA. Posthoc analyses of individual differences were
carried out using the Turkey’s test for multiple comparisons. Statistical significance was
assigned p < 0.05.

RESULTS
Phenotypes generated by in utero arsenate exposure

Our studies indicate that i.p. treatment with pentavalent sodium arsenate resulted in about 25%
of the embryos/fetuses demonstrating embryolethality and neural tube defects and oro-facial
malformations when compared with the saline-dosed controls (Table 1). Prominent among
these are (Figure 1) - isolated exencephaly (b [gd10] and f [gd18]), complete cranial/facial
clefting (c [gd10]), exencephaly and midfacial hypoplasia (d [gd17]), acrania (e [gd17]), and
gastroschisis (not shown).

Arsenate treatment results in dose - and time- dependent cell death
Arsenate cytotoxicity was determined at different time intervals by colorimetric measurement
of cellular lysis-induced release of lactate dehydrogenase (LDH). The repeated measures
ANOVA revealed a significant effect of arsenic treatment on LDH release from MEMM cells
(p<0.05). In addition, there was both an effect of time on arsenic-induced LDH release
(p<0.05), as well as a significant treatment by time interaction (p<0.05). Further analysis
revealed increases in LDH release from MEMM cells 12 hours after exposure to the 100 μM
arsenic concentration and 48 hours following treatment with all of the arsenic concentrations
tested (0.1 μM, 10 μM, 100 μM) (Figure 2).

Arsenate-induced cell death is primarily via the apoptotic pathway
As the LDH assay does not distinguish between apoptotic, necrotic, and other mechanisms of
cell death, Apostat, a cell permeable dye that binds specifically to activated caspases, was
utilized in order to determine if As (V)-induced cell death was mediated via apoptosis.
Exposure of MEMM cells to 100 μM As (V) for 48 hr resulted in green fluorescence (Fig. 3A),
indicative of Apostat binding to activated caspases, a feature unique to apoptosis. Pretreatment
with NAC resulted in almost complete quenching of the green fluorescence, indicating the
possible involvement of ROS in arsenate-mediated apoptosis. Each image is a representative
from a set of three independent experiments. These data suggest that in response to exposure
to As (V), MEMM cells exhibiting signs of cell death are undergoing apoptosis. Membrane
blebbing, cell shrinkage and formation of membrane apoptotic bodies are some of the
characteristic features of apoptosis that distinguish it from necrosis. MEMM cells exposed to
As (V) demonstrate such morphology, which was reduced significantly in cells pretreated with
NAC (Fig. 3B, lower panel). Utilizing dye exclusion as a marker for cell viability, As (V)-
induced apoptosis was further verified by demonstrating that exposure of MEMM cells for
either 24 or 48 hr to 100 μM arsenate dramatically decreased the number of viable cells (p<0.05
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for both time points) (Fig. 4). It is interesting to observe that cells pretreated with N-
acetylcysteine (NAC), the N-acetyl derivative of L-cysteine, which elevates the antioxidant
glutathione levels, are protected from As (V)-induced apoptosis. After 48 h of arsenate
exposure (100 μM), nearly 70% of MEMM cells remained viable, compared to 12–15% of the
As (V)-treated cells that did not receive NAC pretreatment (p<0.05). As NAC is also a known
scavenger of free radicals, including reactive oxygen species ROS (Mayer and Noble, 1994),
this observation prompted exploration of the possible involvement of ROS in arsenate-induced
apoptosis of MEMM cells.

Arsenate generates reactive oxygen species
The lipophilic MitoTracker Orange dye (CM-H2TMROS) (Molecular Probes, WA) was
utilized to detect ROS. In its reduced form, MitoTracker Orange is non-fluorescent, while its
oxidized form emits orange-red fluorescence. Generation of ROS will enhance oxidation,
thereby converting the dye to its fluorescent form. MEMM cells exposed to 10 and 100 μM
As (V) exhibited an increase in ROS levels (Fig. 5). Figure 5 is a representative of three separate
experiments that yielded similar results. Pretreatment with the ROS scavenger N-
acetylcysteine reduced the amount of arsenate-induced ROS generated by MEMM cells as
evidenced by significantly reduced fluorescence.

Apoptosis mediated by arsenate involves activation of caspases
In order to determine if exposure to arsenate activates the ‘initiator’ caspases 8 and/or 9,
MEMM cells were pretreated with 20 μM of various caspase inhibitors [Z-IETD-FMK
(caspase-8 inhibitor), Z-DEVD-FMK (caspase-3 inhibitor), Z-LEHD-FMK (caspase-9
inhibitor), Z-VAD-FMK (pan caspase inhibitor)] prior to exposure to 100 μM arsenate for 24
h. Figure 6 illustrates that the pan-caspase inhibitor Z-VAD significantly inhibited cell death
to the greatest extent [~80%] (p<0.05) while pre-treatment with the caspase-3 inhibitor Z-
DEVD was nearly as effective (~75%, p<0.05). Pretreatment with the caspase-9 inhibitor Z-
LEHD ensured that approximately 70% of the cells in culture remained viable (p<0.05). The
caspase-8 inhibitor (Z-IETD-FMK) was least protective against arsenate-induced apoptosis,
suggesting that caspase-8 plays little role in arsenate-mediated cytotoxicity. This observation
suggests that exposure to arsenate, as is the case with many toxicants, leads to apoptosis in
MEMM cells via the intrinsic mitochondrial pathway by utilizing the initiator caspase-9.

Arsenate induces loss of mitochondrial membrane potential (δψm)
Mitochondria are now recognized as playing a central role in cell death. In the mitochondrial
pathway of apoptosis, caspase activation is closely linked to mitochondrial outer membrane
permeabilization. The loss of mitochondrial membrane potential is a hallmark for apoptosis.
In order to determine if exposure to arsenate results in the loss of mitochondrial membrane
potential, MEMM cells were labeled with the cationic dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′
tetraethylbenzimidazolylcarbocyanineiodide). In non-apoptotic cells, JC-1 accumulates as
aggregates in the mitochondria, resulting in red fluorescence which is proportional to
membrane potential. As the mitochondrial membrane potential collapses in apoptotic and
necrotic cells, there is a shift towards monomeric forms, resulting in the loss of red fluorescence
and an increase in green fluorescence. Exposure of MEMM cells in suspension culture to As
(V) (1, 10 and 100 μM) for 4 hrs resulted in a dose-dependent increase in green fluorescence
that was accompanied by a concomitant decrease in red fluorescence. This effect was even
more apparent when the cells were treated with 100 μM As (V) for 8 hrs (* p<0.05) (Fig. 7).
Pretreatment of the cells with NAC partially prevented the collapse of mitochondrial membrane
potential elicited by As (V) exposure, as indicated by a small but significant change in the
levels of both red (increased) and green (decreased) fluorescence in cells treated with both
NAC and 100 μM As when compared to cells exposed only to 100uM As for 8 hrs (* p<0.05).
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However, no statistically significant change in mitochondrial membrane potential in MeMM
cells was apparent when comparing the effect of exposure of the cells to both NAC with 100
μM As, to the effect of exposure only to 100 uM As for 4 hrs.

Exposure to arsenate increases Bax and decreases Bcl protein levels in MEMM cells
Bcl and Bax are mitochondria-associated proteins (Jia et al. 2001; Kim et al, 2003). Bcl
localizes to mitochondrial membranes, providing a stabilizing, anti-apoptotic influence. Bax
also localizes to mitochondria, but its action is pro-apoptotic, inducing release of cytochrome
c into the cytosol (Krajewski et al., 1993). MEMM cells were exposed to increasing
concentrations of arsenate (0, 10 and 100) for 48 hours. Cells, including floaters, were then
collected, lysed, quantified, separated by SDS-PAGE and immunoblotted for Bax and Bcl.
Exposure to As (V) induced an increase in Bax expression and a concomitant decrease in Bcl
expression while pretreatment with NAC resulted in reduced levels of Bax and a restoration
in the levels of Bcl (Fig. 8).

DISCUSSION
A known human carcinogen (Abernathy et al., 1999), arsenic has also been implicated in
potential deleterious pregnancy outcomes (Rahman et al., 2007; Tabocova et al., 1996).
Drinking water contaminated with arsenic has created a serious health hazard in many regions
of the world (Chen et al., 2005). Arsenic ingestion through drinking contaminated water during
pregnancy has been reported to increase the incidence of abortion (Aschengrau et al., 1989),
and maternal arsenic exposure resulted in chromosomal aberrations in fetal cells
(Nagymajtenyi et al., 1985).

Of the two major forms of naturally occurring arsenic, arsenite (As III) has been shown to
cause cytotoxicity and death in various cell types (Yamanaka et al., 1991; Applegate et al.
1991; Wang et al., 1996; Hengartner, 2000). In contrast, few studies have focused on the equally
abundant pentavalent form, arsenate (As V). We report here that arsenate-mediated oxidative
injury in MEMM cells acts as an early and upstream initiator of the cell death cascade,
triggering cytotoxicity, mitochondrial dysfunction, altered Bcl/Bax protein ratios, and
activation of caspase-9. There are two major mechanisms of cell death - apoptosis and necrosis.
Unlike necrosis, apoptosis is a highly ordered, complex process with distinct morphological
features and biochemical markers. Some of these include internucleosomal DNA
fragmentation, membrane blebbing, caspase activation, mitochondrial alterations and the final
formation of membrane bound apoptotic bodies (Hengartner, 2000). We have shown that at
the arsenate concentrations used in this study, MEMM cells undergo cell death chiefly via the
ordered route of apoptosis. This is evident from our observation that exposure of MEMM cells
to arsenate results in generation of typical morphological changes associated with apoptosis.
Furthermore, we were able to demonstrate that this cell death involved caspases, a family of
cysteine proteases, known to be central executioners of apoptosis (Martin and Green, 1995).

There is evidence indicating that reactive oxygen species (ROS), produced by mitochondria,
are involved in mediating cell death (Kitchin, 2001). Further, arsenic may also exert its toxic
effects through the generation of various ROS which includes hydrogen peroxide (H2O2),
superoxide-derived hydroxyl ion (*OH), and peroxyl (ROO*) radicals (Hei et al., 1998; Oya-
Ohta et al., 1996). Indeed, arsenic has been shown to cause a dose dependent increase in ROS
in cultured human-hamster hybrid cells, and this increase in ROS generation could be quenched
by DMSO, a known free radical scavenger (Liu et al., 2001). Antioxidants, such as N-
acetylcysteine, suppress apoptosis by scavenging ROS, and their actions provide evidence that
ROS act as signaling molecules to initiate apoptosis. Moreover, inorganic arsenicals have been
shown to enhance the production of heme-oxygenase, an indicator of oxidative stress (Liu et
al., 2001), and arsenic, in its pentavalent state, can cause the uncoupling of oxidative
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phosphorylation (Chen et al., 1998). Our results show that exposure of MEMM cells to arsenate
resulted in generation of ROS. Further, preincubation of cells with the antioxidant NAC,
ablated the generation of ROS and abrogated cell death. Inhibition of apoptosis by anti-
apoptotic proteins such as Bcl-2 and Bcl-xL is associated with protection against ROS and/or
a shift of the cellular redox potential to a more reduced state.

Two major pathways, extrinsic and intrinsic, for the induction of apoptosis, have been identified
in recent years (Fulda et al., 2001; Danial and Korsmeyer, 2004; Debatin, 2004). The extrinsic
pathway is triggered via ligand binding to tumor necrosis factor family receptors resulting in
activation of initiator (i.e. caspase-8) and effecter (i.e. caspase-3) proteolytic enzymes. The
intrinsic pathway is activated by agents that target the mitochondria directly. Upon activation,
the intrinsic pathway causes the release of cytochrome c and activation of the initiator caspase-9
with subsequent activation of the effecter caspase-3. Our results, using specific caspase
inhibitors, have conclusively demonstrated that in MEMM cells, caspase-9 is the primary/
initiator caspase in As (V)-induced apoptosis, confirming that arsenate mediated MEMM cell
apoptosis proceeds through the intrinsic pathway and involves ROS. Caspase-3 is the common
downstream point where both the above-mentioned pathways meet. A variety of key events in
apoptosis focus on mitochondria including altered mitochondrial oxidation– reduction, and
loss of mitochondrial membrane potential (δψm). Oxidative stress can cause mitochondrial
dysfunction, thereby causing cell death (Haga et al., 2005; Ling et al., 2003). JC-1 staining of
mitochondria in MEMM cells demonstrated that arsenate can cause depolarization of the
membrane, resulting in a process that will ultimately lead to apoptosis. Another significant
observation from the present study is that arsenate caused early depolarization of the
mitochondrial membrane (~4 h), and this corresponded to the time period during which ROS
generation was observed. These data suggest that early generation of ROS may be an important
determinant in As (V)-induced apoptosis in MEMM cells.

Bcl-2 is located in the mitochondria, a site where many ROS are generated, as well as a site of
action of free radicals. This protein can act as an anti-apoptotic molecule, possibly by
scavenging free radicals. Bax, on the other hand, is known to be translocated to the
mitochondria, where it causes the release of cytochrome c and subsequent cell death (Lin et
al., 2006; Kowaltowski et al., 2001; Jou et al., 2002). Thus, in many cases, ROS-mediated
apoptosis involves these proteins at an early stage. Our studies demonstrate that exposure to
arsenate caused the levels of Bcl-2 in MEMM cells to fall, while the levels of Bax were found
to increase. This suggests the possible involvement of the Bcl family proteins in arsenate-
mediated apoptosis in this system.

To understand the potential mechanism of such arsenate-induced cell death in the developing
embryo, we have utilized a primary cell culture model utilizing cells derived from the
developing orofacial region. The developing secondary palate is a valuable model system to
both gain insight into the etiology of palatal clefts and to understand the interplay between
various signals governing cellular processes such as proliferation, differentiation, and cell death
during embryogenesis. There is abundant data supporting the view that the behavior of MEMM
cells in primary culture mimics the in vivo cellular responses of maxillary mesenchymal cells
from which they are derived (Greene et al., 1991; Nugent et al. 2001; Potchinsky et al.,
1998). Further studies are required to clarify the precise cellular and molecular mechanisms
by which various arsenical compounds adversely affect the development of the oro/craniofacial
region of mammalian embryos.
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Fig. 1.
Predominant phenotypes resulting from in utero arsenic exposure of pregnant mice. Dams were
dosed i.p. with 20 mg/kg of pentavalent sodium arsenate on gestation days (gd) 7 and 8,
euthanized on gd 10 or 17, and embryos/fetuses removed for observation and photography.
Prominent phenotypes generated include isolated exencephaly (b [gd10] and f [gd18]),
complete cranial/facial clefting (c [gd10]), exencephaly and midfacial hypoplasia (d [gd17]),
acrania (e [gd17]), and gastroschisis (not shown). Panel (a) shows a saline control embryo on
gd 10.
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Fig. 2.
Toxicity of pentavalent sodium arsenate (As V) was determined by measuring cellular release
of lactate dehydrogenase. MEMM cells were exposed to different concentrations of arsenate
and, after the indicated time intervals; aliquots of culture medium were removed and assayed
for the presence of LDH as described (see Methods). Absorbance of the red formazan product
at 490 nm was directly proportional to the extent of cell death. Each bar in a cluster represents
a level of absorbance recorded at a different concentration of arsenate ranging from 0 μM
(negative control) to 100 μM. The cluster marked “staur.” represents absorbance values from
cells treated with 0.1 μM staurosporine (positive control). Results were obtained from four
separate experiments performed in triplicate and mean values ± S.E. are plotted for each
treatment condition. * p <0.05.
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Fig. 3.
(A) Apostat ™ labeling of MEMM cells undergoing As (V) mediated apoptosis. Apostat, a
FITC-conjugated, membrane permeable dye, was utilized for visualization of apoptotic cells.
MEMM cells were exposed to different concentrations of As (V) for 48 hrs. Apostat was added
15 minutes before the end of the incubation period; cells were washed and co-labeled with the
nuclear stain DAPI before being examined for FITC and DAPI using a Nikon TE 2000 inverted
microscope equipped with FITC and UV filters. Apoptotic cells are green in the field. The
photographs are representative of three identical, separate experiments. (B) Morphological
assessment of MEMM cell death following treatment with 100 μM As (V). Cells were
examined for membrane blebbing (→), cell condensation (↔) and formation of apoptotic
bodies (*) after 48 h of treatment. Lower panel shows the effect of pretreatment with NAC.
Representative photographs from three separate experiments with similar results are shown.
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Fig. 4.
Assessment of cell viability subsequent to arsenate-induced apoptosis in MEMM cells. Trypan
blue dye exclusion was used to assess viability of harvested MEMM cells 24 or 48 h after
treatment with different concentrations of As (V). Viable cells retain their membrane integrity
and thus exclude the dye. Non-viable cells appeared blue and were quantified using a
hemocytometer. The percentage of viable cells was plotted against arsenate concentration.
Cells pretreated with N-acetylcysteine (NAC) are protected from As (V)-induced apoptosis.
Nearly 70% of MEMM cells remained viable after 48 h of treatment with 100 μM As (V),
compared to 12–15% of similarly treated cells that did not receive NAC pretreatment. In each
case, mean values ± S.E. from three separate experiments with similar results were plotted.
*p<0.05.
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Fig. 5.
ROS generation in MEMM cells exposed to As (V). MEMM cells were exposed to different
concentrations (1–100 μM) of As (V) for 4 h. For the final 30 min. of the incubation period,
MitoTracker Orange (CM-H2TMROS), a membrane permeable dye that only fluoresces in its
oxidized form, was added to the culture medium. As (V) induced generation of ROS was thus
detected by ROS-induced oxidation of MitoTracker Orange. Pretreatment with the ROS
scavenger N-acetylcysteine significantly reduced MitoTracker Orange fluorescence,
confirming that fluorescence was the result of ROS generation. Photographs are representative
of three similar, separate experiments.
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Fig. 6.
Effect of caspase inhibitors on As (V) induced cell death. MEMM cells were pretreated with
various caspase inhibitors [Z-IETD-FMK (caspase-8 inhibitor), Z-DEVD-FMK (caspase-3
inhibitor), Z-LEHD-FMK (caspase-9 inhibitor), Z-VAD-FMK (pan caspase inhibitor)]
followed by exposure to 100 μM As (V) for 24 h. Cells were harvested and viability assessed
by trypan blue dye exclusion. For each sample, mean cell viabilities from three separate,
independent experiments are plotted. *p<0.05.
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Fig. 7.
Analysis of mitochondrial membrane potential (δψm) in MEMM cells treated with As (V).
MEMM cells in suspension were treated with 0, 10 or 100 μM As (V) for 4 hours or with with
100 μM As (V) for 8 hours (positive control), before being labeled with 100 nM of mitochondria
selective dye JC-1 (see Methods). One set of cells in suspension was pretreated with NAC prior
to treatment with 100 μM As (V). Fluorescence intensity was analyzed utilizing the cell
fluorescence module of the Agilent 2100 Bioanalyzer. Mean values ± S.E. from three separate
experiments were plotted. A significant (*p<0.05) dose-dependent increase in green
fluorescence and decrease in red fluorescence was apparent and most prominent in cells treated
with 100 μM As (V) for 8 hrs. Alterations in red and green fluorescence in NAC + As (V)
treated cells were significantly different from cells treated with As (V) for 8 hrs (*p<0.05) but
were not significantly different from cells treated with As (V) for 4 hrs.
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Fig. 8.
Western blot analysis of Bax and Bcl proteins in MEMM cells exposed to As (V). Cells were
exposed to different concentrations of As (V) for 48 h, harvested, and lysed in a modified RIPA
buffer (see Methods). One set of cells was pretreated with NAC prior to treatment with 100
μM As (V). 40 μg of total protein lysates were separated by SDS-PAGE, transferred to a PVDF
membrane and immunoblotted for Bax and Bcl proteins. (A) Bax, a proapoptotic protein, has
a molecular weight of 25 kDa while the antiapoptotic Bcl has a molecular weight of 20 kDa.
While the levels of Bcl decrease sharply after 48 hours of 100 μM As (V) treatment, Bax levels
show an increase. A change in ratio of Bcl and Bax in favor of Bax is indicative of cellular
apoptosis. (B) Densitometric analysis of Western blots from three different experiments. For
each treatment condition, the relative intensity of Bcl and Bax protein band was calculated by
dividing its numerical intensity by that of corresponding beta-actin band.
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